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ABSTRACT

Comparison of simulated and reconstructed past climate variability within the last millennium provides an

opportunity to aid the understanding and interpretation of palaeoclimate proxy data and to test hypotheses

regarding external forcings, feedback mechanisms and internal climate variability under conditions close to

those of the present day. Most such comparisons have been made at the Northern Hemispheric scale, of which a

selection of recent results is briefly discussed here. Uncertainties in climate and forcing reconstructions, along

with the simplified representations of the true climate system represented by climate models, limit our possibility

to draw certain conclusions regarding the nature of forced and unforced climate variability. Additionally,

hemispheric-scale temperature variations have been comparatively small, wherefore the last millennium is

apparently not a particularly useful period for estimating climate sensitivity. Nevertheless, several investigators

have concluded that Northern Hemispheric-scale decadal-mean temperatures in the last millennium show a

significant influence from natural external forcing, where volcanic forcing is significantly detectable while solar

forcing is less robustly detected. The amplitude of centennial-scale variations in solar forcing has been a subject

for much debate, but current understanding of solar physics implies that these variations have been small �
similar in magnitude to those within recent sunspot cycles � and thus they have not been a main driver of climate

in the last millennium. This interpretation is supported by various comparisons between forced climate model

simulations and temperature proxy data. Anthropogenic greenhouse gas and aerosol forcing has been detected

by the end of Northern Hemispheric temperature reconstructions.
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1. Introduction

Attempts to simulate past climate conditions and vari-

ability by the use of climate models help to understand

the interpretation of palaeoclimate proxy data and to test

hypotheses regarding external forcings, feedback mechan-

isms and internal climate variability under a range of

possible past climate conditions (Schmidt, 2010). The last

millennium provides an opportunity to examine natural and

emerging anthropogenic climate variability under condi-

tions close to those of the present day (Jansen et al., 2007;

Hegerl et al., 2007b; Braconnot et al., 2012). All such model

versus data comparisons, however, heavily rely on proxy

information because direct instrumental observations �
both of the climate itself and of the forcing factors

that are assumed to have affected climate and which are

needed to drive the simulations � are only available for a
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short period. This situation leads to substantial statistical

uncertainties in the results. Nevertheless, the Fourth

Assessment Report from the Intergovernmental Panel on

Climate Change (IPCC AR4) was able to draw the con-

clusion that ‘A substantial fraction of the reconstructed

Northern Hemisphere (NH) inter-decadal temperature

variability of the seven centuries prior to 1950 is very

likely attributable to natural external forcing, and it is

likely that anthropogenic forcing contributed to the early

20th-century warming evident in these records’ (Hegerl

et al., 2007b). Here, I will illustrate some difficulties

encountered and expose some selected significant recent

results and controversies in this context.

2. Requisites

To compare observed and simulated past climate, we need

estimates of past climate variations and of the external

climate forcings, as well as climate models driven by the

estimated past forcings. We also need analysis methods

that permit the drawing of conclusions from the compari-

sons. Thus, four principal requisites are demanded:

First, to reconstruct (i.e. to estimate) past climate varia-

tions before the period when instrumental observations

are available (mostly before the late 19th century), the

information has to be deduced from proxy data. The most

important and geographically widespread proxy used to

reconstruct climate in the last millennium is annual growth

rings in trees but other proxies, in particular from ice cores,

lake sediments and speleothems, have also been used

(Jansen et al., 2007; Jones et al., 2009). Whatever type of

proxy is used, or what the target climate variable is, the

collected data need to be compiled and calibrated against

instrumental observations of climate. This is a statistical

calibration exercise and the resulting climate reconstruc-

tions are associated with a certain degree of uncertainty

(Tingley et al., 2012). This uncertainty typically increases

back in time as the number of proxy records become fewer

and fewer.

