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Abstract A portion of the debate about climate reconstructions of the past millennium, and
in particular about the well-known Mann-Bradley-Hughes (“MBH” 1998, 1999) recon-
structions, has become disconnected from the goal of understanding natural climate
variability. Here, we reflect on what can be learned from recent scientific exchanges and
identify important challenges that remain to be addressed openly and productively by the
community. One challenge arises from the real, underlying trend in temperatures during the
instrumental period. This trend can affect regression-based reconstruction performance in
cases where the calibration period does not appropriately cover the range of conditions
encountered during the reconstruction. However, because it is tied to a unique spatial
pattern driven by change in radiative balance, the trend cannot simply be removed in the
method of climate field reconstruction used by MBH on the statistical argument of
preserving degrees of freedom. More appropriately, the influence from the trend can be
taken into account in some methods of significance testing. We illustrate these
considerations as they apply to the MBH reconstruction and show that it remains robust
back to AD 1450, and given other empirical information also back to AD 1000. However,
there is now a need to move beyond hemispheric average temperatures and to focus instead
on resolving climate variability at the socially more relevant regional scale.

1 Introduction

According to all commonly used instrumental climate data series, ten (NASA-GISS) or eleven
(HadCRU and NOAA) out of the twelve most recent years have been among the twelve
warmest on record for the Northern Hemisphere. Although this warming is generally in good
agreement with climate model-based projections (e.g., Tett et al. 1999; Folland et al. 2001;
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Meehl et al. 2004; Hansen et al. 2005), the precise separation of the anthropogenic signal
from natural variations is difficult. The temporary cooling due to the Pinatubo eruption
exemplifies this issue through superposition of natural and anthropogenic forcing signals
along with inherent internal variability of the climate system (an El Niño was going on at the
time). A significant portion of the debate concerning the nature and intensity of anthropogenic
climate change has recently shifted its attention to natural climate variability prior to
significant human alterations of atmospheric composition (cf. National Research Council
(NRC) Report 2006). How much do we know about the hemispheric climate of the past
Millennium? What has caused these fluctuations? The most critical arguments in this context
concern the limited information we have about the past, and more generally, the fact that
climate has always been varying and will continue to change naturally. Such reasoning
challenges instrumental- and proxy-based disciplines alike to come up with (and test) plausible
explanations of observed changes by putting the available pieces of evidence into a self-
consistent geophysical framework. Over the last several years, process-oriented interpretations
of this kind have become increasingly comprehensive and robust. A great deal of information
concerning the nature and mechanisms of climate change no longer hinges on simple
assumptions or correlations, but now fits into a multi-disciplinary, spatio-temporal geophysical
systems perspective held together by both theory and observations. This self-consistent
framework has allowed the warming over the past few decades to be formally detected and
attributed to the anthropogenic influence on the atmosphere (Folland et al. 2001; Hegerl et al.
2003, 2007; Santer et al. 2003; Mears and Wentz 2005; Stott et al. 2006).

Our knowledge about the climate of the pre-industrial past, however, is significantly more
uncertain. In part, this situation is not surprising because the record is obviously less complete and
most information has to be inferred from proxy data. Additionally, as we consider in more detail
here, the combined facts that the instrumental record is rather short (only about 100 to 150 years
long) and at the same time coincides with the period over which humans have steadily been
increasing their influence on the system, makes it harder to isolate natural aspects of variability.
Nevertheless, the underlying question is very much the same, independent of being applied to the
past or present: Can we understand the general causes for the observed or reconstructed climate,
despite uncertainty and the noise arising from internal variations? For an explanation to be
scientifically acceptable, it has to be consistent for both the past and the present.

The ultimate goal of climate reconstructions is to provide basic information for the study
of cause and effect in the climate system, and thus, despite clear restrictions and
uncertainties, high resolution climate reconstructions fundamentally represent an attempt to
extend the instrumental record back in time. Depending on what questions are addressed,
one can exploit the proxy information with different techniques, estimating local, regional,
continental and even hemispheric aspects of climate and its variability (global patterns are
still difficult to reconstruct due to extreme limitation of Southern Hemisphere records).
Most challenging are reconstructions that attempt to resolve the underlying spatio-temporal
structures in the evolving climate fields. These climate field reconstructions (CFRs) not
only provide information over regions where direct proxy data are available, but they can
make use of the fact that the climate system anomalies can be projected onto a relatively
small set of principal modes of variability (Kaplan et al. 1997; Mann et al. 1998; Corti et al.
1999; Palmer 1999; Stephenson et al. 2004). This ability allows exploitation of systematic
teleconnection relationships between proxies and variations in certain modes. Although the
underlying concept is relatively simple, such approaches can be complex to implement. The
benefit, however, of obtaining spatially resolved climate information is substantial. It serves
as the essential ingredient in the scientific process of extending the short instrumental
record and, thus, for building a coherent geophysical understanding of how the atmosphere,
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oceans, and other components in the climate system vary by themselves, and how they
respond jointly to external forcing. In this light, it becomes clearer that averages of
hemispheric or global climate are more of a secondary product, rather than the fundamental
goal, of CFRs. Also from a “user” perspective (be it the broad public or decision makers),
there is a clear need for techniques that help identify and explain climate variations on the
most relevant and accessible of spatial scales, the local and regional levels (Luterbacher et
al. 2004; Xoplaki et al. 2005; Casty et al. 2005a). Such information would be particularly
useful if it could also go beyond annual average temperature and resolve seasonal
variations, and even more so if hydrologic and circulation information could be captured.

