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Northern European summer temperature variations
over the Common Era from integrated tree-ring density
records
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ABSTRACT: Tree-ring chronologies of maximum latewood density are most suitable to reconstruct annually
resolved summer temperature variations of the late Holocene. The two longest such chronologies have been
developed in northern Europe stretching back to the 2nd century BC, and the 5th century AD. We show where
similarities between the two chronologies exist, and combine portions of both into a new summer temperature
reconstruction for the Common Era. To minimize the transfer of potential biases, we assess the contribution of the
candidate reconstructions’ measurements, and exclude data (i) from exceptionally young and old trees, and (ii)
produced by different laboratory technologies. Our new composite reconstruction reveals warmer conditions
during Roman, Medieval and recent times, separated by prolonged cooling during the Migration period and Little
Ice Age. Twentieth century warmth, as indicated in one of the existing density records, is reduced in the new
reconstruction, also affecting the overall, millennial-scale, cooling trend over the late Holocene (—0.30°C per
1000 years). Due to the reduced biological memory, typical for tree-ring density measurements, the new
reconstruction is most suitable for evaluating the rate and speed of abrupt summer cooling following large volcanic

eruptions. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Conifer tree-rings are composed of large cells with thin walls
formed in the first weeks of the vegetation period, followed
by small cells with thick walls formed throughout high and
late summer (Moser et al., 2010). This change between
earlywood and latewood structure, along with growth dor-
mancy during winter, is the foundation for distinguishing one
ring from another and for assigning each ring to a particular
calendar vyear (Fritts, 1976). The development of high-
precision radiography in the 1970s permitted use of X-ray-
sensitive films to detect changes in the physical properties of
wood cell structure and quantify them in the form of high-
resolution density profiles in units of g cm™> (Schweingruber
et al., 1978). In one of the first applications of this new
technique to palaeoclimatic research, a wood density chro-
nology extending back to AD 441 was developed in the
1980s (Schweingruber et al., 1988), integrating samples from
living trees and relict wood of Pinus sylvestris from the lake
Tornetrdsk region in northern Sweden (Bartholin and
Karlén, 1983). The maximum latewood density (MXD), a then
novel parameter representing the microscopic area of thickest
walls and smallest lumina towards the end of a ring, was
found to correlate best with regional instrumental climate
data (up to ~ r=0.8) and subsequently used for reconstruct-
ing summer temperatures back to the 5th century AD
(Schweingruber et al., 1988; Briffa et al., 1990, 1992).

This widely recognized reconstruction from Tornetrask
(hereafter: Torn) has since been updated repeatedly by the
addition of new MXD measurements from living trees,
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thereby advancing the most recent year of the chronology
into the 21st century (Grudd, 2008). The latest of these
publications (Melvin et al., 2013) deals with removing trend
biases that arose from combining the original, analog
measurements developed in the 1980s (Schweingruber
et al., 1988) with digital update measurements developed in
the 2000s wusing innovative laboratory technologies
(Grudd, 2008). Doing so involved changing the mean and
variance of the digital measurement series to match the
characteristics of the original data, as well as treating the
original and updated datasets independently in the process of
detrending and  chronology  development  (Melvin
et al., 2013). The recombined relict and living tree chronolo-
gies, to form a temperature reconstruction extending back to
AD 441, indicated stronger 20th century warmth than
previously reported, but also resulted in a better coherence
between the temperature histories derived from MXD and the
generally more noisier tree-ring width (TRW) data (Melvin
et al., 2013).

