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Abstract. Equilibrium climate sensitivity (ECS) is con- probability density functions, there may be uncertainties due
strained based on observed near-surface temperature change limitations in the treatment of the temporal development
changes in ocean heat content (OHC) and detailed radiativen RF and structural uncertainties in the EBM.

forcing (RF) time series from pre-industrial times to 2010
for all main anthropogenic and natural forcing mechanism.
The RF time series are linked to the observations of OHC

and temperature change through an energy balance modél Introduction

(EBM) and a stochastic model, using a Bayesian approach

to estimate the ECS and other unknown parameters frond© link long-term targets of climate policy, e.g. the@tar-

the data. For the net anthropogenic RF the posterior meafet (UNFCCC, 2009, 2010), to a more specific emission mit-
in 2010 is 2.0 W2, with a 90 % credible interval (C.1.) of igation policy, a key question in climate science is to quan-
1.3 to 2.8 Wn12, excluding present-day total aerosol effects tify the sensitivity of the climate system to perturbation in
(direct+ indirect) stronger thar-1.7 Wni2. The posterior the radiative forcing (RF). The equilibrium climate sensitiv-
mean of the ECS is 1, with 90 % C.. ranging from 0.9 ity (ECS) is defined as the global mean surface temperature
to 3.2°C, which is tighter than most previously published change following a doubling of the G@oncentration when
estimates. We find that using three OHC data sets simultandhe system has reached a new equilibrium. However, the ECS
ously and data for global mean temperature and OHC up tdas been poorly constrained, with significant probabilities of
2010 substantially narrows the range in ECS compared to usPigh values. The ECS was given a likety 66 % probabil-

ing less updated data and only one OHC data set. Using onl{fy) range of 2 to 4.5C, with a best estimate of € by the

one OHC set and data up to 2000 can produce COmp‘—,lr‘—ib“agtergovernmental Panel on Climate Change (IPCC) in 2007,
results as previously published estimates using observatiordnd values substantially higher than 4Gcould not be ex-

in the 20th century, including the heavy tail in the proba- cluded (Meehl et al., 2007). To constrain the ECS there are
bility function. The analyses show a significant contribution fWo main approaches. A “bottom up” approach performing
of internal variability on a multi-decadal scale to the global Monte Carlo simulations or a multi-model experiment with
mean temperature change. If we do not explicitly account fordeneral circulation models (GCMs) (Murphy et al., 2004;
long-term internal variability, the 90 % C.I. is 40 % narrower Piani et al., 2005; Stainforth et al., 2005; Andrews et al.,
than in the main analysis and the mean ECS becomes slightl§012) and a “top down” approach constraining the ECS us-
lower, which demonstrates that the uncertainty in ECS mayng RF estimates and observed data on past climate change
be severely underestimated if the method is too simple. In agon various timescales: 20th century warming (Andronova

dition to the uncertainties represented through the estimate@"d Schlesinger, 2001; Forest et al., 2002; Gregory et al.,
2002; Knutti et al., 2002; Frame et al., 2005; Annan and
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140 R. B. Skeie et al.: A lower and more constrained estimate of climate sensitivity

Hargreaves, 2006; Forest et al., 2006, 2008; Tomassini e2008). A key feature of both the near-surface air tempera-
al., 2007; Meinshausen et al., 2009; Libardoni and Forestfures and the OHC (upper 700 m) is an apparent flattening
2011; Huber and Knutti, 2012; Olson et al., 2012; Ring et during the last decade (Easterling and Wehner, 2009; Palmer
al., 2012; Lewis, 2013; Otto et al., 2013), the last millennium et al., 2010). Thus the situation over the last decade with the
using proxy data (Hegerl et al., 2006), the last glacial max-possibility for better quantification of the net RF and more
imum (Annan et al., 2005; Schneider von Deimling et al., observations can give significant new information.
2006; Schmittner et al., 2011; Hargreaves et al., 2012), or us- A Bayesian statistical approach also provides posterior es-
ing data further back in time (Royer et al., 2007; Kohler et timates of all RF mechanisms and an estimate of the mag-
al., 2010; Hansen and Sato, 2012; Hansen et al., 2013).  nitude and timescales of unforced natural variability in the

The main challenge in determining the climate sensi-system. The ECS probability density function (PDF) with a
tivity is that it is governed by complex feedback mecha- heavy tail has recently been discussed (Frame et al., 2005;
nisms. Bottom-up estimates use prescribed @@rturba-  Roe and Baker, 2007; Fiore et al., 2009; Hannart et al., 2009;
tions (i.e. the RF known with small uncertainty), but the un- Annan and Hargreaves, 2011; Roe and Armour, 2011) and
certainties in the representation of the physics and thus théllen and Frame (2007) called off the quest to find the upper
feedbacks lead to large uncertainties in the ECS (Andrewdound of the ECS. In recent years, the transient climate re-
et al., 2012). For the top-down approach the Earth can beponse (TCR, defined as the global mean temperature change
considered as a “laboratory” in which all feedbacks are byat the time of CQ doubling under a scenario of a 1% per
definition perfectly represented, although the impact of veryyear increase in C§) has therefore received more attention
slow feedbacks like melting of ice caps might not be fully (Stott et al., 2006; Forest et al., 2008; Gregory and Forster,
captured. The problem is that the human-induced “climate2008; Knutti and Tomassini, 2008; Padilla et al., 2011; Gillett
experiment” is not very well set up in that neither the RF et al., 2012). The TCR is non-linearly related to ECS (Allen
nor the response is well known. There is a combination ofet al., 2000). The ECS temperature response will eventually
positive and negative forcings and the documentation of thebe realized on a timescale on century to millennia when the
changes in the system is less than perfect. However, this isystem has reached a new equilibrium. The uncertainty in
an ongoing experiment and over time the net positive forcingTCR may therefore be more relevant for near-term transient
increases as G{xontinues to increase, while the concentra- climate change (Cubasch et al., 2001; Hegerl et al., 2007).
tions of scattering aerosols have more or less stabilized (WilBBased on the updated model we also present a PDF for the
et al., 2009; Skeie et al., 2011b). Our understanding of theTCR.
physics and magnitude of the forcings (e.g. the aerosol forc-
ings) has also improved, leading to less uncertainty in the RF
estimates (Myhre, 2009), and the time series of observations Methods
become longer and with improved quality. This combination
is expected to provide a better constraint on the ECS. Estitn this study the climate sensitivity is estimated following the
mating the climate sensitivity using historical data implicitly method described in Aldrin et al. (2012), where RF time se-
assumes that the feedbacks do not change over time, whidhes with uncertainty of all well-established mechanisms are
is equivalent to assuming that the effective climate sensitivitylinked to the observations of OHC and temperature change
(Murphy, 1995; Frame et al., 2005) and the ECS are equalthrough an energy balance model and a stochastic model, us-
This assumption adds some additional uncertainty to the estiing a Bayesian approach.
mate of the tail of the ECS towards higher values (Armour et The main differences between Aldrin et al. (2012) and this
al., 2012), since the slow feedbacks are not fully representedwork are (i) inclusion of a term representing the long-term
However, these changes are slow and the climate sensitivitihternal variability in the stochastic model, (ii) use of three
estimated here (i.e. the average effective climate sensitivityOHC series simultaneously, (i) updated RF time series from
over the 1750-2010 period) is what is required for analysisSkeie et al. (2011b), including updated RF priors and the
of climate change on a century timescale (Raper et al., 2001¢loud lifetime and semi-direct effects, and (iv) using data up
Sokolov, 2006). to the year 2010.

In this study, RF time series with uncertainty of all well-
established mechanisms are linked to the observations af.1 The model
ocean heat content (OHC) and temperature change through
an energy balance model and a stochastic model, using ¥e give here an overview of the model framework, and more
Bayesian approach to estimate the climate sensitivity follow-details are given in Appendix A and in Aldrin et al. (2012).
ing the method described in Aldrin et al. (2012), but with cer- The core of our model framework is a deterministic EBM
tain improvements (Sect. 2). Observational data up to and in{Schlesinger et al., 1992), which calculates annual hemi-
cluding the year 2010 are used. This is at least ten additionadpheric and global mean near-surface temperature change
years compared to the majority of previously published stud-and changes in global OHC (and can divide it into OCH
ies (summarized in Hegerl et al., 2007; Knutti and Hegerl,above and below 700 m) as a function of estimated RF time
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series. The ECS is an explicit parameter in the EBM and carphysical component (e.g. OHC), but this would give an in-
therefore be constrained in a Bayesian framework. The detereonsistent average series if the data series cover different pe-
ministic model is combined with a stochastic model and fit- riods (i.e. the series actually included in the average would
ted to observations of annual hemispheric mean temperaturihen vary over time). Therefore, we use instead several data
change and OHC. The ECS is given a vague prior, uniformseries (here three, see Sect. 2.2) for each component simulta-
[0, 20]° C, while the other model parameters and the RF timeneously. One advantage of this approach is that it also gives
series are given informative priors based on expert judgmentinformation on the observational errors, since the difference
The EBM does not capture internal natural variability in between two estimates of the same true quantity necessarily
the climate system, such as the El Nifio—Southern Oscillatiormust be due to observational error.
(ENSO). In the stochastic model we account for the effect of Now, lety, denote the vector with observations for year t.
ENSO using the Southern Oscillation index. Also on multi- The first six elements are hemispheric temperature estimates
decadal scales there may be internal variability (e.g. Hegerfrom three different data sets (see below), and the last three
etal., 2007). This is taken into account by an explicit term for elements are estimates of OHC in the upper 700 m, from
long-term variability. This term also represents other slowly three OHC data sets (see below), so the dimensioy, i
varying model errors due to potential limitations of the EBM nine in the present analysis. Furthermore glgtbe a corre-
and forcing time series. Another error term is included to ac-sponding vector of true but unknown values of temperatures
count for more rapidly varying model errors. and OHC, by copying each elementgfthree times. Then,
The sum of these terms then defines our model for thehe observations and the underlying truth are related by
yearly values of the underlying true global OHC (in the up-
per 700 m if nothing else indicated) and hemispheric temper-y, = g + n?, (2)

atures, here put into a vectgy for yeart:
liv m wheren? is a vector of observational errors. It is reasonable

& = My (xazsar, ECS 0) + frer 17 + 0y @) {0 expectthat the elementsaf are correlated, both between
Here, all terms are three-dimensional vectors correspondinghe three elements corresponding to the same physical quan-
to the hemispheric temperatures and the OHC in ye@he  tity because they use basically the same raw data, and be-
m;(x175a:, ECS,0) is the EBM with RF time series from tween elements representing different hemispheres. Itis also
1750 until year (x175q,) as input, and the ECS is a parame- reasonable to believe thaf are correlated over time. There-
ter in addition to other physical parametef. Furthermore,  fore, alsor? is modelled by a vector autoregressive process,
e; is the Southern Oscillation indeRttp://www.bom.gov.au/  but with standard deviations that vary over time according to
climate/current/soihtm1.shtiBBureau of Meteorology, Aus- temporal profiles of the error estimates supplied by the data
tralia) andpB; is a coefficient vector with one value for each providers. However, the actual levels of the observational er-
hemisphere, and which is 0 for OHC. The two coefficients rors are estimated from the data within the model framework,
are estimated from observational data. The long-term intertaking into account the possibilities for under- or overesti-
nal variability is represented by the tenﬁ’, which also ac- mating the reported errors (Aldrin et al., 2012).
counts for potential other slowly varying model errors. The All unknown parameters in the EBM and in the other parts
dependence structure of this term (i.e. correlations over timeof the model are estimated from the available observations
and between the three elements) is based on control simulassing a Markov Chain Monte Carlo (MCMC) technique, and
tions with GCMs from CMIP5 (Appendix A), but the stan- the posterior distributions of the RF time series are obtained
dard deviations (or the amplitude) are estimated from thesimultaneously (see the Supplement in Aldrin et al., 2012,
observational data. In the main analysis the Canadian ESMor details on the MCMC algorithm).
(CanESM2) is used; however, in a separate sensitivity test The estimates of the® process partly decide the influence
the Norwegian ESM (NorESM) is used. Finally, the terfh  of each data series. A data series with small observational
is the (short-term) model error. This term is modelled by aerrors will tend to have more impact than a data series for
vector autoregressive process, which accounts both for correghe same physical quantity (OHC, say) with higher observa-
lations between years and between the three elements withitional errors. On the other hand, if there is a high correlation
the same year. between the observational errors of two of the data series, but

