
historically observed eruptions. Magnitudes of effects, hemispheric

distribution and details of the aerosol microphysics that might be

unique to each eruption are the main sources of uncertainty (Naveau

and Ammann, 2005). Combining information from multiple ice-

core records, especially from both polar regions, is important to dis-

tinguish between local and large-scale events. Recent work (Gao

et al., 2008) has attempted to further improve both the accuracy and

detail of the estimated forcing history by utilizing sulphate records

from 54 ice cores (more than double that used by previous studies).

Not only do the additional records reduce the overall uncertainty,

but they also allow information from the patterns of aerosol deposi-

tion to be used in conjunction with analysis of seasonally dependent

atmospheric transport and deposition to estimate stratospheric sul-

phate loading from ice-core deposition. The resulting data set pro-

vides estimates of sulphate loading as a function of latitude, altitude

and month. This level of detail, though subject to a number of

caveats and uncertainties, is nevertheless useful for forcing the next

generation of GCM simulations.

Land surface characteristics and aerosols
Land-cover and land-use changes have occurred both due to delib-

erate modification by humans (deforestation, imposed fire

regimes, agriculture) as well as a feedback to climate change (the

desertification of the Sahara c. 5500 yr ago). Changing vegetation

in a standard model affects the seasonal cycle of albedo, the sur-

face roughness, the impact of snow, evapotranspiration (through

different plant rooting depths), etc. However, modelling of the

yearly cycle of crops, or incorporating the effects of large scale

irrigation, are both still very much work in progress.

Anthropogenic aerosol effects (through industrial emissions or

biomass burning) are a critical feature of modern climate change.

Increases in reflective aerosols (sulphates and nitrates), as well as

absorbing aerosols (black carbon) have direct radiative effects

as well as indirect impacts on cloud formation and lifetime as

well as snow albedo. There are natural components to these

aerosols as well (sulphates via planktonic emission of dimethyl

sulphide, black carbon from natural fires, etc.) but aerosol changes

over the few millennia prior to industrialization are very poorly

constrained. Changes might have arisen from climatically or

human-driven changes in dust emissions, ocean biology feedbacks

on circulation change or climate impacts on the emission of

volatile organics from plants (which also have an impact on ozone

chemistry). Some work on modelling a subset of those effects has

been undertaken for the last glacial maximum or the 8.2 kyr event

(LeGrande et al., 2006), but there have been no quantitative esti-

mates for the late Holocene.

Combining natural and anthropogenic
forcings in GCM simulations
Owing to the relative expense of doing millennial simulations

with state-of-the-art GCMs, existing simulations have generally

only included the minimum required to incorporate relevant solar,

GHG and volcanic forcings (Jansen et al., 2007: table 6.2 identi-

fies which forcings were used in most of the recent modelling

studies). Progress can be expected soon on more sophisticated

treatments of those forcings and the first quantitative estimates of

additional effects.

The combined impact of the individual natural and anthropogenic

forcings described in the previous sections – together with other

important forcings that we have not considered in detail here, such as

orbital changes and anthropogenic tropospheric sulphate aerosols –

can be estimated either directly or indirectly. Direct estimates rely on

calculations of the impact of each mechanism on the radiation bal-

ance of the Earth (eg, functions relating greenhouse gas concentra-

tions to radiative forcing), and these are then combined and provided

as input to some model simulations – especially for simpler models

(eg, Hegerl et al., 2003), because their formulation requires this. The

combined forcing can be estimated indirectly by forcing GCMs with,

for example, concentrations or emissions of the relevant forcing

agent, and then diagnosing the modification to the radiation balance

that the radiative transfer component of the GCM predicts. Figure 6

shows one such example, for the HadCM3 simulation of the last 250

years (Tett et al., 2007). In this case, for example, rather than pre-

scribing the volcanic forcing (eg, as an equivalent reduction in solar

irradiance as assumed by von Storch et al., 2004), time series of

volcanic aerosol loading were applied (with variations amongst four

latitudinal bands to allow for the different effects of high-latitude

and tropical eruptions). This approach is recommended for future
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Figure 6 The latitude–time evolution of zonal-mean forcing (W/m
2
, relative to the mean of the first 50 years, 1750–1799) diagnosed from the