Second, we need a climate model. A variety of models

have been used for studies of climate in the last millennium,

ranging in complexity from two-dimensional energy bal-

ance models (EBMs) to comprehensive Earth system

models with fully coupled atmosphere and oceans linked

to biosphere and carbon cycle models (Jansen et al., 2007;

Hegerl et al., 2007b; Fernández-Donado et al., 2013). No

model, however, � no matter how advanced it is � can fully

and correctly represent all aspects of the real climate

system.

Third, to produce model simulations that in some sense

represent past climate variations, we need reconstructions

of the external forcings that are assumed to have caused

variations of the real past climate (Schmidt et al., 2011).

Most types of forcings need to be estimated from proxy

data and then converted to some unit that is required for

driving a climate model. As with climate proxies, this is

typically a statistical exercise associated with a degree of

uncertainty.

Fourth, we need some method for comparing the

estimated past climate with output obtained from simula-

tions driven by the reconstructed external forcings. To this

end, formal statistical methods such as the regression-based

fingerprinting technique used in detection and attribution

studies (Hegerl et al., 2007a) or statistical distance-based

data assimilation (Goosse et al., 2006, 2010) and simulation

ranking techniques (Sundberg et al., 2012; Hind and

Moberg, 2012), have been developed. Quite often, however,

the method is as simple as a graph or map where time series

or spatial patterns of simulated and reconstructed past

climate variations are visually compared (e.g. Mann et al.,

2009; Jungclaus et al., 2010; Feulner, 2011).

Most model-data comparisons for the last millennium

have, so far, been made on the Northern Hemispheric scale

and for annual mean temperatures (Fernández-Donado

et al., 2013). In my brief overview of selected recent inves-

tigations, I will therefore mainly consider temperatures

averaged over the entire or large part of the NH.

3. NH temperature reconstructions

In the IPCC AR4, Jansen et al. (2007) discussed efforts by

several research teams to reconstruct mean temperatures

for the entire or large parts of the NH. These reconstruc-

tions agree that NH temperatures were on average warmer

at the beginning of the past millennium compared to in

the 1600�1800s, and that there has been a warming since

then, particularly throughout the 20th century and which

has continued into the beginning of the current century.

The amplitude of the centennial variations, as well as the

character of the shorter-term variability, differs among the

reconstructions depending on the choice of input data

and data compilation and calibration technique. Several

Northern Hemispheric-scale temperature reconstructions

have been published more recently (e.g. Mann et al., 2008;

Christiansen and Ljungqvist, 2012a). These new recon-

structions have not changed the overall picture, although

some show amplitudes of variations larger than those

with the largest temperature amplitudes used in AR4.

This larger amplitude is mainly a result of a particular

choice of calibration technique and it is debated whether

the resulting reconstruction has more low-frequency

variance than in the real temperature variations (Moberg,

2012; Christiansen and Ljungqvist, 2012b). On the con-

trary, most previous methods have been shown to poten-

tially result in too little variance (Christiansen et al., 2009).

A few attempts have also been made to use climate proxy
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data to reconstruct spatial patterns of temperature changes

within the NH in the last millennium (Ljungqvist et al.,

2012) or even within both hemispheres (Mann et al., 2009).

Although the analysis by Mann et al. (2009) included an

interesting comparison of reconstructed temperature pat-

terns with patterns observed in climate model simulations,

I will not consider this type of spatially explicit comparison

in my discussion.

4. Climate forcings

The climate forcings considered in simulations of the pre-

industrial part of the past millennium are mainly variations

in greenhouse gas levels, orbital change, changes in land

use/land cover, volcanic forcing and solar variability.

The Paleoclimate Model Intercomparison project Phase

III (PMIP3) has specified forcing histories to be used by

the participating modelling groups (Schmidt et al., 2011).

However, some other pre-industrial forcings that are

assumed to having played a role in reality, such as dust or

other natural aerosols, could not be sufficiently specified for

use in PMIP3. Earlier modelling efforts may not have used

all types of forcings considered in PMIP3, or they may have

made alternative choices for some of the forcing histories

(Fernández-Donado et al., 2013).