The true values of, are not known exactly, but there are they are both uncorrelated with a third one, the importance of
published several observational-based data series for each tfo correlated data series will tend to be less than the dou-
the three components gf.. There is no consensus that one ble of the third series. Therefore, including many more data
of these is considerably more precise than the others, and wseries for one physical quantity, for instance OHC, may be
believe that combining them will be more informative than useful, but only to a certain extent, because they will share
using each series alone, because this will reduce the influthe same information.
ence of observational errors (i.e. the combined sampling and Note that the standard deviations of all stochastic terms
analysis errors). One simple way of combining them couldare treated as unknowns and are estimated from the data,
be to take the yearly average over data series for the samwhich ensures that the modelled variance on the right side of
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Eqg. (1) is consistent with the variance of the data. This dif- time series for each hemisphere are used as input to the EBM
fers from the approach of Meinshausen et al. (2009) or HubefAppendix D).
and Knutti (2012), whose model contains some of the same For the total direct aerosol effect the uncertainty is better
stochastic terms, but wheedl modelled variances are kept constrained for recent years utilizing both models and satel-
fixed to values based on external sources. However, even iites (Myhre, 2009). We adopt the same relative uncertainty
we think it is conceptually useful to divide the errors into sep- as in Forster et al. (2007) for each aerosol component, but
arate terms, each with a distinct interpretation, it is of coursethe standard deviation for each component is multiplied by
a possibility that the estimated error terms may be mixed, s@ factor for the years 2000-2010 to match the total direct
one should perhaps be careful with too strict an interpretatioraerosol effect uncertainty in Skeie et al. (2011b). The factor
of each term. increases linearly back in time, reaching 1.0 in 1950 and be-
Our model is of course an extreme simplification of the ing constant thereafter (Appendix D). For the other compo-
real climate system. Therefore, to investigate if the model isnents we assume the same relative uncertainty for all years,
useful for estimating the ECS from observations, we haveexcept otherwise stated in Table 1.
previously validated its performance on artificial data gen- We use effective radiative forcing (Boucher et al., 2013;
erated from GCMs in the CMIP3 experiment. The estimatesMyhre et al., 2013) by also including forcing mechanisms
of ECS were, in light of their corresponding uncertainties, that are not strictly radiative forcings according to the
comparable with the “true” values of ECS for two different IPCC AR4 (i.e. the cloud lifetime and the semi-direct ef-

GCMs (Aldrin et al., 2012). fects, see Table 1) since they alter the hydrological processes
and act much more rapidly than the timescale of global sur-
2.2 Observational data face temperature change. We include the semi-direct effect

as a uniform distribution 0£-0.25 to+0.50 Wn12 in 2007
Three different sets of annual hemispheric mean near-surfacésaksen et al., 2009), assuming it is proportional to the RF
temperatures data are used simultaneously: HadCRUT3of black carbon (BC) from contained combustion.
Brohan et al. (2006), NCDC: Smith and Reynolds (2005) and We use the common assumption that the RF mechanisms
Smith et al. (2008) and GISS: Hansen et al. (2006, 2010)are additive and independent (Boucher and Haywood, 2001).
GISS and HadCRUT3 downloaded March 2011, NCDC The prior distributions for the RF time series are shown in
downloaded June 2011. An additional analysis has been pefig. 1. The mean value for the anthropogenic RF in 2010
formed with the updated HadCRUT4 data (Morice et al.,is 1.5Wnt?2, with a 90% C.l. of 0.27 to 2.5Wn?. The
2012). For global mean OHC between 0 and 700 m three difimean value is weaker than the mean value of the net an-
ferent data series are also used: Levitus et al. (2009, dowrthropogenic RF in IPCC AR4 of 1.6 Wn? (Forster et al.,
loaded February 2011), CSIRO (Domingues et al., 2008;2007), and our prior is wider. This is reasonable since the
Church et al., 2011) and Ishii and Kimoto (2009). Observa-RF the IPCC AR4 estimate did not include the cloud lifetime
tional data for OHC below 700 m are limited. However, we and the semi-direct effects. The prior for the total aerosol
perform a sensitivity study using recent OHC data for theeffect, which includes the direct effect, the cloud albedo ef-

deeper layers, cf. Sect. 4.3. fect, the cloud lifetime effect and the semi-direct effect, has a
mean value of-1.5WnT2in 2010and a90%C.l. 6£2.7 to
2.3 Radiative forcing —0.63Wn12. This prior is more strongly negative than the

AR5 estimate 0f-0.9 (—1.9 to—0.1) Wn12 (Boucher et al.,
Input to the EBM is RF time series (natural and an- 2013).
thropogenic). The anthropogenic RF are from Skeie et
al. (2011b), where the RF of all well-established mecha-
nisms from 1750 to 2010 were estimated. Observed conS Results

centrations of long-lived greenhouse gases are used in forg- , . . .
9 9 9 Sh this section we present the results of our analysis where

ing cqlculauons, and_thus the possple |mpac_t of b'ogeo._the parameter values in the EBM are updated using observa-
chemical feedbacks is not included in the climate sensi-

tivity estimate. For short-lived climate components, tropo- tions of hemispheric temperature and OHC (0-700m) to the

spheric ozone and anthropogenic aerosols. detailed atmd €& 2010 and detailed RF time series from 1750 to 2010 (the
P Pog ' main analysis). We investigate the effect the last 10 years of

spheric chemistry, aerosol and radiative transfer modelling bservational data have on the estimated ECS. and calculate

have been performed using emissions from Lamarque e . L A
al. (2010). Natural forcing mechanisms included are changes DFs of the TCR using the joint posterior distribution of the

. . : . . . Y~model parameters.
in total solar irradiance and explosive volcanic eruptions

(Appendix C). All forcings are listed in Table 1, with a mean

RF value and the 90 % uncertainty range for the year 2010.

The uncertainty ranges for the anthropogenic RF are based

on Fig. 1d in Skeie et al. (2011b) (Appendix D). Separate RF

Earth Syst. Dynam., 5, 139475 2014 www.earth-syst-dynam.net/5/139/2014/



R. B. Skeie et al.: A lower and more constrained estimate of climate sensitivity 143
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Fig. 1. Prior and posterior distribution of the RF time series and PDF of RF in 2010 for total RF (upper panel), anthropogenic RF (middle

panel) and total aerosol effect (direct effect, cloud albedo effect, cloud lifetime effect and semi-direct effect) (lower panel) from the main

analysis. Red colour for the posterior distributions and black lines and grey shadings for the prior distribution.

3.1 Main analysis aerosol effects and any unknown mechanisms) between the
pre-industrial and 1970-2000 periods-ef.1+ 0.4 WnT?2

] . ] . (10) found by Murphy et al. (2009). This corresponds to a
The posterior RF time series and PDFs for the RF in 20109004 C.|. of —1.8 to —0.44 WnT2 that is similar to the to-

are shown in Fig. 1. The posterior mean of the total RF i3] aerosol RF posterior mean ofL.12 WnT2 (90 % C.I. of
higher than the prior mean (Fig. 1, upper panel), mainly due_1 7 to —0.53Wn12) for the 1970-2000 average in our
to the weakening of the magnitude of the total aerosol eﬁecbnalysis.
when the model is updated with data (Fig. 1, lower panel). A strong historical aerosol cooling implies a high ECS to
In the mid-20th century (1940s-1970s) the posterior mearhe consistent with the observed temperature trend and vice
of the total anthropogenic RF time series show much weake{g ga (Andreae et al., 2005). Our results show a less neg-
change compared to the decreasing RF for the prior assumpgiive aerosol forcing than our prior assumption. The ECS
tions (Fig. 1, middle panel). Our analysis suggests that theosterior mean is 1.8 (Fig. 2a), which is below the lower
net anthropogenic RF did not cause a global cooling as iimit of the likely range & 66 % probability) for the ECS of
observed (Trenberth et al., 2007) during this period. 2 to 4.5°C in IPCC AR4 (Meehl et al., 2007), but within
The posterior RF for the total aerosol effect is weaker thany,e AR5 likely range of 1.5 to 45C (Collins et al., 2013).

the prior assumptions (Fig. 1, lower panel), with a meanthe 9994 C.l. of the posterior ECS is 0.9 to 3@ and the
posterior value in 2010 o+1.06 Wn= and @ 90 % C.I. of  heayy upper tail often seen in estimates of ECS is less pro-

—1.7 t0—0.40 WnT2. Inverse estimates of net aerosol RF nounced. The probability of ECS being larger than the upper
over the 20th century that are consistent with observed warmyimit of the IPCC likely range of 4.5C is 0.014. Tomassini
ing, Hegerl et al. (2007), gave a similar likely range of gt 51, (2007), who used observational data up to 2003, found
—1.7 to —0.1Wn12. The 90% confidence interval of the a probability of 0.16 for the ECS 4.5°C. We have used
total aerosol effect in IPCC AR5 is slightly broader than gpservational data up through 2010, seven more years than

our posterior,—1.9 to —0.1WnT? (Boucher et al., 2013). Tomassini et al. (2007). Recently, there have been studies
Our result is in accordance with the residual forcing (all
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Fig. 2. Posterior distributions for the ECS for different analysegalrthe main analysigp) with NorESM data to estima v, (c) sensitivity

test using HadCRUT4 instead of HadCRUT3 déth,sensitivity test using data for OHC change below 70@ehsensitivity test allowing
different ECSs in each hemisphe(§, updating the model with data only up to 20@g) updating the model with data only up to 2000 and
using only one OHC data series aff) sensitivity test without the long-term internal variability (without rldt! term). The estimated mean
of ECS, the 90 % C.I. and the probability of ECS being larger thaii@.&re given in the text box of each panel. The 90% C.I. (the error
bar) and estimated posterior mean (triangle) and median (black dot) are also indicated in each panel.

including observations for the last decade (Lewis, 2013; Ottoestimates of the standard errors are of the same magnitude
et al., 2013) and using data from the last glacial maximum(Fig. B4), so the observational error term} will explain
(Schmittner et al., 2011) that also find climate sensitivity in these discrepancies. This is discussed further in Sect. 4.3.
the lower range of IPCC.