ALL250 simulation with HadCM3 described by Tett et al. (2007). This simulation was forced by variations in solar irradiance, volcanic aerosol

loading, orbital forcing, land use, sulphate aerosol emissions and concentrations of well-mixed greenhouse gases and ozone. Values are smoothed

in the time dimension (by a 5-yr low-pass filter) but not in the latitude dimension



experiments, because more complex interactions with atmospheric

radiative transfer can be simulated, such as the stratospheric warm-

ing caused by absorption of both short- and long-wave radiation by

the sulphate aerosol which might have dynamical responses in the

atmosphere.

This particular example (Figure 6, from HadCM3) also high-

lights the potential importance of strong geographic variations in

forcing. The short-term impact of volcanic eruptions is clear,

influencing most latitudes, and there is a long-term trend towards

positive forcing arising mostly from greenhouse gas forcing (with

a small contribution from solar irradiance changes). The forcing

from sulphate aerosol emissions into the mid-latitudes of the

Northern Hemisphere, while rather uncertain in its magnitude, is

strong enough in this implementation to dominate the greenhouse

gas forcing throughout the simulation (even in the late-nineteenth

century, as pointed out by Tett et al., 2007), though the negative

forcing begins to reduce in recent decades. The negative forcing

from Antarctic stratospheric ozone depletion is also clear in the

last decade of this simulation. Forcings may have important sea-

sonal as well as geographic structure; Goosse et al. (2006b), for

example, suggest that land-use changes (with a minor influence

from orbital changes) might have contributed to warming during

the Mediaeval period (relative to the present day) but only in sum-

mer and only for some regions in the mid- and high-latitudes of

the Northern Hemisphere.

Conclusions

This article has reviewed the characteristics and current research

status of documentary and high-resolution proxy climatic sources

and addressed the various approaches by which they may be com-

bined to provide field reconstructions or large-area averages. We

have also extensively discussed the use of climate model simula-

tions and how they can inform the debate and take forward research

into the optimal combination and interpretation of the various data.

Finally, we summarize our principal findings and recommenda-

tions for the continued exploitation of palaeoclimatological data

for reconstructing large-scale averages and spatial patterns of cli-

mate variability over recent millennia. These recommendations are

ordered according to the section order in the review:

(1) In the area of tree-ring research the number of available

long chronologies is expanding but remains small, and although

potential sites with known subfossil data are limited, the effort in

developing these is fully justified: there remain large areas of the

terrestrial world where chronology network development is in its

infancy (much of the lower-latitudes and virtually all of the SH).

(2) It was widely believed 20 years ago that cross-dating trees

in tropical regions was not possible. Recent work has led to a

growing number of cross-dated chronologies being developed,

principally in southeast Asia in regions of marked seasonality in

rainfall. It is important this work continues.

(3) There have been recent and continuing improvements in

statistical methods for producing long chronologies, which can be

shown to retain low-frequency climatic variability more realisti-

cally than was previously the norm. Work is needed to further

assess the applicability of these methods in a wider range of situa-

tions than have been explored to date.

(4) Significant continued effort is required to provide the high

degree of intrasite and importantly intersite (ie, regional scale)

sample replication needed to demonstrate reliable long-timescale

chronology expression. Local and regional-average chronologies

and regression-based estimates of climate variability should be

routinely presented with explicit indications of their separate

timescale and time-dependent confidence limits.