Throughout such efforts, it is also important to be aware of and to define various levels of
uncertainty that are inherent in the reconstruction process. It is in the interest of the scientific
community to identify uncertainties in data (in individual series as well as networks through
their sampling density and spatial coverage), reconstruction procedures (reconstruction options,
properties of residuals), and interpretations (distinguishing between interannual and longer
term, i.e. climatic, skill) very carefully and to cross-verify findings in order to limit spurious or
non-robust results. Using climate models, several of these uncertainties can be studied and
quantified (see below; von Storch et al. 2004, 2006; Bürger et al. 2006; Mann et al. 2007;
Küttel et al. 2007). Recently, part of the scientific debate about uncertainties in the available
climate reconstructions has become rather heated and counter-productive. If we are to
advance our knowledge of how the climate system really works, then we have to be able to
scale down the underlying tone in the debate and be ready to discuss the various issues
openly and with a constructive intent. Rather than approaching this science as if it were a
“make-or-break” business deal, all parties involved need to omit inflammatory language (and
editors should require removal of such language) and be more constructive. We should focus
on key problems, such as: (a) the remaining issues of how well the various proxies retain and
store climate signals at various temporal and spatial scales; and (b) how best to circumvent the
burden put on reconstructions and their verification procedures resulting from the short
instrumental record, which additionally comes with an “inconvenient” trend. In this process, we
should not lose sight of the primary goal of generating information with spatial resolution,
rather than focusing on hemispheric temperatures alone. Only by understanding the spatial –
and thus dynamical – structures of past climate will we be able to address and answer a number
of important questions about climate changes (Casty et al. 2005b; Xoplaki et al. 2005). In the
following sections, we discuss what we have learned from the recent debate around the
Mann-Bradley-Hughes (MBH) reconstruction and its “hockey stick” Northern Hemisphere
temperature output (Mann et al. 1998, 1999, subsequently called MBH98 and MBH99), and
put key issues into a larger perspective. One overarching conclusion we find, which needs to
be highlighted from the outset, is that despite a clear need for careful consideration of
procedural details and minutia, in the end the big picture should not hinge on them. And as
noted, the results need to fit into a logical, geophysical framework that is self-consistent.
These requirements alone constitute an important, and general, measure of robustness.

Additional information and illustrations beyond the present text are provided in an
electronic supplement and on our WEB site (http://www.cgd.ucar.edu/ccr/ammann/
millennium/MBH-reevaluation.html).

2 Proxy PCs and bristlecone pines issues

The MBH reconstruction has been evaluated on various grounds. One focus has been on
details of mathematical data processing steps and the data themselves (McIntyre and
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McKitrick 2003, 2005a,b; referred to as “MM” with a date designation). Wahl and
Ammann (2007, this issue; referred to as “WA”) systematically evaluate and discuss these
issues. It is found that the original results from MBH98, given the underlying assumptions
and input data, are reproducible, and despite some reasonable corrections, hold up to scrutiny.

The primary issue concerning the MBH climate reconstruction arose from a data pre-
processing step concerning how to generate principal component (PC) summaries for a set
of tree ring series, which subsequently are put into the reconstruction algorithm instead of
the individual data series themselves. From first principles, it should be apparent that –
independent of the actual procedures used to calculate and determine the number of
“representative” PCs (i.e., independent of centering conventions, whether the data are
normalized or not, whether the variance–covariance matrix or the correlation matrix is used in
PC calculation, and how one identifies the number of PCs used to represent the full data) – all
appropriate procedures should lead to a very similar climate reconstruction because the
underlying information does not change. The only difference in process should relate to how
the signal is separated from noise across the rank ordering of the PCs. In the end, all important
climate information should be extractable and useable.

Although applicable for all reconstruction subsets, MM have focused on the 15th
century segments of the MBH98 reconstruction, for which they suggested that the
fundamental conclusions of MBH98 would not hold if PC calculations were done correctly
(cf. WA for a full discussion of this claim). One can easily test this proposition in a few
iterative steps: for each PC calculation method the climate reconstruction is performed
using successively larger numbers of proxy PCs until convergence of the reconstructions
occurs (see Figure S1, supplementary electronic material). Based on this analysis, warm
early 15th century conditions that approach late 20th century temperatures (MM05b) can be
demonstrated to be an artifact of data truncation, which is reflected in the lack of
convergence in the reconstructions and poor validation performance of the non-converged
results (WA). In all “flavors” of calculations without data loss, independent of the centering,
scaling or PC calculation method applied, all climate reconstructions in fact converge
towards a relatively cooler hemispheric temperature series that resembles the original MBH
result (Figure S1).