The fitted posterior mean and the observed hemispheri@.2 Updating the model with data between the years
temperatures and OHC are compared in Fig. 3. For the SH 2000 and 2010
the model reproduces the long-term trend of the observa-

tions. In the Northern Hemisphere (NH), the fitted temper- our 90 % C.I. for ECS is tighter compared to previous es-
ature increase over the last two decades is not as rapid as #mates of the ECS using observations from the 20th cen-
the observations, leaving the observations just outside 90 %ury. To investigate the influence of the last ten years’ data
C.l. of the fitted temperatures. The fitted temperature an(i)n our model’s estimate, we have re-estimated the model us-
OHC include only the results from the deterministic model jng only data up to the year 2000. The resulting posterior
(m:(x1750,, ECS,0)) and the effect of ENSOBe;) onthe  distribution of ECS is shown in Fig. 2f. The estimated mean
right side of Eq. (1). In the NH, much of the discrepancies of ECS of 2.26C is 23 % higher than in the main analy-
are accounted for by the long-term internal variability rep- sis. The upper limit of the 90% C.1. is 5°6€ compared to
resented by the termy" (Fig. 4, left panel). This is further ~ 3.18°C in the main analysis. Furthermore, we have updated
discussed in Sect. 4.4. Figure 4 also shows the posterior estihe model sequentially with 2 yr of additional data between
mates for the ENSO teriy ¢, and the model erran;. 2000 and 2010. Figure 5 shows the sequence of estimated
For the OHC the model reproduces the long-term trendeCs with 90% C.I. and the relative uncertainty R90. The
of the observations (Fig. 3). In the 1950s one of the ob-R9( values decrease steadily, except from 2002 to 2004, as
servational time series is outside the 90 % C.I. of the fittedwe add more data, showing the value of a longer time series
OHC. The C%'RO group reports a large standard error ofin constraining the ECS estimate. The ECS estimate itself,
up to 10~10?2J in this period (Fig. B3), and the posterior however, is shifted slightly towards higher values when the
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Fig. 3. Observed and fitted (posterior mean) values for the temperature series and the ocean heat content for the main analysis. The shade
areas show the 90 % C.I. for the sum of the two first temms(k175q,, ECS,0) + B1¢;) on the right side of Eq. (1).

model is updated with data from 2003 and 2004, and wher8.3 Transient climate response
the model is further updated with data from 2005 and 2006
the ECS estimate is still the second highest of these six esIo determine a PDF for the TCR the EBM is run with a
timates. The reason is probably that the total RF (both priorl % per year increase in GQusing the joint posterior dis-
and posterior) remains at the same level between 2002 anifibution of the model parameters. The TCR from the main
2006 (Fig. 1), whereas the OHC increases, especially beanalysis has a posterior mean estimate of €.4nd a 90 %
tween 2002 and 2004 (Fig. 3). After 2006, the RF increased>-I- 0f 0.79 to 2.2C, while using the model parameters con-
again, while there is little or no increase in the OHC. strained by data only up to the year 2000 gives a wider dis-
The drastic reduction in uncertainty (R90 reduced tribution with a 90 % C.I. of 0.54 to 2.9C. Recently, Padilla
from 2.20 to 1.23) with ten more years of data may be sur-€t al. (2011) also found a narrowing of the TCR over the last
prising. We believe there are two main reasons for this. Firstdecade, witha 90 % C.I. of 1.3to 226 in 2008. Also, Gillett
the RF increased significantly in this period (Fig. 1), so theseet al. (2012) estimated a narrower range of TCR using obser-
ten years of data are more informative than data from a pevations over the period 1851-2010 rather than 1900-1999.
riod of the same length, but with less variation in RF. Sec-Our results are in line with other estimates of TCR (Stott et
ond, while the temperature series is lengthened by 6-8 %al., 2006; Gregory and Forster, 2008; Knutti and Tomassini,
the OHC series are extended by about 20 %. Since the OH@008) and are slightly shifted to weaker values when the
data are more informative (cf. Sect. 4.3), ten years of datanodel is updated with data up to 2010. The IPCC ARS5 con-

therefore makes an important contribution to the informationcluded that TCR is likely (66—100 % probability) in the range
content in the data. of 1.0 to 2.5C and extremely unlikely greater tharf@G

(IPCC, 2013).
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4 Discussion

Main analysis

The results from our main analysis give a lower and better RO0=123 Fe——r
constrained estimate of the climate sensitivity compared to

the majority of previous estimates. In this section we investi- Data U 0. 2008

gate the role of several factors that would impact the expected

value as well as the uncertainty in the estimated climate sen- Data p 0 2006

sitivity. This includes structural features of the EBM, uncer- R90 = 1.55 | |

tainties in the RF and in the surface air temperatures and
OHC data, and the role of internal variability. We perform Data up to 2004
a sensitivity analysis including recent observational data on R90=1.9 } {
OHC trends for depths below 700 m. In addition to the in-
clusion of uncertainties in parameters of the deterministic Data up to 2002
model, and in the observations used that together are propa R0 =181 \ J
gated to give the pdf of the climate sensitivity, there might be
other limitations in the method and sources of uncertainties| — pactp 2 20%

R90=2.2 | |
that are not quantified in the estimated pdfs. This includes [ ‘
e.g. uncertainties due to the simplified structure of the EBM ‘ ‘ ‘ ‘ ‘ |
or the a priori estimates. 0 y ) 3 4 5 6
4.1 Uncertainties in radiative forcing Equilibrium climate sensitivity [*C ]

Fig. 5. Posterior means (triangles), medians (dots), modes (crosses),
To constrain the climate sensitivity, the treatment of RF un-54 909 credible intervals for estimates of ECS using various data

certainties is important. Tanaka et al. (2009) suggested thadets updated between 2000 and 2010 (2yr intervals). The relative
the probability of high climate sensitivity is even higher than uncertainty measure R90, defined as the width of the 90% C.I. di-
previous estimates because of insufficient handling of thevided by the posterior mean, is also shown.

historical development of the RF uncertainty. The uncertain-

ties in the RF time series are treated simply in this study,

however in a more sophisticated way than in many previous
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Table 1. The RF mechanisms included with information on the prior distribution assumed and the prior mean value and the 90 % confidence
interval in the year 2010. The RF values are relative to 1750.

RF mechanisms Prior Priormean 90 % confidence
distribution (WnT2) interval
in2010 (WnT2)in 2010
Long-lived greenhouse gases Normal 2.83 2.54 3.11
(LLGHGS)
Tropospheric @ Normal 0.44 0.31 0.57
Stratospheric @ Lognormal -0.23 -041 -0.11
Stratospheric HO from CHy Lognormal 0.07 0.04 0.13
Direct aerosol effects
Sulfate Normal —-0.63 -0.83 -0.44
BC fossil fuel and biofuel (FFBF)  Lognormal 0.50 0.30 0.75
OC FFBF+ secondary organic Lognormal -0.22 -0.35 -0.13
aerosols
Biomass burning aerosols Normal, —-0.07 -0.14 0.00
proportional
to time
Nitrate Lognormal -0.05 -007 -0.03
Total direct aerosol effect Sum of —-0.48 -0.80 -0.13
aerosol RFs
above

Indirect aerosol effects

Cloud albedo effect Normal -0.83 -135 -0.34
Cloud lifetime effect Lognormal -0.35 -1.34 -0.01
Semi-direct aerosol effect Uniform, —0.25,40.508

proportional

to BC FFBF

Surface albedo changes

Snow albedo effect Lognormal 0.02 0.00 0.06
Land use change Lognormal -0.10 -0.21 -0.04
Natural RF
\Volcanoe8 Lognormal -0.06 -0.11 -0.03
Solar irradiance Normal, 0.08 0.04 0.13
proportional
to time

aSee also Sect. 2.8.The RF is the average 2001-20£0he RF is the average over the last 11yr compared to the
average of 11yr around 1750.

studies that have used a scaling approach related to only the Since the ECS is better constrained by adding data for the
aerosol RF (Andronova and Schlesinger, 2001; Gregory etast 10yr, we first investigate the RF over the last decade.
al., 2002; Knutti et al., 2002; Forest et al., 2006). We includeOur prior total RF increased by 0.29 Wi from 2000 to

the uncertainty for all components (Table 1), as in Tomassini2010. There have been several studies investigating the pos-
et al. (2007), who scaled individually the nine RF mecha-sible changes in RF related to the apparent flattening of
nisms they considered. The uncertainty in the temporal patthe temperature trend during the last decade. Solomon et
tern of each RF mechanism is not included, but the net RFal. (2010) explained some of the recent trend in temperature
time series will have uncertainty in the temporal structureby a reduction in stratospheric;®. They calculated an RF
when all the RF mechanisms are combined. of —0.1Wn12 in 2000-2005 relative to 1996—2000. Data
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before the mid-1990s are sparse, but observations indicate astimates with uncertainties (IPCC, 2013) for the years 1950,
increase in stratospheric,® between 1980 and 2000, pos- 1980 and 2011 (see Appendix). Our posterior is in good
sibly being an important driver for decadal climate changeagreement with the AR5 values; however, we have larger un-
(Solomon et al., 2010). The reason for the recent decreaseertainty in the 1950s, a lower mean value in the 1980s, and
is not clear, but if the change in stratospherigCHs due to  we do not include the upper range of IPCC ARS for the year
natural variability or climate feedback (Dessler et al., 2013),2011 estimate. This indicates that the low estimate for the
it should not be included as an RF in our setup. Only strato-ECS in our main results is not due to unreasonably high RF
spheric water vapour change from gldxidation is taken estimates; however, large changes to the historical RF path
into account in our analyses. Stratospheric aerosols have infe.g. due to indirect aerosol effects) may change the ECS
creased since 2000, contributing+®.1 WnT 2 (Solomon et estimate.
al., 2010). Vernier et al. (2011) related this to recent tropical There are other proposed RF mechanisms that are not in-
volcanoes. We have used the updated values for stratospheratuded here due to large uncertainties and a lack of scien-
aerosol optical thickness from Sato et al. (1993) which givetific understanding, which could possibly alter the ECS es-
a greatest in magnitude volcanic RF-68.14 Wn12in 2003  timate. For the indirect aerosol effects we have included the
and 2005. In addition, the Sun experienced a minimum in accloud albedo effect, cloud lifetime effect and the semi-direct
tivity around 2010, and the prior mean solar RF in 2010 rela-effect. The prior time series for the indirect effects, con-
tive to the maximum in 2000 is0.14 WnT 2. In comparison  structed in a simple way, are based on aerosol effects on lig-
the net anthropogenic RF increased by 0.44Wraver the  uid water clouds. Aerosols may also influence mixed-phase
last decade for our prior assumptions (0.33 Wrfrom LL- or ice clouds (Denman et al., 2007) and the indirect effect of
GHGs). For both the prior and posterior the increase in totalaerosols on these clouds are very uncertain, but possibly of
RF over the last decade is less than the increase in anthragreat importance (Penner et al., 2009). However, if all indi-
pogenic RF (Fig. 1), but shows a clear increase of 0.29\Wm rect effects have a similar temporal pattern, there is a clear
for the prior mean and 0.31 Wi for the posterior mean. signal that the data do not allow large negative values for the
Itis also suggested that strengthening of the sulfur RF dudotal aerosol effect (Fig. 1, bottom panel).
to increased emissions in China also contributed to the flat- We have assumed that the RF mechanisms have equal tem-
tening temperature trend (Kaufmann et al., 2011). For ourmperature responses, and are additive and independent, which
prior RF time series for the direct aerosol effect, the strength-may not be entirely valid. The climate efficacy, that the cli-
ening of the sulfur direct aerosol effect has been offset bymate sensitivity depends on the type of forcing (Joshi et al.,
the strengthening in the BC direct aerosol effect from 20002003; Hansen et al., 2005), is not considered. However, we
to 2010 (Skeie et al., 2011b). The BC effect was not con-include the semi-direct effect and the cloud lifetime effect
sidered by Kaufmann et al. (2011). The BC emissions fromas forcings, and these effects are partly reasons for includ-
China used in Skeie et al. (2011b) increased~b30% be-  ing differences in climate efficacy in GCMs (Forster et al.,
tween 2000 and 2010, in agreement with the inventory by2007). There are few studies considering efficacy, and the ef-
Zhang et al. (2009), where itincreased by 13 % between 2006icacy for different forcing mechanisms generally lies in the
and 2005, but weaker than the 46 % increase between 200@&nge 0.6 to 1.3 (Forster et al., 2007). The efficacy can be
and 2010 from Lu et al. (2011). This inventory also showsassumed to be partly included in the RF uncertainty, but a
an increase of 46 % for the sulfur emissions between 200@roper inclusion of efficacy will increase the uncertainty in
and 2010, in agreement with the50 % increase in Chinese the estimated ECS. We have also assumed that the RF errors
emissions over the same period used in Skeie et al. (2011bjare independent. This may not be true, since e.g. the forcing
To test how the temporal structure of the RF over the lastmechanisms related to emissions due to fossil fuel use will
years affect the results we did a sensitivity test (Appendix E)be dependent. It is also plausible that the magnitudes of the
where the prior mean for the direct aerosol effect strength-different aerosol effects are related. However, insufficient in-
ens between 2000 and 2010 compared to the main analysfermation is available to include dependent radiative forcing
where the direct aerosol effects weakened over the same perror estimates.
riod. This had a minor effect on the estimated ECS (Fig. E1). The RF due to C@ is calculated based on measured
We also tested the sensitivity to changes in the temporathanges in C@ concentrations. With the standard formal
development of the RF early in the simulation period and todefinition of ECS as the equilibrium temperature response
the role of uncertain data before 1900 (update with data onlyto a CGQ doubling, carbon-cycle feedbacks are by definition
between 1900 and 2010 to exclude the uncertain early periodot included. There is however no scientific reason for this
including the 1883 Krakatoa volcanic eruption). Both sensi-definition; it is based on a technical approach to setting up
tivity tests had only very minor effects on the estimated ECSGCM experiments in a simple way. A more reasonable def-
(Fig. E1). Limited information regarding the uncertainty in inition of the ECS would be as the equilibrium temperature
the rate of change of RF is available. In Fig. D2 the prior response to an external forcing with the magnitude and dis-
and posterior anthropogenic RF time series is plotted to-ribution equal to that of a C&doubling. In our RF estimate
gether with RCP historical RF time series and AR5 forcing for CO, there is an implicit assumption that any contribution
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to the historic CQ change from climate—carbon feedbacks the standard errors are larger than the difference between
is negligible. However, Arora et al. (2009) estimate that asour estimate and the data. The further back in time, the