Variations in greenhouse gases have been derived from

ice cores in Antarctica and Greenland (MacFarling Meure

et al., 2006). A substantial increase in radiative forc-

ing, amounting to about 2.5 Wm�2 compared to the pre-

industrial period, has been caused by the anthropogenic

emissions of greenhouse gases in the industrial period

(Forster et al., 2007). Small variations in pre-industrial

greenhouse gas levels are related to natural feedbacks in the

carbon and nitrogen cycles to changes in climate (Gerber

et al., 2003; Scheffer et al., 2006).

Orbital change is the most well constrained forcing and

the only one that can be calculated analytically or numeri-

cally from astronomical considerations (Berger and Loutre,

1991; Laskar et al., 2004). Globally and averaged over

the entire year, the change in orbital forcing has had very

little influence over the last millennium. However, at a

given latitude and season, the change in orbital forcing can

have been about as large as the current level of anthro-

pogenic greenhouse gas forcing. For example, a progressive

decrease in incoming solar radiation in late summer at

latitudes north of 608N has led to a decrease in late summer

radiative forcing there of about �2 Wm�2 since AD 850,

while the corresponding change in spring is an increase by

about �1.5 Wm�2 (Schmidt et al., 2011).

Reconstructions of land use/land cover have been made

based on published maps of agricultural areas for the last

three centuries and a country-based approach for earlier

times that uses population data as a proxy for agricultural

activity (Pongratz et al., 2008). Globally, the effect of this

forcing is very small in the pre-industrial period, but an

increasing negative radiative forcing has occurred in the

last three centuries associated with an increased albedo.

This corresponds in magnitude to about a tenth of the

current anthropogenic greenhouse gas forcing, but of

the opposite sign (Pongratz et al., 2009). Larger forcing

changes have occurred already in the pre-industrial period

over populated areas such as Europe, America, India

and China.

Sulphate measurements in ice cores from both polar

regions are the source materials to reconstruct aerosol

optical depth due to volcanic eruptions (Gao et al., 2008).

Alternative estimates are available, which agree well

regarding the timing of individual eruption events but

differ in the transfer function used to convert ice sulphate

concentrations into aerosol optical depth and in the

screening process for deciding what is, and what is not, a

globally important eruption (Schmidt et al., 2011). The net

global forcing from individual large eruptions can be of the

same magnitude as twice the current anthropogenic green-

house gas forcing (Jungclaus et al., 2010), but the effect

lasts only for a few years, which is too little for the climate

to develop equilibrium with the volcanic forcing.

Solar variability is possibly the most uncertain forcing

and also the one associated with the largest controversies.

If changes in the shape of the emitted solar spectrum are

neglected, the solar variations can be quantified as the

total solar irradiance (TSI). TSI has been directly

measured using instruments on satellites since the mid-

1970s, and it shows an amplitude of about 0.1% in phase

with the �11-yr sunspot cycle (Gray et al., 2010). Before

this period TSI must be reconstructed based on proxy

indices of solar irradiance found to correlate with TSI

variations during the instrumental period, in particular

sunspot numbers back to the early 1600s and variations

in measurements of the cosmogenic isotope 10Be in polar

ice cores and 14C in trees which go beyond the last

millennium (Steinhilber et al., 2009; Gray et al., 2010).

Partly due to the short overlap with the satellite record,

there is large uncertainty in estimates of long-term TSI

variations. Such variations are often quantified as the

hypothesized increase between the Maunder Minimum

period (AD 1645�1715) and the most recent solar minima.

Current understanding of solar physics imply that this

increase has been on the order 0.1% or less, while a value of

about 0.24% or perhaps more was an often held view in the

late 1990s (Gray et al., 2010; Lockwood, 2011). A change in

TSI by 0.1% roughly corresponds to a tenth of the current

anthropogenic greenhouse gas forcing (Lockwood, 2011).