MM05a have, however, correctly identified a systematic bias arising from the short-
centering PC calculation convention used in MBH (centering and normalizing relative to
the mean and standard deviation of the 1902–1980 calibration period rather than over the
full length of the proxy data series). This methodological bias can easily be corrected (WA),
and results show that there are no significant effects on the reconstruction itself. Rather, the
impact is very small, a fact that can be recognized through comparison of the resulting
principal components (see electronic supplement, Figure S2). Application of the simple
convergence test to the resulting climate reconstructions then confirms that the centering
choice does not introduce a different type of reconstruction outcome, only that the offset
slightly inflates the amplitude of the original MBH reconstruction, particularly so during the
early 15th century, where this effect reaches approximately 0.05° (WA). While it is very
important to be cautious about data (pre-) processing, one also has to be careful not to
truncate information when representing a large number of individual records through a
subset of their PCs – a danger that exists in examination of the methods used by MBH if
one focuses exclusively on the first PC (NRC 2006; Wegman et al. 2006) or an a priori
fixed number of PCs (MM05a,b). Convergence in the resulting climate reconstruction is a
straightforward empirical test to guard against inappropriate data truncation. In the end, it is
elucidation of the signal in the proxy data that matters, which – with proper attention – is
transparent to details of how the signal is retained across PCs.
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With regard to the proxies themselves, MM have emphasized (as MBH99 had noted
already) that the much discussed bristlecone/foxtail pine (BC) series play an important role
in MBH. What is often overlooked, however, is that the BC influence is only crucial over
the first 50 years in MBH98 (cf. WA, and in particular WA-Figure 5). The whole issue can
be summarized in a simple way (see electronic supplement, Figure S3): if BC series are
included, then the shape of the full 1400–1980 reconstruction of MBH is essentially
unchanged, although there is an option for a small amplitude correction in the early 15th
century (WA); should BC series be excluded, then the MBH reconstruction would have to
start in 1450. Thus, the sensitivity to the BC series – and in fact all of the important MM
arguments about MBH98 – only concerns the 1400–1449 segment of MBH98. A detailed
discussion for or against inclusion of BC series is provided in WA, where it is concluded
that the evidence indicates the BC data are not introducing spurious information in this
early segment.

The debate around the bristlecone pine issue, along with that of proxy PC calculation
methods, provide good examples of how details can sometimes unnecessarily obscure the
bigger picture, where it should be clear that different approaches concerning how exactly to
separate signal from noise simply cannot lead to greatly different results (as some outcomes
have been interpreted), as long as information does not get truncated or otherwise altered in
significant ways. However, the important point remains that pre-processing of data needs to
be performed with significant caution in order to avoid introduction of systematic biases,
even if these may be quite small.

3 The 20th century trend

Climate reconstructions have to deal with the limited length and underlying trend of the
instrumental data. In the literature, this issue has – explicitly or implicitly – been
approached from different angles. While the brevity of the record is something scientists
must simply accept, options exist to limit the influence of the trend from unduly dominating
calibration algorithms. In fitting procedures, one would ideally first remove any trends and
then establish the link between predictor (proxy) and predictand (some instrumental time
series). Further justifying a trend removal, von Storch et al. (2004; personal comm.) have
made the argument that it should not matter on what time scale the link is established
between a proxy record and the (local) temperature. Thus, not being fully aware of the
details of the MBH algorithm (von Storch et al. 2006), the authors removed the underlying
trend in an attempt to optimize the fitting procedure, arguing that at least part of the 20th
century trend could be due to non-climatic changes in the proxies (von Storch et al. 2004; a
concern that cannot be entirely refuted). Bürger and Cubasch (2005) and Bürger et al.
(2006) went a step further and evaluated a host of possible procedural choices that have to
be made in an MBH-type reconstruction. They considered the influence of different
regression approaches and combined them with detrending as an option for their
reconstruction matrix, and it is this latter component that is of concern here.

While the intent of guarding against overfitting is important, detrending does not work in
the MBH reconstruction framework because of its underlying geophysical and mathemat-
ical concept. The MBH approach estimates the temporal weights of the dominant patterns
of variability (called empirical orthogonal functions, or EOFs) to reconstruct climate back
in time. It is important to recall that at least the leading EOF patterns have some (more or
less direct) relationship with the large-scale geophysical processes that combine to make up
the variability and trends in the spatio-temporally evolving surface temperature field. By
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removing the underlying trend in calibration, which is the first-order time trajectory of
MBH’s instrumental EOF #1, the assumption is implicitly made that the pattern related to the
trend can still be achieved in the reconstruction through a recombination of the other retained
patterns. Because the MBH reconstruction is based on truncated EOFs (meaning that it does not
attempt to reconstruct all, but rather a subset, of the dominant temperature patterns that can be
estimated with reasonable accuracy back in time; cf. MBH98 and MBH99), what is left to
capture this primary variance are only modes that resemble strong interannual to decadal
variability, such as ENSO, or high latitude modes related to the AO/NAO. While these internal
modes of variability might contain some information in terms of the 20th century trend (Hurrell
et al. 2004), they alone do not represent the principal geophysical process that dominates
global/hemispheric climate on the longer time scales: a simple change in energy balance
(Crowley 2000; Wahl et al. 2006). If no separate energy balance-related pattern exists
(because it has been effectively removed), then the signal from the rather uniform warming
currently occurring over the globe (with a few dynamically expected non-uniformities) cannot
be fully “recognized” as such by the limited, highly-varying interannual to decadal modes. In
fact, the trend information would then project onto any of the remaining signal and residual
noise patterns that carry minor components of the energy balance effect. Given the truncated-
EOF method, some, and perhaps a substantial, amount of the structure representing the
overall energy balance will thus get lost.

In short, the detrending procedure used in von Storch et al. (2004) and numerous Bürger and
Cubasch (2005) and Bürger et al. (2006) variants systematically removes a good deal of what,
in the end, is expected to dominate the mean hemispheric temperature variation back in time
(Crowley 2000; Bürger et al. 2006). The fact that the model-based exercises are still capable
of capturing the correct overall shape (relative evolution in time) of the target series shows
that part of the energy balance signal is present in the first few high-variance patterns, but the
detrending in combination with the EOF truncation has caused a significant reduction of its
full magnitude. This fact can easily be recognized in the poor calibration performance (strong
loss of amplitude) of such reconstructions (cf. Wahl et al. 2006). Unless a way can be found
to properly restore the energy balance information contained in the underlying trend at the
reconstruction level (e.g., through separate calibration of low- and high-frequency
components, one form of which can be found in Rutherford et al. 2005 and Mann et al.
2007), one needs to include it in the MBH reconstruction procedure as an important
geophysical structure.