much as 15-20 ppm of the observed CiBcrease may be poorer the spatial coverage of the observations (e.g. Fig. 1
due to climate feedbacks. Allowing for such a feedback inin Abraham et al., 2013). In the early 2000s the Argo floats

our analysis would lead to a lower RF estimate and thus avere launched htp://www.argo.ucsd.edy/which signifi-

somewhat higher estimate of the sensitivity. cantly improved the spatial coverage of ocean observations.
Prior to the launch of Argo the main data used were collected
4.2 Surface temperature observations from expendable bathythermographs (XBT) which have sys-

tematic data errors (Gouretski and Koltermann, 2007), but
Our analysis suggests an almost stable total anthropogenithe Argo data also have known biases that need to be cor-
RF in the middle of the 20th century (Fig. 1, middle panel) rected (Abraham et al., 2013). Lyman et al. (2010) found
and that the decrease in the observed temperature in thihat XBT bias correction was the main source of uncertainty
period (all three records used in the main analysis) is notn the warming trend from 1993 to 2008. The differences
caused by anthropogenic RF. The fitted global mean temperamong the three data sets are larger than between the surface
ature during this period is in accordance with Thompson ettemperature data series (Fig. 3d), and a further effort in esti-
al. (2010), who related the decrease in the observed temperanation of historical OHC data and its uncertainty is needed.
ture between the 1940s and the 1970s to two distinct periods. Since the sea level has continued to increase, it has been
The first one was a discontinuity in the mid-1940s, due tosuggested that the recent flattening in the OHC in the upper
uncorrected instrumental biases in the sea surface temperacean has been compensated for by an increase in the heat
ture (SST) (Thompson et al., 2008). The second period wagontent of the deep ocean. Meehl et al. (2011) used model
around 1970, when an abrupt drop in Northern Hemispheresimulations, and found that periods with no increase in tem-
SST was observed, which is real and not related to any inperature in the upper ocean are accompanied by an increasing
strumental bias. The bias in the mid-1940s is not correctedemperature in the deeper ocean. Purkey and Johnson (2010)
in the surface temperature data sets used in our main analfeund that in the 1990s and 2000s there was an increase
sis. A sensitivity test replacing HadCRUT3 with HadCRUT4 in OHC in the abyssal and deep Southern Ocean, based on
(Morice et al., 2012) which includes this SST correction hassparse observations from ships, but it is not clear if it is a
been carried out and gave almost identical results (Fig. 2dong-term trend. Palmer et al. (2011) highlighted the impor-

vs. 2a). tance of deep ocean observations to monitor the Earth’s en-
ergy balance; however, our main estimate is not constrained
4.3 The role of ocean heat content by deep ocean data. In the EBM heat is however transported

to the deep ocean and between 1961 and 2010, 11 % of the
Including observations from the last decade had a large eftotal increase in OHC occurred below 700 m in the main
fect on the ECS estimate. The OHC time series is extendednalysis. This is lower than in Hansen et al. (2011), who
by about 20 % and previous studies (Tomassini et al., 2007used 15 % for the period 1993—-2008 and 19 % for the period
Urban and Keller, 2009; Aldrin et al., 2012) have shown 2005-2010, assuming constant heat uptake in the deep ocean
that OHC data have the potential to constrain the ECS esfrom the work by Purkey and Johnson (2010). Since added
timate. In Appendix E we show that when adding only near-energy to the climate system is almost exclusively stored as
surface temperatures between 2000 and 2010 (excluding thigeat in the oceans, a non-zero global radiative imbalance is
OHC data for this decade, Fig. E1g) the ECS estimate is onlyapproximately equal to the rate of change in OHC. The in-
slightly narrower than using data up to 2000 (Fig. E1c), high-ferred planetary energy imbalance from Hansen et al. (2011)
lighting the information provided by the OHC data. was 0.58+0.15Wnt? during the 6yr period 2005-2010

The fitted OHC from the model is compared to the threeassuming a stronger aerosol RF1(6+0.3Wn12) and

historical estimates in Fig. 3. The fitted OHC is a smootha larger climate sensitivity (& 1.0°C) than the posterior
curve compared to the observations but with dips relatedmeans in this study. We find a similar planetary imbalance
to volcanoes, as is also seen in the observations, and twof 0.46+ 0.16 Wn1 2 over the same time period.
of the three OHC data sets used in this study show a flat- Very recently OHC data for the deeper ocean have become
tening of the OHC since 2004. There is good agreementwailable, for the layer 700—2000 m for the period 1955-
with the long-term trend in OHC between the model and 2010 (Levitus et al., 2012), and below 3000 m between 1985
the observations. Except for responses to volcanic eruptionand 2006 (Kouketsu et al., 2011). We have made an addi-
there is low correlation between the shorter term variabil-tional simplified sensitivity test with our model using the
ity in the 3 observational data sets (as opposed to the neathree OHC data sets for 0—700 m as in the main analysis and
surface temperature data). As noted in Sect. 3.1, one of ththe new deep ocean OHC data for the two decades of data.
observation curves lies outside the 90% C.I. in the 1950sThe sum of these OHC deep ocean trend data is included
The reported and estimated standard errors for this data séb constrain the total OHC in our model between 700 m and
increase back in time (Figs. B3 and B4) and in the 1950sthe ocean floor. Including the deep ocean data leads to an
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increased mixing of heat down to the deep ocean and a smatb the late 20th century warming from this multidecadal
increase in the estimated ECS (from 1.84 to 2O2Fig. 2d  variation.
vs. Fig. 2a). For the 2005 to 2010 period the estimated in- In the stochastic model multidecadal variability is rep-
crease in OHC for the entire ocean is 0:39.14 Wn1 2 for resented by a separate terrml,“’() based on results from
the main analysis and 0.400.16 Wn1?2 for the sensitiv-  long control simulations with CanESM2 (main analysis) or
ity with data for the deep ocean. This is in good agreementNorESM. The difference between the ECS estimates using
with the heat gain of 0.39 Wn? (averaged over the whole these two GCMs (Fig. 2b vs. 2a) is minor. To investigate the
globe) in the upper 1500 m of the ocean estimated by vorimpact of prior knowledge about the multidecadal variabil-
Schuckmann and Le Traon (2011) based on the ARGO meaity we have performed a sensitivity test ignoring the explicit
surement network. term for long-term internal variability (Fig. 2h). In such a
As discussed above, the OHC data have the potential teimplified model, temporary increasing or decreasing trends
constrain the ECS estimate. However, while the temperaturén temperature or OHC over 10-20yr may falsely be ac-
series are quite similar, the three OHC series differ consid-counted as permanent trends, giving too optimistic uncer-
erably more, indicating that the observational errors for thetainty estimate. As expected, adding unforced long-term vari-
OHC data can be large (and perhaps larger than some of thability gives a larger uncertainty in the estimated climate sen-
data providers report, see Figs. B3 and B4 in Appendix B).sitivity. Also, the expected value becomes somewhat higher
Therefore, using three OHC series simultaneously instead offFig. 2a vs. 2h). This is reasonable since in general larger
only one should decrease the uncertainty of the ECS estiuncertainty will move the posterior mean towards the prior
mate due to the reduced influence of observational errorsmean. The posterior estimate for the unforced multidecadal
This is demonstrated in a sensitivity test where we use onlyariability is shown in Fig. 4.
one OHC data set (from Levitus et al., 2009) and data only The results indicate that during the periods 1910-1940 and
up to 2000 as in many previous studies (Fig. 2g). Using only1970—-2000 a global warming of about 0.2 and 0Q@Zan be
one OHC data set the PDF for the ECS is remarkably widerattributed to internal variability (Fig. 4). The magnitude of
(Fig. 2g) than using three OHC data sets (Fig. 2f), with a pos-the long-term internal variability is in reasonable agreement
terior mean shifted towards the prior mean (which i@ with the findings of DelSole et al. (2011), who found a sig-
Using one OHC data set and data up to the year 2000, thaificant component of unforced multi-decadal variability in
90%C.l. is 1.1 to 14.8C, with a mean value of 4%, the recent acceleration of global warming, wit.08°C per
in line with or even higher than previously published esti- decade for a 30yr trend. Wu et al. (2011) estimated that up
mates (Andronova and Schlesinger, 2001; Forest et al., 2002p one third of the late twentieth century warming could have
Gregory et al., 2002; Knutti et al., 2002; Frame et al., 2005;been a consequence of natural variability. Our results indicate
Annan and Hargreaves, 2006; Forest et al., 2006; Tomassirthat 23 % of the increase in the near-surface NH mean tem-
et al., 2007) that used observational data for time periodgperature between 1976-1985 and 2001-2010 is explained by
ending between 1994 and 2003. This indicates that the narinternal variability, in agreement with Wu et al. (2011).
row range of the ECS in the main analysis is not due to an There are studies indicating that there might be a forced
artifact of the model used, but indeed due to the added obsecomponent in the long-term variability, e.g. the AMO (Booth
vational information by the two additional OHC data sets andet al., 2012). In the climate system (and in GCMs) this would
the 10 additional years. In the cases with one OHC data semean that the forcing would affect the variability of mixing
the posterior distribution of the total aerosol effect in 2000 of OHC from the surface layers to the deeper ocean. With the

is —1.4Wnm 2, with a 90% C.l. of—1.9 to —0.71Wnt?2. simple structure of our EBM we cannot represent this possi-
The estimated total aerosol effect is stronger than in the maitbility since the parameters of the EBM are fixed over time
analysis that had a mean value-ef.1 Wn2 in 2000. (although the values are estimated from the data), and long-
term variability not explained by variations in forcing will be
4.4 Multidecadal oscillations attributed to internal variability. There are large uncertainties

in historical forcings, and in the temporal development of the
In the North Atlantic the observed SSTs show a multidecadalRF. However, the forcing histories from Skeie et al. (2011b)
oscillation, known as the Atlantic Multidecadal Oscillation applied here are based on recent estimates of historical emis-
(AMO) (Kerr, 2000). Whether AMO is due to external forc- sions and detailed modelling of atmospheric chemistry, and
ing or internal variability is however not clear (e.g. Knight, are significantly more detailed than RF histories applied in
2009; Ottera et al., 2010). DelSole et al. (2011) explicitly many previous studies. Shortcomings in temporal develop-
identified a significant unforced multidecadal component us-ment of the historical RF could lead to either too much or
ing climate simulations and observations, and found that theoo little of the response attributed to the internal variabil-
AMO is dominated by internal dynamics. Using observed ity term. If too little of the response attributed to the internal
temperature Wu et al. (2011) separated the temperature trendariability, we would expect that the uncertainty in the ECS
into a secular trend related to fossil fuel emissions and aestimate is underestimated and vice versa.
multidecadal variability, and found a significant contribution
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4.5 Interhemispheric differences 4.6 Comparisons with results from a similar approach