Recent input into this debate claims that the change since

the Maunder Minimum may be as much as 0.4% (Shapiro

et al., 2011) or, on the contrary, that it could potentially be
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entirely negligible (Schrijver et al., 2011). The PMIP3

consortium initially agreed on using a set of alternative

solar forcing histories with increases since the Maunder

Minimum in the range 0.04�0.1% (Schmidt et al., 2011),

while earlier modelling efforts have often used a history with

a change by about 0.24%, or both the 0.1% and the 0.24%

alternatives for comparative purposes (Jungclaus et al.,

2010; Fernández-Donado et al., 2013). Recently, PMIP3

also included (Schmidt et al., 2012) the large-amplitude TSI

history suggested by Shapiro et al. (2011) for completeness

of their forcing database. Notably, the PMIP3 consortium

did not endorse one solar forcing reconstruction over

another. They rather presented them as a range to give a

sense of the structural uncertainty. However, Schmidt et al.

(2012) also pointed out that there is magnetic field evidence

that supports only a modest increase of solar activity over

the 20th century.

5. Selected results from Northern Hemispheric

model versus proxy data comparisons

5.1. Forcing fingerprints

The fingerprint method seeks to establish regression rela-

tionships between, on the one hand, the observed or

reconstructed climate variability and, on the other hand,

the patterns of climate variability simulated by climate

models driven by one-forcing-only at a time. Each simula-

tion is performed to provide a fingerprint of a particular

forcing, i.e. the spatial and/or temporal pattern in climate

that is the result of the forcing under consideration. Once

the fingerprints have been established they are used in a

multiple regression, where the observed or reconstructed

temperatures are regressed on the fingerprints. If a regres-

sion coefficient for a particular fingerprint is significantly

different from zero, then this fingerprint can be said to be

detected in the observations. An assumption underlying this

approach is that the individual forced components of

climate variability can be linearly combined, which is an

approximation to reality that is generally thought to be

reasonable in this kind of studies (IDAG, 2005; Hegerl

et al., 2007b). Another implicit assumption is that the time

lag between a particular forcing and the response to this

forcing is the same in the real and simulated climates. This

assumption, however, may not hold if a climate model does

not well enough represent those mechanisms that can cause

a delayed response to a forcing. If this is the case, it may lead

to less significant regression relationships when the finger-

print method is used.

Only a few published formal fingerprint studies have

been based on temperature proxy data for the last

millennium. Hegerl et al. (2007a) used fingerprints defined

by simulations with a two-dimensional EBM driven with

solar, volcanic and a combination of anthropogenic green-

house gas and aerosol forcing. The solar forcing history

they used has a 0.24% increase in TSI since the Maunder

Minimum. They also used NH temperature reconstructions

from four different author teams to account for a range

of alternative temperature histories and they concluded

that hemispheric-scale decadal-mean temperature has been

largely driven by external forcing, typically amounting

to 60�75% of the variance. They could clearly detect the

influence of volcanism on hemispheric temperatures, but

a response to solar forcing could not be robustly distin-

guished. Their analysis also revealed that anthropogenic

greenhouse gas and aerosol forcing is detectable by the end

of the records and supports the finding that most of the

late 20th-century warming has been anthropogenic. In their

selection of temperature reconstructions, anthropogenic

forcing explains about a third of the warming trend over

the first half of the 20th century, while 15�40% could be

explained by a decrease in volcanic forcing and roughly

30% by internal variability. Due to the mostly non-

significant solar fingerprint, they could only vaguely state

that there was an uncertain contribution to the early 20th-

century warming from an increase in solar forcing.