4 Validation thresholds and measures of merit

While removal of the 20th century trend in the MBH truncated EOF framework is not an
appropriate solution from a geophysical standpoint, the intent of guarding against the loss
of degrees of freedom over the calibration period that arises from an underlying trend is
clearly a consideration that requires attention. A more suitable alternative to achieve this
goal can be found in more extensive tests of reconstruction significance. Cross-validation in
an independent verification period with carefully chosen significance thresholds can help to
explicitly guard against spurious “success” in reconstructing the 20th century trend. This
issue has been discussed before in MBH98 (cf. WA), and then by McIntyre and McKitrick
(2005a,c). Particularly, MM05c (cf. Huybers 2005) have evaluated the extent to which
random red-noise pseudoproxy series can generate spurious verification significance when
propagated through the MBH reconstruction algorithm. It is important to examine this issue
further and compare it against other methods of benchmarking verification significance.

76 Climatic Change (2007) 85:71–88



MBH and WA argue for use of the of Reduction of Error (RE) metric as the most
appropriate validation measure of the reconstructed Northern Hemisphere temperature within
the MBH framework, because of its balance of evaluating both interannual and long-term
mean reconstruction performance and its ability thereby to avoid false negative (Type II)
errors based on interannual-focused measures (WA; see also below). A threshold of zero was
used in these studies, above which a hemispheric reconstruction was regarded as possessing at
least some skill in relation to the calibration period climatology (MBH98, Huybers 2005;
WA). Standard practice in climatology uses the red-noise persistence of the target series (here
hemispheric temperature) in the calibration period to establish a null-model threshold for
reconstruction skill in the independent verification period, which is the methodology used by
MBH in a Monte Carlo framework to establish a verification RE threshold of zero at the
>99% significance level.

Rather than examining a null model based on hemispheric temperatures, MM05a,c
report a Monte Carlo RE threshold analysis that employs random red-noise series modeled
on the persistence structure present in the proxy data (note, noise here is meant in the sense
of the ‘signal’ itself, rather than as an addition to the signal). They argue that random
iterations of even a single red-noise series based on the first PC of the North American tree-
ring proxy set in MBH can systematically generate a mean offset in the resulting
“reconstructed” 20th century calibration period temperatures compared to the immediately
preceding verification period. Because the MBH method employs unitless proxy series in a
regression against the primary PCs of instrumental surface temperatures, the calibration will
not “care” if such random mean differences in the (red-noise) proxy series are positive or
negative (MM05a). Rather than averaging to zero, all differences in mean will be treated as
an inherent structure of the data and they will be used as if ‘oriented’ in the same way, and
thus the verification significance thresholds at the 95 and 99% levels can be expected to be
well above zero. It is important to note that such a situation, however, does not occur in the
case when the predictors are direct temperature series (with associated sign) that are
compared against another temperature series (e.g., hemispheric mean values), and equally
not when composites of proxy time series are scaled against a hemispheric (or other)
temperature series in “Composite Plus Scale” (CPS) methods. While pointing in the right
direction of the need for a higher bar due to the trend in the instrumental (calibration)
period, this approach suggested by MM05c contains a series of significant drawbacks,
which require the application of caution and correction, as follows.

& To generate “random” noise series, MM05c apply the full autoregressive structure
of the real world proxy series. In this way, they in fact train their stochastic engine
with significant (if not dominant) low frequency climate signal rather than purely
non-climatic noise and its persistence. The resulting verification RE significance
thresholds for rejecting the likelihood of spurious, random “success” derived from
reconstructions using these pseudo-proxies are therefore too large by construction,
precisely because they contain at least some climate signal along with purely
stochastic processes. Such thresholds thus enhance the danger of committing Type
II errors (inappropriate failure to reject a null hypothesis of no climatic information
for a reconstruction).

& Furthermore, the MM05c proxy-based threshold analysis only evaluates the
verification-period RE scores, ignoring the associated calibration-period perfor-
mance. However, any successful real-world verification should always be based on
the presumption that the associated calibration has been meaningful as well (in this
context defined as RE >0), and that the verification skill is generally not greatly
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larger than the skill in calibration. When the verification threshold analysis is
modified to include this real-world screening and generalized to include all proxies
in each of the MBH reconstruction segments – even under the overly-conservative
conditions discussed above – previous MBH/WA results can still be regarded as
valid, contrary to MM05c. Ten of the eleven MBH98 reconstruction segments
emulated in WA are significant above the 95% level (probability of Type I error
below 5%) when using a conservative minimum calibration/verification RE ratio of
0.75, i.e. accepting poorer relative calibration performance than the lowest seen in
the WA reconstructions (0.82 for the MBH 1400-network). Only the MBH 1600-
network is significant at a slightly lower level (89%), and the much discussed
1400- and 1450-networks are significant at the 99% and 96% levels, respectively.
(See electronic supplement for further discussion and details, including code and
tables with established thresholds for a variety of calibration/verification RE ratios
and for the other WA scenarios examined.)

& A final, and important, shortcoming of the MM05c procedure is that RE
performance thresholds established using this proxy-based approach have the
disadvantage of not being uniformly applicable; rather, they need to be established
individually for each proxy network. Individually-established thresholds are not
necessary for verification significance evaluations based directly on the character-
istics of a target temperature series, such as Northern Hemisphere average surface
temperature. For these cases, an RE threshold of zero can still be considered
appropriate.