In addition to the widely cited Torn reconstructions (over-
views in Blintgen et al., 2011, 2012), a new pine MXD
record, derived from sub-fossil wood preserved in shallow
lakes from Finnish Lapland (Eronen et al., 2002), has been
developed providing summer temperature variations back to
138 BC (Esper et al., 2012a; hereafter: N-Scan). The sub-fossil
component of this reconstruction originates from an extended
region north of 67°N and was linked to present by samples
from living pines growing on lakeshores (Dithorn
et al., 2013) in northern Finland and Sweden, including two
sites near Tornetrask. N-Scan includes more trees than any
other MXD chronology, and has been used to describe a
millennial-scale cooling trend related to long-term, orbital
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Figure 1. Correlation fields of the N-Scan
and Torn MXD chronologies (black circles)
with gridded (0.5° resolution) summer tem-
peratures calculated over the 1901-2006
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insolation changes (Esper et al., 2012a). Subsequent work
(Esper et al., 2012b) showed that there still exist substantial
differences among the various tree-ring-based climate recon-
structions from Fennoscandia, indicating our poor under-
standing of the pre-instrumental temperature amplitude even
in geographically limited regions.

In an effort to reconcile some of the density data from this
region, we here assess the world’s two longest MXD-based
climate reconstructions, Torn (Melvin et al., 2013) and N-Scan
(Esper et al., 2012a), and combine portions of both to produce
a new summer temperature history for northern Europe from
17 BC to the present. The rationale for combining these data is
supported by the chronologies’ coherent spatial temperature
fields (Fig. 1), and the desire to mitigate complications in the
process of selecting proxy records for the development of
large-scale temperature reconstructions (e.g. Esper et al., 2002;
D’Arrigo et al., 2006; Mann et al., 2008; Ljungqvist, 2010;
Ljungqvist et al, 2012). In this paper we first examine the
similarities and differences between the Torn and N-Scan
reconstructions, and revisit the challenge of integrating digital
and analog MXD data. We describe a manner of selecting
coherent MXD data, and use this subsample to produce a new
temperature reconstruction for northern Scandinavia spanning
the Common Era. We conclude by briefly addressing the long-
term cooling trend inherent to our new reconstruction, and
demonstrate the value of this record for assessing short-term
cooling extremes following large volcanic eruptions.

Data and methods
Torn and N-Scan MXD data

While the Torn and N-Scan reconstructions are both derived
from MXD data and share the same spatial temperature
pattern, the records differ in (i) the source of their dead wood
samples (lake/sub-fossil and fallen/relict), (ii) the geographical
area from which samples were collected, (iii) the number of
MXD measurement series and (iv) the X-ray technology used
to measure MXD (details in Esper et al., 2012a; Melvin
et al., 2013). Whereas the Torn samples all originate from
locations surrounding Lake Tornetrask, in the transition zone
between the boreal forest and low Arctic tundra, N-Scan
integrates samples from 17 lakes and lakeshore sites spread
over Finnish Lapland and the Tornetrask region. N-Scan
contains substantially more dead wood MXD series (372 sub-
fossil samples) than the Torn chronology (47 fallen/relict
samples) making it the most well-replicated and longest MXD
chronology in the world.

The 372 N-Scan sub-fossil samples were combined with
215 samples from living trees collected on the shores of four
lakes located in northern Finland and Sweden. The 47 Torn
relict samples were originally combined with 18 samples from
living trees collected in 1980 (Schweingruber et al., 1988),
then updated with 35 samples from living trees in 2004
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(Grudd, 2008), and again with an additional 30 living tree
samples in 2010 (Melvin et al., 2013). Whereas all 587 N-
Scan MXD series were measured at the WSL in Birmensdorf
(Switzerland) using a Walesch X-ray densitometer (Schweing-
ruber et al., 1978), the Torn chronology was produced using
different technologies in different laboratories: the original 65
Torn MXD series were also measured with a Walesch
densitometer in Birmensdorf, but subsequent updates were
measured in Stockholm and Kiruna, Sweden, using an ITRAX
digital radiographic camera. The 587 MXD series used in Esper
et al. (2012a) are hereafter named E12, the 65 series used in
Schweingruber et al. (1988) are named S88 and the 65
updating series used in Melvin et al. (2013) are named M13.