The fitted hemispheric temperatures in Fig. 3 show that theHuber and Knutti (2012) used a similar approach and sim-
deterministic parts of the model (the EBM and the ENSOilar data as us, but their PDF of ECS was remarkable dif-
terms in Eqg. 1) underestimate the recent hemispheric different from ours, with a posterior estimate of 3Gand a
ference in the warming compared to the observations. Premuch wider 90% C.I. from 1.7 to 6. Since their ap-
vious studies (Andronova and Schlesinger, 2001; Forest eproach (Huber, 2011) is seemingly very similar to ours, it is
al., 2002) have highlighted the role of the inter-hemisphericworthwhile to discuss potential reasons for the differences.
temperature difference as a key diagnostic to determine thgve will focus on two details that may lead to larger uncer-
aerosol forcing. However, there are several factors that intainties, which means that the ECS will be more similar to its
fluence the interhemispheric temperature asymmetry (ITA).prior distribution. These differences are: (i) although they use
Anthropogenic and natural aerosols, hemispheric differencepasically the same data series as us, they usemrdyem-
in climate feedbacks, differences in response time (througiperature series anshe OHC series per analysis, and make
e.g. land/ocean fractions) and differences in internal variabil-a simple average of these separate analyses at the end. As
ity could all play a role. Anthropogenic aerosols mainly cool we have argued for above, using multiple observational se-
the NH, thus too low an ITA could indicate that the net neg- ries for the same quantity reduces the influence of the ob-
ative RF from aerosol is underestimated, which again wouldservational errors, especially for OHC; (ii) they do not use a
mean that the ECS is underestimated. However, results frongimple climate model such as our EBM, but instead they use
the CMIP5 models (Friedman et al., 2013) indicate that sincea so-called emulator. This emulator is based on a neural net-
about 1975 anthropogenic aerosols have not contributed teyork model and is an approximation to a medium complex
an increase in the ITA, but that the increase is mostly due taclimate model. Therefore they have to introduce an extra er-
increased GHGs. In the EBM we calculate the temperaturgor term to account for the approximation. For OHC, the ap-
response in each hemisphere, but we assume that the climageoximation error is much larger than other error components
feedbacks are equal. This is a simplification, as e.g. the snowFig. 4.2b in Huber, 2011). We believe that the effect of this
albedo feedback can be expected to be stronger in the Nkk that the OHC data are considerably down-weighted com-
due to more land. Other EBMs (e.g. Raper et al., 2001) havepared to the temperature data, resulting in a high uncertainty
imposed a fixed hemispheric difference in the climate sensiin their ECS estimate.
tivity parameter to emulate the response of specific GCMs.

In a sensitivity test we have allowed for hemispheric dif-
ferences in the climate sensitivity parameter. The difference; Summary and conclusions
between the hemispheric ECS estimated from the data was

minor (10 %), and the posterior estimate for the ECS wasin this study, detailed RF time series for all well-established
very close to the main analysis (Fig. 2e). forcing mechanisms and observed OHC (0—700 m) and near-
The EBM used here accounts for different ocean vol-syrface temperature changes to the year 2010 are combined
umes due to different land fractions in the two hemispheresin a Bayesian framework using a simple EBM and a stochas-
thereby imposing a different effective heat capacity and thusjc model. The heavy tail often seen in PDFs of the ECS con-
a different temporal response to short-term RF changes in thetrained by observed temperature change over the 20th cen-
two hemispheres. However, our EBM does not include an extury (summarized in Hegerl et al., 2007; Knutti and Hegerl,
plicit representation of the energy balance for land and ocear2008) is substantially reduced. The posterior mean estimate
areas in each hemisphere (Olivie and Stuber, 2010). of the ECS is 1.8C, in the lower part of the likely range
The model error terms are shown in Fig. 4. In the NH andgiven in IPCC AR5 (IPCC, 2013), and the probability of val-
for the global OHC the error term is mainly short-term fluc- ues |arger than 4%C is on|y 1.4%. The majority of previous
tuations, while for the air temperatures in the SH there is a|SCgtudieS have notincluded temperature and OHC data over the
a multidecadal signal indicating that the correlation betweenast decade. Here we have used observational data including
the variability in the two hemispheres is different in the data 2010, and we have shown that the combination of using mul-
than in CanESM2. The model error term accounts for severafiple data series for surface temperatures and OHC and the
factors such as lack of explicit representation of the energyadditional 10yr of data since the year 2000, especially the
balance for land and ocean areas in each hemisphere, amHC data, improve the constraint of the ECS. Using data
possible shortcomings in the RF, etc. only up to the year 2000 and using one OHC data set as in
Overall it is difficult to determine which factors are re- previous studies, gave a significantly wider posterior distri-
sponsible for the discrepancy between the observed and fithution with a 90% C.I. of 1.1 to 143, with a heavy talil
ted ITA, and thus it is also difficult to assess the impact of towards larger values. One of the reasons why it is difficult
this shortcoming on the estimated ECS. to find the upper bound of the ECS is that the ECS is non-
linearly related to the climate response time (Hansen et al.,
1985; Wigley and Schlesinger, 1985). For lower values of the
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Appendix A Table Al. Priors of ECS and the other model parameters

Model description Name Unit Range
Mixed layer depth oM m 25-125

In a Bayesian approach, parameters are assigned prior Un-yerical heat diffusivity gVHD 2ol 0.06-0.8

certainties, accounting for uncertainties in the knowledge of py5; parameter oP _ 0.161-0.569

the parameter values. By combining this prior knowledge . ical velocity, upwelling rate 9V myr-1 0.55-2 55

with observational data, the parameter value,s Of & COMPULET \i_ccq heat exchange paramete6ASHE W (m2K)—1
model can be constralped (Kennedy and O’Hagan, 2001). o . nic inter-hemispheric heat §OMHE
The Bayesian theorem is as follows: exchange coefficient

Climate sensitivity ECS K 0-20

5-25
wmZK)-1 0-7

P(9|data «« P(9) - P(datdd),
(0|data © (datad) *\%:’SD =HOYV, whereH is the scale depth. Range Bt 400-1000 mH is uniform,
0 is not.

whereP (0|datg, the posterior distribution of the parameters
(9) given the observational data, is proportional to the prior
distribution of the parameterB(9) multiplied by the like-  such that for instance the temperature in the Northern Hemi-
lihood of the dataP (datd®). Knowledge of the parameters sphere depends on the values of itself and the two other quan-
can be gained by the observational data. It is important thatities in the three preceding years. We include this VAR(3)
the observational data used to constrain the parameters haygocess as an extra terml'{) in our model, with all param-
not been used when the prior distributions of the parametergter values, except the standard deviatiel¥s of the errors
are decided. eV, kept fixed (see Table A2). However, this is only an es-
The parameter of interest in this paper is climate sensitimate of the internal variability. The magnitude may differ
tivity, one of several parameters in the EBM (see Table Alpetween different AOGCMs and Huber and Knutti (2012)
below and Aldrin et al., 2012). The EBM is a deterministic claim that models underestimate internal variability by a fac-
model which calculates hemispheric mean temperature angbr of 3. Therefore, we treat the standard deviations in the
ocean heat content with RF time series as input, and we COMyAR(3) process as unknown parameters that we estimate,
bine the EBM with a stochastic model to make an inference.whereas the correlation structure is kept fixed. Note that in
The combined process model is given by Eq. (1) in thethe model presented previously in Aldrin et al. (2012), we did
main paper. However, in the data process model given byot include the termn!V in the process model. In that model
Ed. (2), we have for simplicity deleted a tep, so the cor-  |ong-term internal variability was accounted for by the model

rect process model is error termn]".
To apply a Bayesian approach, prior distributions of the
yi=Ag + Bo+n;. model parameters and input data must be given. The input

data, the RF time series for all well-established mechanisms,
Here,Bo is a vector of intercepts and is included because thegre estimated in this paper and given prior uncertainties based
measurements and output of the computer model are givesn the ranges of published estimates and subjective assess-
relative to the mean of the different reference periods. ments. The priors of ECS artt= (9VHP, 6P, UV, 9ASHE,

The model errors are modelled as a vector autoregressivgOHE gM) are given in Table A1, while all remaining pa-
process of order 1 (VAR(1) process), while the observationakameters of the stochastic model, except the standard devia-
errors are modelled as a scaled VAR(1) process, where thgons in the VAR(3) process for long-term internal variability,
scaling factor is given by a vector of standard errors. are given vague priors. The reasoning behind the choice of

The long-term internal variability term}" is modelled  priors of ECS and is given in the Supplement of Aldrin et
as a vector autoregressive process of order 3 (VAR(3) proal. (2012). The standard deviations in the VAR(3) process are
cess), i.enlV=¢MnlV, +¢lvplv, 4 gVnlvo 4 e and  modelled ag'V = B2y, Whereo Y, is the standard de-
Var(elV) =3V = diage'") C'V diag@'"), whereg-s are ma-  viation obtained when estimating the VAR(3) process from
trices with coefficients and wheeeV andC'V are the stan-  the CanESM2 data, angh is a diagonal matrix where each
dard deviations and correlation matrix of the covariance ma-diagonal element g8, is uniformly distributed between 1/5
trix, respectively. To estimate the parameters of this processand 5.
we use results for the Canadian CanESM2 in the CMIP5 The EBM used in this study is the hemispheric version
experiment (Yang and Saenko, 2012) with simulations overof the energy-balance climate/upwelling—diffusion ocean
900 yr with zero RF. First we subtract a linear trend from the model described in Schlesinger et al. (1992) and its global
each of the temperature and OHC series to account for driftversion in Schlesinger and Jiang (1990). This model is a part
Then we apply a 10yr running mean to each of the threeof the CICERO SCM (Fuglestvedt and Berntsen, 1999) and
resulting time series (two for temperature, one for OHC). has been used in several studies (e.g. Fuglestvedt et al., 2003;
Furthermore, we estimate a VAR(3) process from these dataRive et al., 2007; Skeie et al., 2009). The model has been
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Table A2. Parameter estimates (posterior means) for the VAR(3)

The process model is updated by observed temperature

process in the main analysis. change and ocean heat content taking into account un-
certainties in the observational data, using a Markov Chain
NH SH OHC Monte Carlo (MCMC) algorithm. Posterior distributions of

NH 1.428 0.004 —0.858 the climate sensitivity and other parameters are obtained. The

¢I]i-v SH 0127 1.058 1.173 statistical method is described in more detail in Aldrin et