It is interesting to compare the verification significance threshold derived from the
Northern Hemisphere temperature series itself with the thresholds derived from the proxy-
based analysis implemented here. Overall, the reconstructions that perform with high scores –
and thus can be considered validated – in both approaches can be recognized as a clear group
(the WA/MBH emulations as discussed above, WA scenario 5a for both the 1400- and 1450-
networks, and WA scenarios 5b–d and 6a–c for the 1450-network). Equally clear is the
identification of networks that lead to failing reconstructions in both approaches (WA
scenarios 5d and 6a–c for the 1400-network). The networks approaching significance limits
in both cases (WA scenarios 5b–c for the 1400-network) make up a third group in which one
could argue which kind of measure should be given most weight for a decision of significance
(cf. electronic supplement, WA).

MM have stressed that RE should only be one of various measures of merit and that
other tests, such as Pearson’s r2 and the sign test, should be used as well. WA lay out in
detail why r2 should be used with caution in the reconstruction framework, not least
because the MBH/WA verification period (1854–1901) has a mean significantly different
from that of the calibration period (1902–1980), a crucial factor against which r2 applied to
the isolated subperiods is insensitive. More fundamentally, there is a simple (but mostly
overlooked) geophysical reason for not using r2 with any of the MBH networks prior to
approximately 1700. By construction, r2 focuses on a reconstruction’s ability to estimate
interannual tracking with the instrumental record. Clearly, such a focus is misdirected for
reconstruction networks that do not include most of the important and dominant interannual
modes of variability as part of the retained instrumental EOFs. For example, the MBH
1400-network exclusively estimates the first PC of instrumental temperatures, largely
representing the hemispheric mean (Wahl et al. 2006). This PC, as discussed above, is
closely related to the processes that translate the underlying change in energy balance into a
surface temperature response. Therefore, if r2 were to be applied to the 1400-network

78 Climatic Change (2007) 85:71–88



reconstructed temperature field, then one is actually testing if the estimate of energy balance
on an interannual basis (based on the relatively data-poor 1400-network) would provide
good interannual reconstruction information within the time span of 1854–1901. Over these
short 48 years, very little change in energy balance actually happened (with exception of a
few volcanic eruptions); rather, the dominant variance information for Northern Hemisphere
surface temperature was in terms of interannual variability, such as from ENSO, NAO/AO
and other modes. The first EOF pattern based on instrumental data from 1902–1980 will
contain little information to estimate much of this interannual variability with recognizable
skill. Therefore, r2 is almost certain not to perform well for such a case because the
reconstruction does not contain much explicit interannual information in the first place. The
climate reconstruction, however, should be capable of recognizing that the longer-term mean
had changed, as could be expected because the underlying global energy balance was altered
between 1854–1901 and 1902–1980. This skill in terms of identifying a change in climatic
mean from that of the calibration period is rewarded in verification through use of the RE
metric, while the lack of performance in r2 on the hemispheric level can simply be expected
and thus is not an adverse result. Putting weight on the use of r2 in this situation would
significantly increase Type II Error (false negatives), an issue WA explicitly attempt to
address (coupled with joint reduction of Type I Error-false positives) by using RE. (cf. Mann
et al. 2007, who find that r2 is particularly prone to both kinds of error in experimental tests.)

5 Amplitude issues

Several recent climate reconstructions have determined hemispheric temperature variations
in which amplitudes are larger than those indicated by MBH – although the overall shapes
of the temperature evolution are similar (e.g., Esper et al. 2005). The offsets could arise
from differences in latitudinal extent of the proxy temperature information used, in the land
and ocean points included, in the representation of the seasonal cycle, in the different
preservation of climate signal in the employed proxy records themselves (cf. Rutherford et
al. 2005), or through differences in the calibration procedures (Osborn and Briffa 2006).
Von Storch et al. (2004, 2006) as well as Bürger et al. (2006) pointed towards – and our
own assessment confirmed (Wahl et al. 2006) – a potential for amplitude loss in the MBH
truncated-EOF method. To illustrate this issue, we have applied our verified MBH
algorithm (WA) to climate model output.

Because in the MBH truncated-EOF CFR each year is treated independently, one can
selectively, or even randomly, reorder years of climate model output for specific analytical
purposes with no spurious effects on the resulting model-based reconstructions. This
technique allows isolation of the impact of the climatological range present in the years
used for calibration on the reconstruction itself (note, however, this approach might not be
appropriate for examination of low-frequency spatial characteristics). Figure 1 shows 30-
year smoothed output from the NCAR CSM 1.4 (Ammann et al. 2007) in such a temporal
rearrangement. In this example, we have sorted the model output into a sequence that
exactly mirrors the rank ordering sequence found in the reconstruction of MBH98. The
model data were then masked to contain information only on the grid cells present in the
calibration instrumental network of MBH. Using the MBH 1820 proxy locations, we sub-
sampled the relevant model fields (temperature and precipitation at seasonal resolution) to
isolate the 112 individual time series used in this network, and then added a large amount of
white-noise (with a conservative, individual signal-to-noise variance ratio of 1-to-4). Based
on these pseudo-instrumental and pseudo-proxy time series, we then emulated the MBH
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reconstruction. Figure 1a compares the model Northern Hemisphere temperature series
(black line) as the target series with a reconstruction based on the “standard” 1902–1980
calibration period using the full calibration grid (solid grey line), and an “extended”
reconstruction calibrated on the entire 1854–1980 “instrumental” time series restricted to
the spatially-limited MBH verification grid (dashed grey line). Figure 1b shows the model
hemispheric temperatures (black) with the 1902–1980 calibration results (grey, same as in
Fig. 1a), and compares them with a version of the 1820 grid information used in a CPS
method (calibrated over 1902–1980), where the model’s annual average temperature was
sampled at all 112 proxy locations (grey dashed).