Reconstruction assessment

Coherence between the Torn and N-Scan reconstructions was
assessed using Pearson correlation coefficients calculated over
100-year sliding windows. The procedure was applied to the
original reconstructions as well as to first-differenced versions
of the two records to evaluate common variation at both high
and low frequencies. The interseries correlation (Rbar), a metric
based on the correlation among all MXD measurement series
in a chronology (Cook and Kairiukstis, 1990), was used to
estimate the internal coherence of the reconstructions. Rbar
was also calculated over 100-year windows shifted along the
chronologies. Minimum least square regressions were fitted to
the reconstructions to assess the long-term trends inherent to
the time series over their common AD 517-2006 period, as
well as the AD 517-1900, and the 138 BC to AD 1900 (N-
Scan only) periods.

Detrending and chronology development

Raw MXD measurement series are characterized by an increase
from ~0.5 to 0.7gcm™> over the first 30 years of a tree’s
lifespan, followed by a gradual decrease from ~0.7 to 0.6g
cm ™ through plant maturation (see Fig. 4A). This age trend has
to be removed before averaging MXD series in a mean
chronology, otherwise the combination of juvenile and adult
MXD values, rather than variations in temperature, determines
the changing chronology levels back in time (Braker, 1981).
Age trend is here removed using Regional Curve Standardization
(RCS; Briffa et al., 1992; Esper et al, 2003), a detrending
method capable of retaining the full variance frequency
spectrum in the resulting chronologies (Bunde et al., 2013;
Franke et al., 2013), from inter-annual to millennial scales (Esper
et al., 2012a). Additional methods that have been suggested in
conjunction with RCS (Melvin and Briffa, 2008) revealed no
detectable difference (Supporting information, Fig. S1).

RCS involves (i) an alignment of all MXD measurement
series by biological age, (ii) calculating a mean time series of
the age-aligned data, (iii) smoothing this mean curve, (iv) age-
trend removal by calculating ratios between the raw MXD
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data and the (smoothed) regional curve, and (v) re-dating the
detrended, now dimensionless, values back to calendar years
(details in Esper et al., 2003). We here smoothed the mean of
the age-aligned data using a 10-year spline filter (Cook and
Peters, 1981), and calculated chronologies of the detrended
MXD data using the arithmetic mean. When aligning the
MXD measurement series by biological age, the pith offset
(the number of missing innermost rings of a sample) was
considered to minimize distortion of the regional curve.

RCS was applied to a combined dataset integrating S88
and M13, as well as S88 and E12 samples. In the first run, the
effects of the mean and variance adjustments applied to M13
(Melvin et al., 2013) on post-1700 chronology levels were
assessed. Then, using only the S88 and E12 samples, the final
reconstruction was produced. Combining the $88 and E12
MXD measurements required an adjustment of the S88 data
to compensate for a post-1988 change of the calibration
wedge used to transfer X-ray film greyscales into values of g
cm™2, as well as the brand of analog film used (changed from
Agfa to Kodak). These procedural changes required an
adjustment of +0.053 g cm ™ added to all $88 MXD measure-
ment series (Fig. S2). The adjustment appeared justified, as
the S88 dataset integrates several successive tree generations
covering the past 1.5 millennia, allowing a robust estimation
of the average residual with the E12 data (covering 2
millennia). Additional treatment of the variance of the MXD
series appeared unnecessary, as the measurement’s standard
deviations have not changed over the past 30 years (Fig. S3).