OHC 0125 0.163 2.216 al. (2012). Table A3 gives the MCMC parameter estimates
for the main analysis, and three other key analyses. The es-

iiv NH —0.466 —0.063 1.136 timates of standard deviations of the terms for ENSO, long-

92 SH 0.178 0.057 1.642 term internal variability and model errors are given in Ta-

OHC -0.209 -0.280 -1.534

ble A4, while standard deviations of observational errors are

. NH —-0.015 0.066 —0.398 given in Table A5.
¢'§V SH —-0.053 -0.182 -0.565 Note that in the sensitivity test with two ECSs, one
OHC 0.086 0.118 0.316 for the Northern Hemisphere (EQS) and one for
liv the Southern Hemisphere (E&$g, the prior for ECS
0.016 0.017 0.040
7Gem is as in the main analysisE g-2“'”'5(:35“—ECS and
_ NH 1.000 0.438 0.146 ECSNH) N - )
cliv SH 0.438 1.000 0.209 I99<ECSSH _ Umform( log(1.5), log(1.5)). In the sensi
OHC 0146 0209  1.000 tivity test with two mixed layer depths, one for the North-

ern Hemsphere@(‘,"H) and one for the Southern Hemisphere

@ H) the priors for6>NH and6>SH are set equal to the prior for

shown to reproduce GCM model results from idealized ex-
periments with a gradually changing forcing when the model
parameters are calibrated (Olivie and Stuber, 2010). In the
model the atmosphere is represented by a single layer and the
ocean is subdivided into 40 vertical layers where the upper-
most ocean layer is the mixed layer. Horizontally the model
is divided into a Northern and a Southern Hemisphere part,
with a separate energy-balance calculation for each hemi-
sphere. The hemispheric difference in the land/ocean fraction
is taken into account by scaling the efficiency of heat uptake
by the ocean. This allows for a more rapid response to forc-
ings in the Northern Hemisphere. Each ocean box is divided
into a polar and a non-polar region. In the polar region heat
is transported from the mixed layer into the deep ocean rep-
resenting deep water formation. In the non-polar region heat
is transported downwards by processes treated as diffusion
and advected upwards by slow upwelling. The representation
of the ocean mixing is very simplified and does not include
entrainment of downwelling water at intermediate depths as
some other simple climate models do (e.g. MAGICC6 de-
scribed in Meinshausen et al., 2011). As a consequence of
this, in the sensitivity test with observed deep ocean OHC
(Fig. 2d) we treat all ocean below 700 m as one compartment.

www.earth-syst-dynam.net/5/139/2014/
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Table A3. Parameter estimates with 95 % C.1. In the tapf® and¢® are the diagonal coefficient matrices of the VAR(1) processes for the
model and observational errors, respectively,@dC™ ands©/C° are the standard deviations/correlation matrices of the covariance matrix
>M andX° of the error terms of the VAR(1) processes for the model and observational errors, respecti®ly4.diage™) C™ diage™)

andX°=diag@®) C° diag@ ). For each analysis there are at least 140 million iterations after burn-in in the MCMC estimation algorithm.

Parameter Main analysis Main analysis, but Main analysis, but Main analysis, but
with data up to 2000 with data up to 2000 without internal
—30HC —10HC variability
gVHD 0.28 (0.1, 0.59) 0.34(0.11, 0.68) 0.4 (0.13,0.72) 0.24 (0.1, 0.49)
6P 0.37 (0.17, 0.56) 0.37(0.17, 0.56) 0.37 (0.17, 0.56) 0.37 (0.17, 0.56)
0 guv 1.37 (0.58, 2.46) 1.55 (0.6, 2.5) 1.72 (0.64, 2.52) 1.25 (0.57, 2.41)
9ASHE 13.53 (5.25, 24.31) 13.2 (5.26, 24.27) 12.81 (5.22, 24.17) 13.63 (5.27, 24.35)
gOIHE 3.6 (0.25, 6.84) 3.69 (0.26, 6.83) 3.87 (0.4, 6.84) 3.55 (0.23, 6.83)
oM 58 (26, 114) 68 (27, 121) 80 (29, 123) 56 (26, 109)
NH1 —0.01 (-0.03, 0) —0.02 (-0.03, 0) —0.02 (-0.04, 0) —0.01 (-0.03, 0)
NH2 0.01 (-0.01, 0.04) 0.0140.02, 0.03) 0.0140.02, 0.03) 0.0140.01, 0.04)
NH3 0.03(0.01, 0.04) 0.03(0.01, 0.04) 0.03(0.01, 0.04) 0.02 (0.01, 0.04)
SH1 —0.03 (-0.06,—0.01) —0.03 (-0.06,—0.01) —0.03 (-0.06, 0) —0.03 (-0.06,—0.01)
gy SH2 —0.01 (-0.04, 0.01) —0.01 (-0.04, 0.02) —0.01 (-0.04, 0.02) —0.02 (-0.04, 0.01)
0 sH3 —0.03 (-0.04,—0.02) —0.03 (-0.04,—0.02) —0.03 (-0.04,—0.02) —0.03 (-0.05,—0.02)
OHC1 0.95 (0.39, 1.53) —0.29 (-0.79, 0.22) —0.67 (-1.04,—0.07) 0.96 (0.39, 1.56)
OHC2 3.86 (1.96, 6.15) 4.23(1.69,7.7) 3.91(1.87, 6.27)
OHC3 —0.21 (-2.49, 2.57) 0.1841.98, 2.98) 0{2.64,2.94)
g, NH —5e-04 (-8e-04,—3e-04) —5e-04 (-8e-04,—2e-04) —5e-04 (-8e-04,—2e-04) —5e-04 (-8e-04,—3e-04)
SH —4e-04 (-6e-04,—2e-04) —4e-04 (-7e-04,—2e-04) —4e-04 (7e-04,—2e-04) —4e-04 (-6e-04,—2e-04)
NH 1.53 (0.53, 2.99) 1.57 (0.51, 3.33) 1.58 (0.5, 3.39)
B, SH 1.55 (0.53, 3.07) 1.71 (0.59, 3.58) 1.77 (0.59, 3.69)
OHC 2.94 (1.27, 4.74) 3.34 (1.56, 4.87) 3.31(1.51, 4.87)
NH 0.56 (0.27, 0.84) 0.55 (0.26, 0.83) 0.56 (0.28, 0.83) 0.64 (0.45, 0.83)
oM SH 0.71 (0.43, 0.93) 0.7 (0.42,0.92) 0.73 (0.46, 0.94) 0.74 (0.57,0.91)
OHC 0.46 (-0.19, 0.95) 0.1440.5, 0.87) —0.16 (-0.75, 0.67) 0.61 (0.13, 0.96)
NH 0.6 (0.49, 0.71) 0.61 (0.49, 0.72) 0.61 (0.5, 0.72) 0.6 (0.49, 0.72)
@° SH 0.54 (0.42, 0.65) 0.57(0.45, 0.7) 0.58 (0.46, 0.7) 0.54 (0.42, 0.66)
OHC 0.89 (0.78, 0.97) 0.87 (0.75, 0.96) 0.52 (0.04, 0.9) 0.89 (0.79, 0.97)
NH 0.13(0.11, 0.15) 0.13(0.12, 0.15) 0.14 (0.12, 0.15) 0.13(0.12, 0.15)
oM SH 0.11 (0.1, 0.13) 0.12 (0.1, 0.13) 0.12 (0.1, 0.13) 0.11 (0.1, 0.13)
OHC 0.62 (0.4, 0.87) 0.67 (0.44, 0.96) 0.67 (0.39, 1.05) 0.67 (0.47, 0.93)
NH-SH 0.19 (0.02, 0.36) 0.2 (0.02, 0.37) 0.2 (0.03, 0.37) 0.21 (0.05, 0.37)
CcM  NH-OHC 0.04 (-0.18, 0.26) 0.0340.2, 0.26) —0.01 (-0.24, 0.23) 0.0640.16, 0.29)
SH-OHC 0.02 £0.19, 0.23) 0.0140.21, 0.23) —0.01 (-0.23,0.22) 0.0340.17, 0.24)
NH1 0.48 (0.34, 0.66) 0.49 (0.34, 0.67) 0.5 (0.35, 0.69) 0.5 (0.36, 0.69)
NH2 0.77 (0.58, 0.99) 0.77 (0.58, 0.99) 0.79 (0.59, 1.02) 0.78 (0.59, 1)
NH3 0.38 (0.26, 0.54) 0.38(0.26, 0.54) 0.38 (0.26, 0.55) 0.39 (0.27, 0.55)
SH1 0.63 (0.5, 0.79) 0.64 (0.5, 0.81) 0.65 (0.51, 0.82) 0.65 (0.51, 0.8)
50 SH2 0.98 (0.78, 1.19) 0.97 (0.77,1.2) 0.98(0.78, 1.21) 0.97 (0.78,1.2)
SH3 0.43(0.28, 0.65) 0.44 (0.28, 0.67) 0.45 (0.29, 0.69) 0.45 (0.29, 0.67)
OHC1 1.59 (0.91, 2.29) 1(0.57, 1.65) 0.85 (0.49, 1.33) 1.67 (1.02, 2.35)
OHC2 0.42(0.31, 0.57) 0.44 (0.33,0.57) 0.42(0.31, 0.56)
OHC3 0.65 (0.48, 0.84) 0.6 (0.44, 0.81) 0.66 (0.49, 0.85)
NH1-NH2  0.29 (-0.16, 0.63) 0.3240.12, 0.65) 0.36+0.08, 0.68) 0.3140.12, 0.64)
NH1-NH3 0.4 (0.02,0.72) 0.440.04, 0.73) 0.4340.01, 0.74) 0.45 (0.04, 0.74)
co NHI-SHL  0.2(0.23,057) 0.240.24, 0.58) 0.1940.24, 0.57) 0.240.21, 0.57)
NH1-SH2  —0.06 (-0.49, 0.38) —0.07 (-0.49, 0.37) —0.08 (-0.5,0.37) —0.08 (-0.49, 0.35)
NH1-SH3 0.1 (0.39, 0.54) 0.0740.42, 0.53) 0.06+0.43, 0.53) 0.1140.37, 0.55)
NH1-OHC1 —0.22 (-0.65, 0.28) —0.24 (-0.66, 0.27) —0.17 (-0.65, 0.39) —0.22 (-0.64, 0.27)
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Table A3. Continued.