5.2. Visual and other types of comparisons

Jungclaus et al. (2010) presented results from the first

ensemble simulations over the last 1200 yr with a Compre-

hensive Earth System Model including a fully interactive

carbon cycle. They used recent reconstructions of all

essential external forcings discussed in Section 4, including

two alternative solar forcing histories; one with a 0.1% TSI

increase since the Maunder Minimum and one with 0.24%

increase. All of their multiple-forced simulated NH tem-

peratures differ significantly from the range of simulated

internal variability over time intervals from decades to

centuries. Strong volcanic eruptions, particularly the cu-

mulative effect of several subsequent eruptions clustered

around the most severe ones leave a long-lasting imprint on

NH temperatures, in accordance with the fingerprint result

of Hegerl et al. (2007a). Modulation by changing solar

irradiance is more pronounced in the ensemble with the

larger solar forcing amplitude, where the largest pre-

industrial temperature anomalies occur in the 15th century

in association with both a large eruption and a solar

minimum at about the same time in the middle of that

century. Most NH temperature reconstructions also show

a cool period around this time; but less pronounced and

more in line with simulated temperatures from the en-

semble using the smaller solar forcing. The temperature

reconstructions rather tend to have their coldest period in

the 17th century, when they are on average relatively colder

even than the simulations using the larger solar forcing.
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Thus, none of the two simulation ensembles are able to

well capture the coldest interval seen in the temperature

proxy data. The reasons for this are not clear, but possible

explanations could be that the applied forcing reconstruc-

tions do not sufficiently represent the real changes in

forcing that have occurred, or that unforced real internal

temperature variability occurring on centennial timescales

can be of relatively large importance (Goosse et al., 2012).

The full-forcing ensemble with the larger solar amplitude

shows a centennial warm interval peaking in the late 1100s,

in parallel with the peak in the corresponding solar forcing

history. However, most temperature reconstructions show

a warming peak about a century earlier, so there is a

mismatch in timing also between the reconstructed and

simulated warmth in medieval times. A recently published

analysis of more than 100 millennial temperature proxy

series by Ljungqvist et al. (2012) suggests that NH warmth

in Medieval times extended over all of the 9th�11th
centuries, i.e. well before the large-amplitude solar forcing

history had its maximum. This kind of temporal mismatch

between reconstructed and simulated peak NH warmth has

been discussed by several other authors (e.g. Servonnat

et al., 2010), and illustrates a still poorly understood aspect

of climate of the last millennium. Based on results from a

data assimilation experiment, Goosse et al. (2012) argue

that internal atmospheric circulation dynamics might

explain some of the discrepancy. The larger insolation in

high-latitude boreal summer, due to the changed orbital

forcing, can also have contributed to the comparatively

high temperatures in the first centuries of the past

millennium, at least in summer at high latitudes as argued

based on results from both proxy data and forced simula-

tions (Kaufman et al., 2009; Esper et al., 2012).

Feulner (2011) undertook a climate model-data compar-

ison with the explicit goal to investigate if the most recent

conflicting views of solar forcing amplitude are consistent

with the reconstructed NH temperatures. He used the

coupled intermediate-complexity model CLIMBER-3a
driven by greenhouse gas forcing, anthropogenic aerosol

and volcanic forcing along with three alternative solar

forcing histories � the 0% one by Schrijver et al. (2011),

the 0.4% one by Shapiro et al. (2011) and one with 0.04%

increase since the Maunder minimum; similar to the

smallest-amplitude alternative in PMIP3. Feulner com-

pared his three simulated NH temperatures with the

temperature reconstruction by Frank et al. (2010), which

includes an uncertainty estimate emerging from alternative

calibration data. The two small solar forcing amplitudes

clearly provide a better match of the simulated and recon-

structed NH temperatures compared to the simulation

that used the large solar forcing. The hypothesized large

solar amplitude, by Shaprio et al. (2011), gives temperature

multi-decadal to centennial variations that are too

large and consistently too cold temperature anomalies

during periods coinciding with the past grand minima of

solar activity. However, as Feulner (2011) points out, it

remains a difficult task to determine an upper limit for

the TSI amplitude due to the uncertainties also in other

climate forcings, climate sensitivity and reconstruction of

temperatures from proxy data.