For the final summer temperature reconstruction we only
used tree rings of a certain biological age ranging from 31 to
306 years, i.e. removed the rings <30 years (here termed as
the ‘young rings’) and >306 (here termed as the ‘old rings’)
from the combined, and adjusted S88+E12 dataset. Sub-
sample chronologies integrating MXD data constrained to
certain age-bands (e.g. 1-30, 31-306 and >306 years) were
calculated using the detrending program Spotty (Esper
et al., 2009; Fig. S4). Removal of the old rings appeared
useful, as these rings are relatively rare and clustered in the
second millennium AD. Removal of the young data was also
useful, as these rings contain a steep MXD increase from
~0.5 to 0.7gcm™? and are clustered in the 20th century,
thereby complicating proper proxy calibration and uncertain-
ty estimation back in time (see below). All chronologies were
truncated at a minimum replication of 5 MXD measurement
series.

Calibration and error estimation

The MXD climate signal was estimated by calibrating the
combined S88 +E12 chronology against regional June—July—
August (JJA) mean temperatures recorded at the Haparanda,
Karasjok and Sodankyla meteorological stations over the
period 1876-2006. A split 1876-1940 calibration and 1941-
2006 verification approach was used for assessing the
temporal robustness of the signal (Schneider et al., 2014), and
the chronology transferred into JJA temperatures by scaling
the record to the mean and variance of the instrumental
climate data (Esper et al., 2005). The resulting summer
temperature reconstruction, integrating the adjusted and age-
constrained MXD data from S88 and E12, is termed N-Eur.
Uncertainty estimates of N-Eur were calculated using a
Monte Carlo approach that considered the declining replica-
tion of the MXD chronology back in time, together with the
correlation of the less-replicated chronologies against region-
al JJA temperatures. The procedure involved producing
pseudo-chronologies by randomly sampling n=5, n=10, ...
n=75, n=79 MXD series over the 1876-2006 period, and

Copyright © 2014 John Wiley & Sons, Ltd.

iteratively correlating these ‘restricted’ chronologies with the
instrumental climate data. The n=79 chronology represents
the (maximum) replication of the combined S88 + E12 dataset
during 1876-2006 after removing all trees younger than
100 years. The process was repeated 1000 times for each
replication class (5, 10, ... 79), and the mean correlation of
each class used to calculate calibration model standard
errors. The changing standard errors, from all Monte Carlo
simulations, were added to N-Eur to provide an estimate of
the increasing uncertainty associated with the decreasing
MXD sample replication back in time. N-Eur replication falls
below five MXD series before 17 BC.

Results and discussion
Torn and N-Scan comparison

Comparison of the Torn and N-Scan temperature reconstruc-
tions reveals a significant fraction of shared variance over the
past 1500 years (r441_2006=0.65), although the correlation
declines from r=0.91 in the 20th century to r=0.60 in the
6th century, and down to r=0.43 in the first 100 years of
overlap (AD 441-540; Fig. 2A, B). Similar trends are found
when comparing the first-differenced reconstructions, indicat-
ing this long-term correlation decay is unrelated to a
decoupling of lower frequency variances. The changing
coherency is probably a function of the changing replication
through time. Both reconstructions have their greatest sample
replication in the 20th century (N-Scan=116, Torn=61), but
this quantity declines rapidly back over the past 1500 years
(Fig. 2D). The N-Scan reconstruction contains 49 MXD series
during the 10th century, and only 12 series during the first
100 years of overlap with Torn. Torn replication is already
down to 13 series in the 10th century and falls below five
series before AD 517. The influence of changing samples
depths was confirmed by the stepwise reduction in replica-
tion of the N-Scan and Torn chronologies during the calibra-
tion period (1876-2006), re-developing chronologies using
the reduced sub-samples (1000 times each), and iteratively
calculating correlations between the sub-sample chronolo-
gies. Results show decreasing correlations as a function of
sample replication. For example, sub-sample chronologies
integrating 48 MXD samples correlate at 0.825, 30 samples at
0.815, 10 samples at 0.760 and five samples at 0.696.