The results of the MBH-type reconstructions based on the reordered model output
shown in Fig. 1a indicate excellent overall reconstruction skill. The calibration RE-scores
are high (0.85) in both cases, and the verification period RE-score is 0.81 for the “standard”
case (no MBH-equivalent verification is possible in the “extended” case), all highly

Fig. 1 Using climate model output as a laboratory to test reconstruction performance. a NCAR CSM 1.4
model output (Ammann et al. 2007) of the experiment with traditional (“medium”) solar irradiance scaling,
reordered to match the rank-structure of MBH99 (black line). The model Northern Hemisphere “target”
(black line, MBH calibration grid cells) is shown with MBH-type reconstructions based on the “standard”
1902–1980 calibration using the full calibration grid (solid grey line) or the “extended” verification-grid-only
calibration over 1854–1980 (dashed grey line). b Same as in a, but the model Northern Hemisphere mean
(black) and “standard” case (grey) are compared with Composite Plus Scale (CPS) reconstructions based on
the MBH 1820-grid of 112 pseudo-proxies using only temperature information at all proxy grid points
(dashed grey line). The CPS results were obtained using a 1902–1980 calibration. All series are smoothed
with a 30-year Gaussian weighted running filter, the calibration period annual average Northern Hemisphere
temperature from the model is shown at annual resolution. (A color version of this figure is available with the
electronic supplement)
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significant. Because of the use of the detailed 1820 proxy network combined with maximum
retention of “instrumental” patterns of variability in the MBH-framework, r2-values are also
high (0.86 and 0.51 in the “standard” case for calibration and verification respectively, and
0.85 for calibration in the “extended” case), despite large noise in the pseudo-proxies,
confirming the good visual interannual tracking. There is, however, an indication for some
amplitude loss. Qualitatively, the “standard” reconstruction agrees with von Storch et al.
(2006) (version without trend removal). The average difference over 1000–1980 is 0.072°C
in comparison to the model output masked to the calibration grid, and less than half that
amount for the “extended” case (0.031°C in comparison to the model output masked to the
corresponding verification grid).

Although these results are generally consistent with observations of some systematic
amplitude loss by von Storch et al. (2004, 2006) and Bürger and Cubasch (2005) (cf. Wahl et al.
2006), Fig. 1a shows that the most obvious continuous deviations are concentrated in a few
periods (particularly around the 1450–70, 1580–1610, 1670–1700, and first-half of the 19th
century cooling episodes). As found in Mann et al. (2005b), these periods are associated with
significant volcanic perturbations. There are actually also a few limited periods with amplitude
gain in the “extended” case. Overall, there is clear loss of amplitude, but the extent is
comparatively small in absolute terms. In relative terms the loss averages to ∼35% in the
“standard” case and ∼25% in the “extended” case, which is between the ‘perfect
pseudoproxies’ and ‘white noise’ exercises in the updated model-based tests reported by
Zorita and von Storch (2005) (version without trend removal), despite a much larger signal-to-
noise ratio of 1:4 used here compared to about 1:2 in Zorita and von Storch (2005).

An important source for this amplitude uncertainty is likely connected to the range of
climate available for calibration (Bürger et al. 2006). With respect to the range of Northern
Hemisphere temperatures, the “standard” calibration period covers the warm end of the
distribution very well (the late 20th century is far warmer than any other decade), but does
not fully cover the cool part. In the “extended” (though spatially more limited) experiment,
the overall representation of the cool years is improved (simply through more samples)
without degradation at the warm end. This example illustrates the importance of the range
of the climate information present in calibration in the MBH truncated-EOF reconstruction
algorithm. Interestingly, the available instrumental and proxy data used in MBH span the
range quite well, with the late 19th–early 20th century being close to the coldest continuous
period (MBH99), while no period can rival the late 20th century on the warm end (cf.
Juckes et al. 2006). Therefore, while some amplitude loss is still possible, the problem
appears to remain limited in our model-based tests and does not affect the overall
interpretation of the original MBH reconstruction. The problem, however, will be more
accentuated in situations when pre-calibration climates deviate significantly from the
calibration range (von Storch et al. 2004, 2006; cf. Juckes et al. 2006 and Wahl et al. 2006).

The results for the CPS method shown in Fig. 1b also indicate some, but even smaller,
average amplitude loss (0.041° compared to the calibration-grid Northern Hemisphere
average) in relation to the MBH CFR. Thus, for the specific goal of reconstructing the
Northern Hemisphere mean temperature evolution (in particular its coldest excursions), our
results suggest that the CPS method based on temperature information might be favored
over the MBH CFR (cf. Mann et al. 2005b, where similar results are reported) until the
exact source of the amplitude issue in MBH (and possibly other variants of truncated-EOF
techniques) can be isolated. Alternatively, within the MBH CFR-framework, our results
suggest that calibration with an extended, lower-resolution grid (equivalent to the
verification network resolution) leads to average results roughly equivalent to the CPS
outcome, though it still captures less amplitude in the strongest cooling episodes.
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It is interesting to note that model-based reconstructions of Northern Hemisphere average
temperatures (similarly emulating the MBH proxy data) done with the newer regularized
expectation maximization (RegEM) field reconstruction method (Schneider 2001) show no
tendency for low frequency amplitude loss across the range of noise levels (both white and
red), calibration-period lengths, and proxy richness values examined (Mann et al. 2007). In
this light, the fact that application of RegEM to the MBH real-world proxy data set results
in a reconstruction very much like the original (Mann et al. 2007) suggests that the potential
for amplitude loss in the truncated-EOF method noted here had little effect on the MBH
outcome in actuality. Simulated reconstructions of the regional-scale NINO3 index done
with RegEM, however, do exhibit systematic amplitude loss when calibrated over 1900–
1980, which is ameliorated by lengthening the calibration period to 1856–1980 (Mann et al.
2007), similar to the results presented here for Northern Hemisphere temperatures in the
MBH truncated-EOF method.