5.3. Distance-based model ranking

Hind and Moberg (2012) used the statistical framework

of Sundberg et al. (2012) to compare the two full-forcing

simulation ensembles by Jungclaus et al. (2010) with a

selection of six alternative Northern Hemispheric-scale

temperature reconstructions. Their purpose was to inves-

tigate whether it was possible to judge with certainty

which of the two alternative solar forcing amplitudes, in

the presence of other important forcings, provides the

best fit to the temperature reconstructions. They observed

a statistically significant correlation between Northern

Hemispheric-scale temperatures in both types of all-

forcings simulations and the reconstructions, indicating

that the simulated and reconstructed temperatures share

a common forced signal; which in turn means that a

comparative ranking of the two types of simulation

ensembles is meaningful. The ranking exercise led to the

observation that the higher solar forcing amplitude results

in a poorer match with the hemispheric-scale temperature

reconstructions and lends stronger statistical support for

the lower-amplitude case of solar forcing. However, the

authors pointed out that their results are likely condi-

tional upon the sensitivity of the climate model used

and that they are strongly dependent on the choice of

temperature reconstruction, implying that a greater con-

sensus is needed regarding the reconstruction of past

temperatures as this currently provides a great source of

uncertainty.

5.4. Climate sensitivity estimates

Climate sensitivity is a concept used to denote the global

mean equilibrium surface warming after a doubling

of atmospheric CO2 conditions. Estimates of the climate

sensitivity can be obtained from comprehensive climate

models and process studies, or by using constraints from

the instrumental period or palaeoclimatic evidence. Knutti

and Hegerl (2008) reported that various observations

favour a climate sensitivity value of about 38C and a likely

range of 28C�4.58C was identified in IPCC AR4 (Hegerl

et al., 2007b). However, the physics of the response and

uncertainties in forcing led to fundamental difficulties in

ruling out substantially higher values. Only a few attempts

have been made to use palaeoclimate reconstructions
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from the past millennium to quantify climate sensitivity.

Hegerl et al. (2006) undertook one such experiment for

the last seven centuries. They used a large ensemble of

EBM simulations, where they specified a range of plausible

values for the climate sensitivity and forced the model by

estimated changes in past solar, volcanic, greenhouse gas

and sulphate aerosol forcing. To account for the uncer-

tainty in the forcings, they used a range of amplitudes of

the solar, volcanic and anthropogenic aerosol forcing.

The rationale for such an approach is that some combina-

tion of climate sensitivity and forcing amplitudes gives the

best fit to the reconstructed NH temperatures, as given by a

specified distance measure. By analysing the distribution of

these distance measures, they could estimate a probability

distribution of the climate sensitivity.

Because of a weak signal and large uncertainties in

reconstructions and forcing data, however, their analysed

time horizon yielded only a weak constraint on the climate

sensitivity, arising mainly from low-frequency temperature

variations associated with changes in the frequency and

intensity of volcanism, with little additional help by the

solar variations. Their 5�95th percentile range for the

climate sensitivity was 1.5�6.28C. Hence, it appears that

the past millennium is not a particularly useful period for

the purpose of quantifying the equilibrium climate sensi-

tivity, as the uncertainty range is rather large compared

to alternative lines of evidence. However, the results are not

in disagreement with those obtained with other methods.

In particular, rather similar results are obtained when using

the instrumental period to constrain climate sensitivity

(Knutti and Hegerl, 2008).

6. Conclusions

� There are large uncertainties in both temperature

reconstructions and forcing reconstructions for the

last millennium. Moreover, climate models are

simplified representations of the true climate sys-

tem. This needs to be considered when comparing

reconstructed and simulated climate in the last

millennium.

� Northern Hemispheric-scale decadal-mean tem-

peratures show a significant influence from natural

external forcing imposed upon the internal tem-

perature variations.

� Volcanic forcing is significantly detectable on

Northern Hemispheric-scale temperatures in the

last millennium.

� There have been substantial controversies on the

centennial-scale amplitude of solar forcing, but both

simple visual inspection of time series, fingerprinting

studies and other statistical investigations suggest

that solar forcing has not been a main driver of

climate in the last millennium.

� Anthropogenic greenhouse gas and aerosol forcing

is detectable by the end of Northern Hemispheric-

scale temperature reconstructions.

� Due to comparatively small changes in temperature

during the last millennium, in combination with the

uncertainty in both reconstructed temperature and

forcings, the last millennium is not a particularly

useful period for estimating climate sensitivity.
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