In addition to changes in sample size, a gradual shift in the
intra-reconstruction coherence of both chronologies (Fig. 2C)
may also contribute to the reduced correlation between the
reconstructions back in time. Yet the running 100-year RBar
values exhibit minor trend, decreasing from 0.41 and 0.43
over the recent ~800 years, to 0.38 and 0.39 over the first
~800 years, in N-Scan and Torn, respectively. Similarly, the
changing geographical area represented by the chronologies
might add to the temporally changing correlations, as the N-
Scan reconstruction integrates living trees from both Finland
and Sweden, plus sub-fossil trees from Finland only. Howev-
er, since the different spatial pattern of the two reconstruc-
tions’ constituent time series are not reflected in the intra-
reconstruction’s Rbar, it appears most likely that the shrinking
replication is the main reason for the reduced agreement
between N-Scan and Torn back in time.

Despite the significant correlation between N-Scan and
Torn, the reconstructions display demonstrably different
millennial-scale temperature trends over the late Holocene
(Fig. 2E). While N-Scan temperature estimates decline by
about —0.28 to —0.39°C per millennium, the Torn recon-
struction has a positive trend ranging from +0.09 to +0.23 °C
per millennium. Esper et al. (2012a) suggested the elevated
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Figure 2. Comparison of the N-Scan and Torn temperature reconstructions. (A) The N-Scan and Torn reconstructions as published in Esper et al.
(2012a) and Melvin et al. (2013) expressed as anomalies with respect to a 1901-2000 reference period. (B) 100-year running correlations between
the original reconstructions and between the first-differenced reconstructions. (C) 100-year running interseries correlations of the N-Scan and Torn
chronologies. (D) Numbers of tree samples integrated in the N-Scan and Torn chronologies. (E) Linear regressions fit to the reconstructions over
the common AD 517-2006, and the AD 517-1900 and 138 BC to AD 1900 (N-Scan only) periods.

sample replication of the N-Scan chronology is a key reason
for retaining an orbitally forced cooling trend in a dendro-
chronological time series. The opposite, and overall positive
trend in Torn, particularly the maximum+0.23°C per
1000 years warming rate recorded over the AD 517-2006
period, might additionally be influenced by the adjustments
applied to the M13 ITRAX update series (see below).

MXD data selection

In the attempt to correct for the systematic differences
between data developed on the ITRAX and Walesch instru-
ments, Melvin et al. (2013) relied on an adjustment that
ultimately reduced the variance and raised the mean of the
ITRAX MXD series, thus producing the M13 dataset (Fig. 3).
While lifting the M13 update above the original S88 data
during the post-1800 period of overlap might well be justified
with regard to biological growth rates (the S88 data are a

Copyright © 2014 John Wiley & Sons, Ltd.

collection of much older trees than the M13 data), consider-
ation of the adjusted M13 instead of the S88 living trees in an
RCS run results in a substantial increase of recent chronology
values (Fig. 3D). Whether such effects are mitigated or even
amplified by the use of split RCS standardization (Melvin
et al., 2013) is beyond the scope of this paper, although it
appears preferable to use only the E12 living trees for
extending N-Eur into the 21st century. Doing so reduces
replication in the 19th and 20th centuries, which is, however,
still larger than at any other time, and mitigates the millenni-
al-scale trend differences advanced by the inclusion of the
adjusted M13 data. Our decision not to join the adjusted
ITRAX M13 data with the Walesch E12 data does not mean
we consider M13 unreliable for reconstruction purposes
(Torn and N-Scan correlate at 0.91 during the 20th century),
but rather to avoid unnecessary complication when integrat-
ing data developed by different techniques.

J. Quaternary Sci., Vol. 29(5) 487-494 (2014)
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Figure 3. Tornetrask original and update data. (A) Sixty-five original MXD series from living and relict pine samples (588; grey curves) shown
together with the 65 update MXD series from just living trees (M13; black curves). The original data were measured using a Walesch X-ray
densitometer; the update data were measured using an ITRAX digital radiographic camera. (B) Same as in (A), but after adjustment of the mean
and variance of the ITRAX data as detailed in Melvin et al. (2013). (C) Mean chronologies of the original (grey) and updated (black) MXD data at
decadal resolution. Top back curve is the mean of the adjusted update data. (D) RCS detrended chronologies of a combined dataset integrating the
47 original relict series together with the 65 living tree update series (grey), as well as the same 47 relict series together with the 65 update series
after adjustment of their means and variances (black). Chronologies were normalized over the AD 517-1700 period.