(5) There is pressing need for further study of the likely prece-

dence and causes of the apparent ‘divergence’ between instru-

mentally recorded and some dendroclimatically estimated

temperature trends (typically some high-latitude NH regions) in
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Year

Figure 7 The black curve and the x- and y-axes are a redrawn version of figure 7.1c from the First Working Group of IPCC Report (Folland et al.,

1990). The y-axis originally had only unnumbered tick markings and was labelled ‘temperature scale’. The red curve is from Lamb (1982: figure 30,

the upper (annual) curve). The amplitude of this curve has been scaled to correspond to that of the black curve. The Lamb (1982) time series does have

an explicit temperature scale, and the best-fit scaling between this curve and the IPCC curve indicates that one tick-mark interval on the IPCC figure

corresponds almost exactly with 1°C. The degree of smoothing for both these curves is unknown, but Lamb (1982) states that the red curve is based on

50-yr means (supported by earlier publications). The blue curve is a smoothed version of the annual instrumental Central England Temperature record

from Manley (1974, updated) including the last complete year of 2007. This has been smoothed with a 50-yr Gaussian weighted filter with padding

(Mann, 2004). The blue curve is plotted with the same scaling as used for the red curve, further supporting the conclusions that the red curve is based

on the same data after the start of the instrumental record in 1659. The red and blue curves illustrate the differences that can occur between a filtered

curve and one composed of non-overlapping 50-yr averages, and also that recent measured warming may be comparable with presumed earlier warmth



recent decades. This emphasizes the priority requirement for sys-

tematic updating of many existing tree-ring data, to continue in

parallel with efforts to expand the representation of data into new

areas.

(6) In coral proxy climate research, replication of important

single coral δ18
O and Sr/Ca records would allow quantification of

signal versus noise in coral reconstructions. Owing to the rarity of

long coral cores, however, this may only be possible over the late-

twentieth century.

(7) There should be greater effort to increase the number of

long coral climate reconstructions using both modern and subfos-

sil corals, taking full advantage of existing resources and by col-

lecting new materials.

(8) In situ monitoring of environmental variables (eg, SST,

salinity, seawater δ18
O etc.) is required to improve the interpreta-

tion of coral δ18
O and Sr/Ca records with respect to regional cli-

mate patterns.

(9) Standard calibration and verification procedures (as com-

monly used in dendroclimatology) should be developed for coral

records, with a focus on the interannual-to-decadal timescale,

rather than seasonal, calibrations.

(10) Coral Sr/Ca ratios should be routinely measured with

δ18
O to improve the climatic interpretation of both geochemical

tracers.

(11) All corals used for climate reconstruction should be care-

fully screened for diagenesis, and this information, along with

metadata related to the sampling location, methods and environ-

ment should be made available through an established data centre.

(12) Cross-dating of the many Greenland ice cores is reducing

dating uncertainties and improving understanding of the factors that

cause variations at interannual timescales. Volcanic horizons are

particularly important in this regard, especially known events in the

historic past such as Icelandic eruptions and Vesuvius in AD 79. This

cross-dating of ice cores in Greenland needs to extend to the

Antarctic, even though it will be much harder to achieve.

(13) Both analyses of time series of ice-core isotope data and

modelling approaches have shown that the traditional spatial cali-

bration of the isotopic thermometer may be unsuitable in many

cases. It needs to be supplemented by an improved, quantitative

understanding of processes.

(14) Calibration of ice-core isotopic series and of coral

records should be undertaken at the appropriate timescale for the

problem being studied whenever possible. Attempts to reconstruct

the annual cycle may give a false sense of calibration skill.

(15) Further intercomparison and process studies using model

and meteorological data are required to improve understanding of the

calibration of the ice-core thermometer, its seasonal biases, temporal

stability and geographical applicability. The processes controlling

isotopic content in non-polar ice cores require particular attention.

(16) Changes in ice sheet elevation and changes in climatic

conditions upstream of an ice-core drill site can introduce non-

climatic biases in isotopic series. Hence such effects should be

considered when interpreting isotopic records from ice cores.

(17) The full range of proxy information available from ice

cores has not been exploited. Approaches which use a wider range

should be pursued.

(18) Documentary data are limited to regions with long-writ-

ten histories, but archives from Turkey, Venice, the Vatican and

the Middle East have barely been exploited.

(19) In Europe, documentary information decreases signifi-

cantly once instrumental records commence. This is a severe

impediment to their use in CFR and CPS reconstructions, as the use

of degraded instrumental data to extend the series to the present

may give a false sense of their reliability.