6 Conclusions

The MBH reconstruction is a robust climate field reconstruction (CFR) that separates itself
from non-field oriented reconstructions through its attempt to capture additional spatial
information beyond individual contributions of the proxies themselves (i.e., the joint
information is larger than the sum of the individual pieces). It achieves this goal through
use of the spatially coherent signal related to a few primary patterns (EOFs) of climate
variability, and then estimates the annual weights of these patterns that jointly make up the
past temperature fields. In this operation, the climate indicators are not restricted to direct
temperature proxies; rather, any climatically relevant combination (temperature, precipita-
tion, etc.) that is related to one or more of the primary patterns of variability can contribute
to the reconstruction. This is the case because large-scale temperature patterns are often
dynamically linked to other climatic fields (strength of pressure fields, shifts in storm tracks,
etc.). The interesting aspect of such an approach is that it offers spatially resolved climate
information at the level of individual grid cells, rather than an end result of exclusively large-
scale means. As such, the reconstructions can serve as a valuable, albeit somewhat crude,
extension of the instrumental record, which can be very helpful in geophysical analyses and
interpretations of past climate. This advantage has proven particularly interesting for the
study of variations in some of the climate modes with global significance, such as ENSO
(Mann et al. 2000) or the NAO (Cook et al. 2002; Luterbacher et al. 2002). The MBH
reconstruction has thus stimulated research into understanding geophysical processes that
translate global or hemispheric radiative forcing into a regional response on various time
scales (Adams et al. 2003; Mann et al. 2005a; Graham et al. 2007; Fischer et al. 2007;
Küttel et al. 2007).

There are a number of issues with the MBH (and other) CFR methods that need further
attention. There is much we still have to learn about: the robustness of some of the regional
results (particularly early in the record); the stationarity of the primary patterns used in the
calibration period and the sensitivity of the reconstructions (particularly the spatial
gradients) to whether or not such stationarity exists; the general issue of amplitude fidelity
(at least in the MBH truncated-EOF method); and a more comprehensive way of evaluating
uncertainty due to procedural choices (Bürger et al. 2006) or unresolved variance in the data
(Li et al. in press). [Note that in both Bürger et al. (2006) and Li et al. (in press) no
independent verification-screening step of reconstruction performance is utilized.] Com-
pared to the heated debate concerning some of the details in data processing, relatively less
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attention in large-scale field reconstructions has been given to the proxies themselves (but
cf. MM05b). Clearly, a climate reconstruction can only be as good as its input, and
particularly retention of more slowly-developing climatic change signals might be more
difficult to achieve in practice (Briffa et al. 2001; Esper et al. 2005; Moberg et al. 2005).
However, because of their exploitation of spatially coherent signals, one can expect the
CFR methods to be less sensitive to erroneous individual series on both interannual as well
as longer time-scales (i.e., red noise would not be expected to be coherent in space and
time). There is need to further explore the potential of CFRs to combine information from
proxies with different time resolutions, where one would hope that some of the lower-
resolution records might more reliably preserve the low-frequency climate signal (Moberg
et al. 2005). First attempts in this direction have been done with the RegEM technique
(Rutherford et al. 2005; Mann et al. 2007). Successful integration of lower- and higher-
frequency proxy information will also help resolve some discomfort that exists with the
MBH method’s sensitivity to the calibration information and its related potential for
amplitude loss. As indicated here, we believe this problem to be small within the original
proxy framework, and our examination may actually overstate its extent (as the reported
RegEM results suggest); nevertheless, it needs a more complete resolution.

Since the algorithm itself cannot explain most of the amplitude difference between MBH
CFR-temperatures and other reconstructions, it is important to ask what could be affecting
the hemispheric mean across the reconstructions. Geographical coverage has been identified
before as influencing the range of climate over the past millennium (Rutherford et al. 2005).
A directly associated factor concerns latitudinal extent. In this regard, one issue has recently
been recognized as particularly challenging for our understanding from a more dynamical
viewpoint: numerous records from within and around the Pacific Basin suggest that during
the time span often referred to as “Medieval Warm Period” the tropical Eastern Pacific was
probably generally cooler than present. Subsequently, during the hemispheric cool periods
of the “Little Ice Age,” the Eastern Equatorial Pacific seems to have warmed (Cobb et al.
2003; Graham et al. 2007). One could explain these trends through a shift in mean state of
the zonal gradients at the equator on top of which El Niño variations occur – although there
are a few records that don’t fit well into this possibly over-simplified picture (see discussion
in Graham et al. 2007). How climate system dynamics can explain this structure is currently
being debated (cf. Mann et al. 2005a; Graham et al. 2007) and has to be left open at this
time. But it is clear that a cool Eastern Equatorial Pacific would affect the climate system
through a dampening of a generally warm Northern Hemisphere during medieval times, and
equally, a warm eastern Equatorial Pacific would dampen the hemispheric cool signal from
the “Little Ice Age”. CPS reconstructions that are mostly based on mid- to high-latitude
land data cannot be expected to pick up this spatial variation. Borehole temperatures, which
generally point towards the higher end of the proposed range of past temperature
amplitudes, are equally restricted to continental areas. Fundamentally, this kind of pattern
variability is what CFR methods can help resolve.