Parameter Main analysis Main analysis, but Main analysis, but Main analysis, but
with data up to 2000 with data up to 2000  without internal
—-30HC -10HC variability
NH1-OHC2  0.06 £0.36, 0.46) 0.1340.28, 0.49) 0.05+0.36, 0.45)
NH1-OHC3  -0.17 (-0.55,0.27) —0.08 (-0.49, 0.36) —0.2 (-0.57,0.24)
NH2-NH3 0.49 (0.02, 0.79) 0.51 (0.04, 0.81) 0.55 (0.08, 0.82) 0.51 (0.05, 0.8)
NH2-SH1 0.1 ¢0.23,0.42) 0.140.24, 0.43) 0.11€0.24, 0.43) 0.0940.24, 0.4)
NH2-SH2 0.09 £0.26, 0.42) 0.0540.31, 0.39) 0.0440.31,0.38)  0.0540.29, 0.39)
NH2-SH3 —0.07 (-0.55,0.44) -0.09 (-0.57,0.43) —0.08 (-0.56,0.42) —0.09 (-0.56, 0.4)
NH2-OHC1  —-0.06 (-0.45,0.34) 0.240.26, 0.6) 0.2440.28,0.68) —0.07 (-0.44, 0.32)
NH2-OHC2 0.1 (0.21, 0.41) —0.03 (-0.34, 0.28) 0.140.22, 0.4)
NH2-OHC3  —0.02 (-0.34,0.31) 0+0.34,0.35) —0.02 (-0.34, 0.3)
NH3-SH1 0.21 €0.25, 0.61) 0.210.27, 0.61) 0.2140.28, 0.61) 0.2140.25, 0.59)
NH3-SH2 0 (0.54,0.53) —0.07 (0.6, 0.5) —0.07 0.6, 0.5) —0.05 (-0.57,0.49)
NH3-SH3 0.04 £0.47,0.53) 0.01£0.51, 0.52) 0.01€0.52, 0.52) 0.03€0.47,0.51)
NH3-OHC1  -0.18 (-0.68,0.42) 0.060.5, 0.6) 0.0940.49,0.62) —0.19 (-0.67, 0.38)
C° NH3-OHC2 0.16 £0.32, 0.58) —0.04 (-0.49,0.43) 0.16+€0.32, 0.57)
NH3-OHC3  0.08 {0.4, 0.53) 0.0440.44, 0.51) 0.0540.41, 0.5)
SH1-SH2 0.25+40.03, 0.5) 0.2340.07, 0.48) 0.25+40.04, 0.5) 0.2640.02, 0.5)
SH1-SH3 0.49 (0.09, 0.76) 0.49 (0.09, 0.76) 0.52(0.13, 0.78) 0.52 (0.14, 0.76)
SH1-OHC1  —0.02(-0.38,0.33) 0.1440.29, 0.52) 0.1940.33,0.62) —0.03 (-0.39, 0.31)
SH1-OHC2 0.05+40.25,0.34) —0.08 (-0.39, 0.24) 0.0540.25, 0.34)
SH1-OHC3 0.1340.21, 0.45) 0.140.25, 0.48) 0.1340.21, 0.44)
SH2-SH3 0.5140.05, 0.83) 0.5340.02, 0.84) 0.56 (0.04, 0.85) 0.50.04,0.82)
SH2-OHC1  0.0140.28,0.31) 0.3140.05, 0.64) 0.440.05, 0.75) —0.02 (0.3, 0.27)
SH2-OHC2 0.1€0.16, 0.35) —0.03 (0.3, 0.25) 0.0940.17,0.34)
SH2-OHC3 0.0340.25, 0.31) 0.11€0.2,0.4) 0.02+40.27,0.29)
SH3-OHC1  —0.03(-0.54,0.49) 0.1340.41,0.61) 0.240.37, 0.67) —0.06 (-0.55, 0.45)
SH3-OHC2 0.05+40.39, 0.47) —0.04 (-0.46, 0.4) 0.0540.38, 0.46)
SH3-OHC3 0.0640.41, 0.51) 0.140.37, 0.54) 0.054€0.41, 0.49)
OHC1-OHC2 -0.59 (-0.8,—0.28) —0.48(-0.75,—0.09) —0.57 (-0.79,-0.27)
OHC1-OHC3 0.2240.27,0.57) 0.0940.4, 0.52) 0.2640.19, 0.58)
OHC2-OHC3 -0.02 (-0.37,0.34) 0.0240.34, 0.38) —0.03 (-0.37,0.33)
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Table A4. Estimates of standard deviations ®fe;, ni'V, andn™,
and the sum of these three terms.

Bree i M Bre+nmY +nl
NH 0.045 0.098 0.157 0.191
SH 0.038 0.086 0.159 0.185
(NH+SH)2 0041 0075 0.122 0.149
OHC 0.000 2853 0.697 2.933

Table A5. Estimates of standard deviationsr¥.

SDn? In1960 In2000 Meanover Mean over
observation  1991-2010
period
NH1 0.027 0.032 0.043 0.032
SH1 0.048 0.048 0.061 0.048
(NH1+4SH1)22  0.030 0.031 0.040 0.032
NH2 0.034 0.052 0.072 0.050
SH2 0.054 0.053 0.083 0.053
(NH2+SH2)/2  0.040 0.048 0.071 0.047
NH3 0.012 0.026 0.041 0.024
SH3 0.016 0.014 0.034 0.014
(NH3+SH3)/2  0.010 0.015 0.027 0.014
OHC1 1.700 1.966 2.257 1.668
OHC2 5.624 1.686 3.349 1.320
OHC3 2.090 1.802 1.898 1.696
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Appendix B

Temperature and ocean heat content data

The temperature and ocean heat content data used in the anal-
yses are shown in Figs. B1 and B2. The reported standard
errors for the data in Fig. B1 are shown in Fig. B3, while
posterior estimates of the standard deviations are shown in
Fig. B4. Note that the posterior estimates of the standard de-
viations of the observational errors in Fig. B4 differ from
those reported from the data providers (Fig. B3). Note es-
pecially that the posterior standard deviations for the three
OHC series are much more equal than the reported ones, and
that the posterior standard deviations for the Levitus series
are roughly double those of the reported ones.
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Fig. B1. Annual temperature and ocean heat content data. HadCRUTS3, University of East Anglia and the Hadley Centre; GISS, Goddard
Institute for Space Studies; NCDC, National Climatic Data Center; CSIRO, Commonwealth Scientific and Industrial Research Organisation.
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Fig. B2. Annual temperature data. HadCRUT3, University of East Anglia and the Hadley Centre; HadCRUT4, University of East Anglia,
King Abdulaziz University and the Hadley Centre.
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Fig. B3. Reported standard errors of annual temperature and ocean heat content data. The standard errors for the Goddard Institute for Spac
Studies (GISS) series are simply computed as the middle of the standard errors for the two other series. HadCRUT3, University of East Anglia
and the Hadley Centre; NCDC, National Climatic Data Center; CSIRO, Commonwealth Scientific and Industrial Research Organisation.
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Fig. B4. Posterior estimates of standard deviations of the annual temperature and ocean heat content data.
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Appendix C C2 Explosive volcanic activity

Natural forcing mechanisms We use three different time series for RF due to volcanoes
and assign them an equal prior belief. The first time se-
The natural forcing mechanisms included are stratosphericies are based on Gao et al. (2008). They presented strato-
aerosols formed as a result of oxidation of sulfur dioxide spheric loading of aerosols for the past 1500yr by using
emitted by explosive volcanic eruptions and changes in solab4 ice core records from both the Arctic and Antarctica. We
irradiance. The constructions of the natural radiative forcingfollowed the suggestions in Gao et al. (2008) and converted

time series used are described below. the aerosol loading to optical thickness for the years 1750 to
o 1980. Due to a lack of coverage in the ice core data for recent
C1l Solar variability years we have replaced the data from Gao et al. (2008) af-

, . o . ter 1980 with the stratospheric aerosol optical thickness time
The time series for solar forcing is based on total solar irra-gejes from Sato et al. (1993) based on satellite retrievals.
diance (TSI) reconstruction of Wang et al. (2005) and thetne conversion factor between optical thickness and forc-

11yr cycle variation of Lean (2000). The change in TSI ing used are-20 W2 (Wigley et al., 2005). The second

is multiplied by 0.25 to account for geometry, by 0.7 10 {ime series for radiative forcing are the optical thickness data
account for the planetary albedo and by 0.78 according,,seq on ice core records from Crowley et al. (2003) multi-
to Gray et al. (2009), accounting for changes in TSI atyjiaq by the same conversion factor as above. The third vol-

wavelengths where ozone absorbs strongly. The time S€zgnic ragiative forcing time series used are from Ammann

ries are extended from 2008 to 2010 using the Physikalischg; 5 (2003). The radiative forcing time series used are an-

Meteorologisches Observatorium Davos (PMOD) compositen 5| hemispheric means. We have extended all data sets us-
(Frohlich and Lean, 2004). The RF over the full amplitude of ing the updated values from Sato et al. (1993) for the period

the last solar cycle was 0'1‘_1W"2‘ The uncertainty range »001 tg 2010 Ifttp://data.giss.nasa.gov/modelforce/strataer/
for solar RF relative to pre-industrial times based on esti-qq .\ nioaded August 2011).

mates from published studies given in IPCC AR4 (sgrster The reason for using three different estimates for RF from
et al.,, 2007) was skewed, ranging from 0.06 t0 0.3Wm o, iosive volcanoes is to account for the uncertainty in the

The upper limit was based on TSI reconstructions using in+,cyyating pattern over time. For uncertainties in the magni-
formation from sun-like stars, which are called into ques-y,qe of the forcing we assume the quite conservative factor

tion by Hall and Lockwood (2004). Recent estimates of 5¢5 gmajler uncertainty intervals have been indicated in Gao
changes in TSI (Wang et al., 2005; Krivova et al., 2007; ot 5| (2008) and in Sato et al. (1993).

Tapping et al., 2007; Steinhilber et al., 2009; Delaygue and
Bard, 2011) are significantly lower than estimates using sun-
like stars (e.g. Lean, 2000). We use the relative uncertainty
range+ 50 % spanning the relative uncertainty range in both
Krivova et al. (2007) and Steinhilber et al. (2009), which
are the same as the lower limit in IPCC AR4 (Forster et al.,
2007).
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Appendix D For a given year we want the following statement A to be
true: “The sum of the expected value for the aerosol com-
Prior and posterior distributions for RF time series ponents is equal to the expected value for the total direct

aerosol effect.” Due to nonlinearities the sum of the individ-

The prior for each of the RF mechanisms is constructed byyal aerosol direct effects is not identical to the total direct
first constructing an expected or best guess time series fogerosol effect (Skeie et al., 2011b). For each year we find
each hemisphere. These expectation curves are taken frog constant which is such that when we multiply each of
the results in Skeie et al. (2011b). Then the uncertaintieshe expected values for BC FFBF ($GM, BB, Nit) with
around the expectation curves are constructed by adding of 4 4(1 — 4), the statement A is true. The values of treeare
multiplying each number in the expectation by an error term,phetween—0.0177 and 0.0141.
which gives a pair of NH and SH time series. The error  For 2010 we also want the following statement B to be
terms are either the same for all time points and both hemitrye: “In the year 2010 the sum of the variances forsSO
spheres, or they are proportional to the number of years sincBC FFBF, OM, BB and Nit is equal to the variance for the
1750 times the expected value in 2010. total direct aerosol effect.” We find a constanwhich is such

Four kinds of priors are assumed for the different RF that when we multiply the standard deviations for,S6C
mechanisms (Table 1): (1) normal distribution where the un-FFBF, OM, BB and Nit, the statement B is true. We will also
certainty/standard deviation is proportional to the expectednultiply the standard deviations before 2010 by a condtant
value. (2) Normal distribution where the uncertainty/standardin 2000-2010p is 0.603; before 195Q; is 1.00; in 1950—

deviation is proportional to time. (3) Lognormal distribution 2000,» decreases linearly from 1.0 to 0.603.

where the uncertainty/standard deviation is proportional to

the expected value. (4) Uniform distribution where the un-D2 The posterior distributions

certainty/standard deviation is proportional to the values of a

time series. In Fig. 1 we show posterior RF time series and PDFs for RF

The uncertainty range for the RF mechanisms are based ot 2010 for the main analysis. Here (Fig. D1) we show the
Skeie et al. (2011b). If the 90 % confidence interval for the Same results, but for the Northern and Southern Hemisphere
RF mechanisms include zero, there are no restrictions on théeparately.
sign of the forcing, and a distribution where the uncertainty ~Figure D2 shows the prior and posterior for the global an-
is proportional to time is chosen. The uncertainty in 1750thropogenic radiative forcing time series as in Fig. 1. In ad-
is zero. If the sign of the RF mechanisms is restricted, un-dition, the historical RF from the RCP databalst{://www.
certainty proportional to the expected value is chosen. If thdiasa.ac.at/web-apps/tnt/Rcppis plotted as a dashed line.
given 90 % confidence interval is skewed, a lognormal dis-The RCP4.5 value is used for the year 2010 as in Skeie et
tribution is chosen. A lognormal distribution is also chosen al- (2011b). The RCP RF time series do not include the ef-
for forcing mechanisms with a symmetric 90 % Confidencefect of land albedo changes, as thisisincluded in our pl’iOf. In

interval and a probability greater than 0.005 of RF with the our prior we also include indirect and semi-direct aerosol ef-
wrong sign_ Otherwise, if the probab”ity is less than 0.005, fects that are not RF according to the definition in IPCC AR4,

a normal distribution is chosen. For the lognormal distribu- @nd are probably not included in the RCP historical RF time
tion, the upper and lower quantiles are dependent and wilB€ries.