(20) Extending early instrumental data is vital, particularly for

the calibration and verification of variability on decadal and

longer timescales. Longer instrumental records (than those readily

available in climatic data bases) can be found in many regions,

with some extending for more than 100 years before the founding

of NMSs.

(21) In Europe, there is a potential warm bias in pre-1860

summer temperatures (related to thermometer exposure), particu-

larly in central Europe and Scandinavia.

(22) Wind information from ship logbooks is a reliable source

for the reconstruction of past large-scale atmospheric circulation,

but has hardly been exploited. There are also numerous (particu-

larly British) logbooks yet to be digitized, which have the poten-

tial to improve and extend re-analyses of air or sea temperature as

well as sea-level pressure further back in time.

(23) Varved sediments and speleothem records are finding

increased palaeoclimatic utility, but a greater focus on quantitative

documentation of chronological accuracy and climate sensitivity

of both types of records is needed.

(24) Externally forced GCM simulations of the last millen-

nium provide useful test beds for assessing the characteristics of

the range of CPS and CFR techniques now available. A range of

standard experiments should be developed to test these tech-

niques, perhaps using common sets of pseudo-proxy networks,

which could be made widely available for extensive testing of cur-

rent and new methods.

(25) CPS-based reconstructions of NH temperature averages

at the decadal timescale are relatively independent of the recon-

struction approach. CFR-based reconstructions of internally con-

sistent climate fields can offer key additional insights into spatial

climate processes, but their reliability must be carefully tested (eg,

the individual reliability of specific patterns and regions) and

linked to the underlying proxy records. Issues regarding the poten-

tial underestimation of long-term variability in both CPS and CFR

reconstructions have not yet been fully resolved: however, initial

work in examining field fidelity for CFRs suggests that pattern

reproduction may be robustly resolvable even in the face of sig-

nificant amplitude loss.

(26) More realistic assessments of reconstruction uncertainty

are needed that consider all sources of error and which can power-

fully assess field fidelity. Methods need to be developed that incor-

porate uncertainties in individual proxies, the effect of proxy

selection and uncertainties in the regression/scaling models. The

ability of simple residuals between reconstructions and observations

during calibration or verification to represent the total error needs to

be further assessed.

(27) Further simulations with a hierarchy of climate models

(GCMs, EMICs and EBMs) are needed to quantify the uncertainties

associated with past forcings (eg, using a range of possible past forc-

ings, perhaps with separate simulations for some individual forc-

ings), with internal variability (eg, using ensembles) and varying

climate processes (eg, using multiple models and by perturbing

physical parameters with a model).

(28) Comparisons between simulations and climate recon-

structions must take these forcing/model-related uncertainties into

consideration, in addition to errors in the climate reconstructions.

Only then can robust conclusions be drawn from such model–data

comparisons.

We noted in the Introduction the dramatic improvements in

late-Holocene palaeoclimatology made since the early 1990s.

Interest in the subject and the large-scale reconstructions has mul-

tiplied over the same period. This development has, however, not

kept pace with the needs for a more reliable picture for the late-

Holocene climates. The questions that are now being asked are also

different and can only be adequately addressed with realistic con-

sideration of reconstruction uncertainty ranges. More realistic cli-

mate models are providing multiple simulations at higher-spatial
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resolution for assessing reconstructions and combination (CPS

and CFR) approaches, but improvements in reconstructions and

reductions in uncertainties in our understanding of late-Holocene

climate change will only come with better and more widespread

proxy climatic information from more diverse sources.
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Appendix A

Figure 7.1c of IPCC (1990)
In the first report of the Intergovernmental Panel on Climate