Finally, where do these considerations leave us with regard to the MBH climate
reconstruction? After correction for a very small methodological bias, and despite some
amplitude issues, which seem to be reasonably in check – at least given the available
instrumental and proxy data in the original publications – there currently is no objective
ground on which one would have to dismiss the reconstruction. The RegEM/MBH
comparison results reported by Mann et al. (2007) strongly support this conclusion.
Figure 2 shows our emulation of the full MBH99 reconstruction from 1000 to 1980, which
contains corrections for the centering convention in North American proxy PCs as well as
elimination of the Gaspé-series during 1400–1449. The overall correction is minimal and
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averages to roughly 0.04°C over the millennium, but is somewhat larger during 1400–1449
because of the Gaspé-series removal during this time interval. The new reconstruction of
the 1000–1399 segment passes validation (calibration RE of 0.39 and verification RE of
0.22, the latter is significant at the 94% level using the very conservative proxy-based
significance analysis described above).1

We initially asked the question if climate science could understand the general causes
for the observed or reconstructed climate, despite the multi-facetted uncertainties (as well as
noise from internal climate variability). It has previously been found that changes to the
Earth’s energy balance are predominantly responsible for variations in the mean climate at
the global and hemispheric scale (Tett et al. 1999; Crowley 2000; Goosse et al. 2005;
Hegerl et al. 2007; Ammann et al. 2007). This issue has been summarized most
convincingly in IPCC 2007 (Jansen et al. 2007, p. 466 ff). The MBH (and Mann et al.
2007) reconstruction results are largely consistent with other climate reconstructions,
particularly so when issues of proxy geographical coverage are kept in mind and when the
reconstructions are evaluated using relative variations that mask some of the amplitude
differences (Esper et al. 2005; Büntgen et al. 2005; and see also Osborn and Briffa 2006). If
not crippled by removal of the geophysically and statistically relevant energy balance signal
embedded in the 20th century trend, the MBH CFR approach can make use of a diverse set
of climate proxy time series (again, note that strict local temperature representation is not
required!) to identify the large-scale structure of climate variability.

1 This significance value is a very conservative estimate because it was determined using the reconstruction
of the full-length-centered, yet not CO2-corrected, PCs for the 28 North American tree rings (see MBH99).
Any CO2-correction would reduce the redness of the proxies, which would lower the RE significance
threshold (and thus increase the significance of the result). Due to the change in how the “hockey-stick”-like
signal in the underlying data is separated into two PCs by full-length centering (rather than appearing in the
first PC, similar to the discussion in WA), a CO2-correction that would be directly comparable to MBH99 is
not possible. Therefore, the effect of CO2-correction was estimated using the original MBH99 proxies (with
and without CO2-correction) and this impact was added to the reconstruction based on full-period centering
where the PCs have not been corrected for CO2 changes. The corresponding significance level for the 1000–
1399-segment using the original MBH PCs is 97%.

Fig. 2 Correction of MBH99: our emulation of the real world proxy-based MBH99 reconstruction
containing full-period proxy PC-centering corrections and omission of the Gaspé-series during 1400–1449
(solid grey line) is compared to the original MBH99 reconstruction (black line)
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Nevertheless, MBH’s primary benefits are not in the area for which it has most
commonly been used, the Northern Hemisphere mean temperature, but much more in its
information content on regional scales. It is this information which should be exploited
more thoroughly. Together with the RegEM technique (Schneider 2001; Rutherford et al.
2003, 2005; Mann et al. 2005b, 2007), truncated-EOF climate field reconstructions (Kaplan
et al. 1997; MBH98/99; Evans et al. 2002; Luterbacher et al. 2004; Xoplaki et al. 2005;
Casty et al. 2005b; Pauling et al. 2006) will only gain in importance in coming years as the
focus of climate change research moves from questions concerning whether the current
warming is human-made or not to how the warming will express itself in space. For this, we
need a more complete picture of how regional climate patterns have responded to radiative
forcing in the past (Fischer et al. 2007). Reconstructed large-scale climate fields help to
verify such cause-and-effect relationships (with their associated mechanisms) over different
time scales by providing the necessary extension to the short instrumental record. In this
process, it will be important to further refine the reconstructions and to resolve seasonal
rather than only annual variations (Mann et al. 2000; Luterbacher et al. 2004; Xoplaki et al.
2005), and as the data density increases one can even approach expansion to non-
temperature fields (Casty et al. 2005a,b; Pauling et al. 2006). Thus, CFRs provide a crucial
ingredient for our overall geophysical understanding of the Earth’s climate system. The
more we can explain past climate variations, rather than simply describing them, the better
and stronger becomes our geophysical framework within which we can evaluate what the
causes of past climate impacts might have been (Xoplaki et al. 2005) and what future
climate changes might look like, particularly on the most relevant, regional scale. The
Mann-Bradley-Hughes reconstruction has opened the way for such analyses, and we need
to further pursue the geophysical promises embedded in CFRs while objectively and
constructively evaluating uncertainties and potential biases.
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