not exactly match the given 90 % confidence interval. The three error bars in the figure are total anthropogenic
RF in 1950, 1980 and 2011 from the IPCC AR5 summary
D1 Direct aerosol effect for policymakers (IPCC, 2013). These error bars include the

total aerosol effects and are comparable to our forcing time
The direct aerosol effect is the sum of five components: sul-series. Our prior has a weaker forcing (stronger aerosol forc-
fate (SQ), black carbon (BC) from fossil fuel and biofuel ing) than IPCC ARS5, but our posterior is more in agreement
combustion (FFBF), organic matter (OM) (organic carbonwith the AR5. Our posterior has a larger uncertainty in the
from FFBF and secondary organic aerosols), biomass burni9s0s, a lower mean value in 1980 and does not span the up-
ing aerosols (BB) and nitrate aerosols (Nit). per range in 2010 compared to AR5 (AR5 values are 2011).
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Fig. D1. (a) Prior and posterior distribution of the RF time series and PDF of RF in 2010 for the Northern Hemisphere for total RF (upper
panel), anthropogenic RF (middle panel) and total aerosol effect (direct effect, cloud albedo effect, cloud lifetime effect and semi-direct effect)
(lower panel) from the main analysis. Red colour for the posterior distribution and black lines and grey shadings for the prior distribution;
(b) as(a), but for the Southern Hemisphere.
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Fig. D2. Prior and posterior distribution of the time series for anthropogenic RF from the main analysis. Red colour for the posterior
distribution and black lines and grey shadings for the prior distribution. The dashed line is the historical RCP totgd:RfR{cat.iiasa.ac.at:
8787/RcpDhy and the three error bars are the total anthropogenic RF values in 1950, 1980 and 2011 from IPCC ARS. The error bars indicate
the very likely range#£ 90 %).
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Appendix E period affect the estimated ECS. There are indications of too
large a BC concentration around 1850 and too low a concen-
Sensitivity tests tration in the early 20th century (Figs. 11 and 12 in Skeie

et al., 2011a). As a sensitivity test we modify the time se-
Here we describe some sensitivity tests performed with aies of BC FFBF to have a more rapid increase at the end of
somewhat simpler model setup using only one OHC data sethe 19th century. Between 1750 and 1850 the RF time series
(from Levitus et al., 2009). Results are shown in Fig. E1.  is multiplied by 0.2 and between 1910 and 1940 multiplied
There is no uncertainty in the RF time developmentby 1.3. We have linearly interpolated the multiplication fac-
(i.e. the temporal form of the curve) for each component ortors for the years in between. After 1960 we use the same RF
mechanism. We make sensitivity tests (Test 1 and Test 2) tdime series as in the main analysis, i.e. a multiplication factor
see how changes in the prior assumptions for the time develef 1. As in Test 1, the change in the BC FFBF RF time series
opment of RF affect our result. In sensitivity Test 3 we testwill also influence the semi-direct effect and the total direct
the sensitivity of our results to the role of uncertain data be-aerosol effect.
fore 1900 (update with data only between 1900 and 2010 to The altering of the temporal structure of the prior RF
exclude the uncertain early period including the 1883 Kraka-had only very minor effects on the estimated ECS (Fig. Ele
toa volcanic eruption), while in sensitivity Test 4 we test how vs. Fig. E1b).
the OHC data for the years 2001 to 2010 affect the ECS esti-
mate by excluding OHC data from 2001 to 2010. E3 Test 3: updating the model with data between 1900
and 2010
E1l Test 1: change the BC direct aerosol effect in the

latter part of the simulation period Due to the large uncertainties in both the historical RF and

observed temperature change, we did another test where the

Skeie et al. (2011a) calculated RF time series for Black Carmodel is only updated with data between 1900 and 2010, ex-
cluding the uncertain early period including the 1883 Kraka-

bon (BC) from fossil fuel and biofuel (FFBF) sources using . ‘ _ oo ) .
emission data from Bond et al. (2007). This emission sceloa volcanic eruption. This sensitivity test slightly shifts the

nario has a more rapid decrease in emissions in Europe arldC® !0 larger values, increasing the posterior mean value
North America and a less rapid increase in emissions in east?y 0-3 t0 2.2C and a 90%C.I. of 1.4 to 3°&, but val-
ern Asia in the latter part of 20th century compared to theU€S larger than 45C are still basically excluded (Fig. E1f
emission inventory (Lamarque et al., 2010), which are used’S: Fi9- E1D). The probability of ECS greater than 45
to construct the RF time series for the main analysis. is 0.005.

As a sensitivity test we replace the RF time series for
BC FFBF in the main analysis with data from Skeie et
al. (2011a). This RF time series has a less rapid increase in

the latter half of the 20th century compared to the RF timeq (a5t how the OHC data for the years 2000 to 2010 affect
series used in the main analysis. The time series in Skeig,e £Cg estimate, a sensitivity test is performed where the
et al. (2011a) ended in 2000, so the increase from 1990 iy gata from 2000 to 2010 is excluded, i.e. OHC data be-
2000 is extrapolated further to 2010. The change in the BGyeen 2001 and 2010 are not used to update the model. The
FFBF RF time series will also mflu_ence the semi-direct ef- resulting PDF for the ECS (Fig. E1g) is significantly wider
fect. The total direct aerosol effect is assumed to be the suny, 4, in the corresponding full analysis (Fig. E1b) and only
of all aerosol components in this sensitivity test. slightly narrower than when data only up to year 2000 are
In this sensitivity test the prior mean for the direct aerosol | ;5o to estimate the ECS (Fig. ELc). The posterior mean for
2 . .
effect strengthens between 2000 and 2016-6y04 W the ECS is 3.5C and the probability of ECS being larger

compared to the main analysis, where the direct aerosofyan 4 5¢is0.17, so the estimated ECS is significantly con-
effects weakened between 2000 and 2010 by 0.03Wm strained using the OHC data after the year 2000.

The altering of the temporal structure of the prior RF had

only very minor effects on the estimated ECS (Fig. EJdE5  An additional sensitivity test with two mixed layer
vs. Fig. E1b). depths

E4 Test 4: the role of ocean heat content — excluding
OHC data for the years 2001 to 2010

E2 Test2: change the BC direct aerosol effectinthe first We have performed an additional sensitivity test where we
part of the simulation period included two instead of one mixed layer depths. More pre-
cisely, we included one mixed layer depth for the North-
There are large uncertainties in the historical emission of BCern Hemisphere and one for the Southern Hemisphere. Note
(Bond et al., 2007). We modify the RF time series for BC that in this sensitivity test long-term internal variability is in-
FFBF (from the main analysis) from pre-industrial times and cluded explicitly in the model and three OHC series are used,
up to 1960 to see if changes in the RF pattern early in thd.e. the sensitivity test is as in the main analysis, except for the
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inclusion of two mixed layer depths. The results are shown The other prior is a uniform prior for 1/ECS, which is
in Fig. E2. We observe that the inclusion of two mixed layer equivalent to a prior for ECS that is proportional to 1/ECS
depths instead of one had only minor effects on the estimated his prior was discussed in Frame et al. (2005). As we stated

ECS. in our previous paper (Aldrin et al., 2012), “this prior is
_ strongly informative towards low climate sensitivities with
E6 The role of the ECS prior 76 % probability for ECS being lower than the pure black-

. _ . ) . body radiation of 1.1 K”, and it is perhaps not very realistic.
In Zhe main analysis the ECS is given a uniform prior (0~ \ye gpserve that the estimates when using Hegerl's prior
20°C). To test the role of the prior distribution of ECS We ¢ gjightly larger than those obtained with a uniform prior

have re-calculated the posterior PDF for ECS based on Wqyith a mean value of 1.9C, while the credible intervals are
other priors; one taken from Hegerl et al. (2006) and anotheighiiy narrower (90 % C.I. from 1.1 to 3°C) compared to
that is uniform for 1/ECS. Technically, this is done by re- ye main analysis (Fig. 2a). When using a uniform prior for
weighting the MCMC samples from the estimation of our 1/ecg the PDF is shifted considerably towards lower values,
main model according to the alternative priors. This can beyitn a mean value of 1.3C and 90% C.I. of 0.46 to 2

seen as a variant of importance sampling. , compared to 1.8C and 90 % C.1. of 0.9 to 3.2C in the main
Hegerl et al. (2006) calculated a PDF for the climate SeN-gnalysis.

sitivity that was a combination of PDFs from several au-
thors, all on the basis of reconstructed temperature data be-
fore 1850. Since this PDF is based on data other than we use
in our work, it can be reasonable to use this PDF as an infor-
mative prior. The median of this prior is around 3G, with
a90%C.l. from 1.2 to 8.6C.
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Fig. E1. Posterior distributions for the ECS for analyses where long-term internal variability is not included explicitly in the model (i.e. the
term n',"’ is not included in the model) and only one OHC series is used (except for the anal{@)ghat is included to show the effect

of using three instead of one OHC series)(a)ithe main analysis (no long-term internal variability term, three OHC sefigshnly one

OHC series(c) use data up to 200Qq) sensitivity Test 1, changing the direct aerosol BC effect in the latter part of the simulation period,
(e) sensitivity Test 2, changing the direct aerosol BC effect in the early part of the simulation g&rgshsitivity Test 3, using data between

1900 and 2010(g) sensitivity Test 4, excluding OHC data for the years 2001 to 2010. The estimated mean of ECS, the 90% C.I. and the
probability of ECS being larger than £8& are given in the text box of each panel. The 90 % C.1. (the error bar) and estimated posterior mean
(triangle) and median (black dot) are also indicated in each panel.
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Fig. E2. Posterior distributions for the ECS f¢a) the main analysis (same as Fig. 2a), dbfthe sensitivity test with two mixed layer
depths, one for the Northern Hemispha?k{'l_() and one for the Southern Hemisphe?g'l_(). The estimated mean of ECS, the 90% C.I. and
the probability of ECS being larger than 46 are given in the text box of each panel. The 90 % C.I. (the error bar) and estimated posterior
mean (triangle) and median (black dot) are also indicated in each panel.
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Appendix F

Pair plots of samples from the posterior distribution

Figure F1 shows pair plots of samples from the posterior dis-
tribution for ECS, total RF in 2010 and total aerosol effect in
2010, giving the bivariate posterior for these quantities. The
estimate of ECS are naturally negatively correlated with total
RF, which means that if the true ECS is high, the true total RF
is probably low, and vice versa. Furthermore, the posterior
probability for high values of ECS is decreased considerably
when data up to 2010 are included.

Likewise, Fig, F2 shows pair plots of samples from the
posterior distribution for the parameters in the EBM.
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Fig. F1. Pair plots of samples from the posterior distribution for ECS, total RF in 2010 and total aerosol effect in 2@)@hénmodel is
updated with data up to 2010, while (o) the model is updated with data up to 2000.
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Fig. F2. Pair plots of samples from the posterior distribution for the model parameters EGB=aayP, 9P gUV 9ASHE gOIHE oMy
In (a) the model is updated with data up to 2010, whilébinthe model is updated with data up to 2000.
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