Change (IPCC, 1990) a ‘schematic’ diagram representing temper-

ature variations over the last millennium was used (Folland et al.,

1990: figure 7.1c, p. 202). The caption of part (c) of the figure

reads: ‘Schematic diagram of global temperature variations for

the last thousand years. The dotted line represents conditions near

the beginning of the twentieth century’. In the Supplementary

IPCC Report in 1992 (Folland et al., 1992), the diagram had been

dropped and the need for more data that would allow for the spa-

tial aspects of past changes acknowledged. Subsequent IPCC

reports included some of the first hemispheric reconstructions

based on the burgeoning proxy archives (Bradley and Jones, 1993,

in Nicholls et al., 1996 (Second IPCC Assessment Report, SAR)

and MBH98, 1999; Jones et al., 1998; Briffa, 2000 and Crowley

and Lowery, 2000 in Folland et al., 2001 (Third IPCC Assessment

Report, TAR)). Hence the original ‘schematic’ 1990 diagram

appeared to have been confined to history by subsequent IPCC

reports, although this was never specifically stated. It has contin-

ued to reappear in a number of guises – web pages, reports (eg,

Wegman et al., 2006), school teaching literature, sometimes with

phrases evoking reminders of warmer/colder periods in the past

(eg, vineyards in southern Britain, Vikings in Greenland in

Mediaeval times, Frost Fairs on the Thames and icebergs off

Norway in later centuries) – but as far as palaeoclimatologists

were concerned the diagram was nothing more than how it was

originally described in the caption: a schematic.

So where did the schematic diagram come from and who drew

it? It can be traced back to a UK Department of the Environment

publication entitled Global climate change published in 1989

(UKDoE, 1989), but no source for the record was given. Using

various published diagrams from the 1970s and 1980s, the source

can be isolated to a series used by H.H. Lamb, representative of

central England, last published (as figure 30 on p. 84) by Lamb

(1982). Figure 7 shows the IPCC diagram with the Lamb curve

superimposed – clearly they are the same curve. The ‘Central

England’ curve also appeared in Lamb (1965: figure 3 and 1977:

figure 13.4), on both occasions shown as an ‘annual’ curve

together with the extreme seasons: winter (December to

February) and high summer (July and August). The IPCC dia-

gram comes from the 1982 publication as the vertical resolution

of the annual plot is greater. The data behind the 1977 version are

given in table app. V.3 in Lamb (1977), but these are essentially

the same as previously given in Lamb (1965). All three versions

of the plot have error ranges (which are clearest in the 1982 ver-

sion and indicate the range of apparent uncertainty of derived ver-

sions). The 1982 version dispenses with the three possible curves

evident in Lamb (1965, 1977) and instead uses a version which

accounts for the ‘probable under-reporting of mild winters in

Medieval times’ and increased summer temperatures to meet

‘certain botanical considerations’. Lamb (1965) discusses the lat-

ter point at length and raised summer temperatures in his

Mediaeval reconstructions to take account of the documentary

evidence of vineyards in southern and eastern England. The

amount of extra warmth added during 1100–1350 was 0.3–0.4°C,

or about 30% of the range in the black curve in Figure 7. At no

place in any of the Lamb publications is there any discussion of

an explicit calibration against instrumental data, just Lamb’s

qualitative judgement and interpretation of what he refers to as

the ‘evidence’. Variants of the curves also appear in other Lamb

publications (see, eg, Lamb, 1969).

Many in the palaeoclimatic community have known that the

IPCC (1990) graph was not representative of global conditions

(even when it first appeared) and hence the reference to it as a

schematic. Lamb’s (1965, 1977, 1982) series has been used as one

of the series comprising the NH composite developed by Crowley

and Lowery (2000), representative of Central England. Various

authors (eg, Farmer and Wigley, 1984; Wigley et al., 1986;

Ogilvie and Farmer, 1997) have shown that such representative-

ness is only really the case for the instrumental part of the record

from 1659 which is based on the well-known Manley (1974)

series. Greater amounts of documentary data (than available to

Lamb in the early 1970s) were collected and used in the Climatic

Research Unit in the 1980s. These studies suggest that the sources

used and the techniques employed by Lamb were not very robust

(see, eg, Ogilvie and Farmer, 1997).

In summary, we show that the curve used by IPCC (1990) was

locally representative (nominally of Central England) and not

global, and was referred to at the time with the word ‘schematic’.
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