To further restrain potential trend biases in the N-Eur
reconstruction we removed tree rings older than 306 years
and younger than 30 years from the combined S88+E12
dataset (Fig. 4). Tree rings >306 years are relatively rare
(3918 of 98740 rings) and largely restricted to the S88 data,
which include some of the oldest trees found in the
Tornetrask region (up to 620 years). As these old rings are
also concentrated in the second millennium AD, not mean-
ingfully contributing to an assessment of long-term changes
between the first and second millennium AD (but rather level
off such variance in an RCS approach), the data were
excluded from the final reconstruction. Truncation at a
biological age of 306 years appeared reasonable as replica-
tion falls below 50 series beyond this age limit, and the
regional curve becomes heteroscedastic (Fig. 4A, B). Reasons
for not considering tree rings <30 years result from the
growing mismatch between the S88 and E12 regional curves
towards younger ages, even after adjustment of the S88 data
(Fig. S2A), as well as the documented sharp MXD increase in
juvenile rings, from ~0.5 to 0.7gcm™>, in which climate
signal age effects (Carrer and Urbinati, 2004; Esper

Copyright © 2014 John Wiley & Sons, Ltd.

et al., 2008) are probably increased. The correlation between
the central 31-306 age-band, and the young 1-30 age-band
chronologies declines to r=0.63 (n=979 years; Fig. 4C), and
removing the young rings again balances replication as these
data are culminating in the 20th century calibration period
(79 series in 1992; the green curve in Fig. 4D).

N-Eur summer temperature reconstruction

The 31-306 year age-band chronology correlates at 0.76 with
131 years of regional instrumental JJA temperatures (Fig. 5A).
Split calibration (r1g76_1940=0.78) and verification (rjg41_
2006 =0.75) indicates the climate signal is temporally robust
with no sign of divergence (D’Arrigo et al., 2008; Esper
et al., 2010). The correlation is slightly smaller than that
obtained using all data of the Torn and N-Scan reconstruc-
tions (r1g76_2006 =0.78), which is likely a consequence of N-
Eur’s lower replication (93 series in the 20th century)
compared with a non-constrained chronology (180 series in
the 20th century). Nonetheless, the N-Eur correlation reported
here is not representative of the pre-instrumental period, as

J. Quaternary Sci., Vol. 29(5) 487-494 (2014)
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Figure 4. N-Eur age-band chronologies. (A) Regional curves of the N-Eur MXD data of the age-bands 1-30 (green), 31-306 (black) and >306
years (blue). Bottom panel (B) shows the replication curves across all age-bands. (C) RCS detrended age-band chronologies, and (D) their
replication over the past 2000 years. After truncation at n<5 MXD series, the chronologies cover 2097 years (age band 31-306), 979 years (age
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young chronology. This figure is available in colour online at wileyonlinelibrary.com.

the reconstruction’s replication quickly decreases to 52 series
in the 10th century and eight series in the 1st century AD.
This decline in sample size is addressed by performing
calibration experiments using differently replicated chronolo-
gies. These Monte Carlo tests produced correlations ranging
from 0.69 (£ 0.04) for chronologies integrating 79 MXD series
to 0.63 (£ 0.14) for chronologies integrating five MXD series,
and were used to add variable calibration model standard
errors to the N-Eur reconstruction back in time (Fig. 5B, C).
The standard error increases from 0.76 °C in the 20th century
to 0.92 °C in the first 100 years of the reconstruction.

N-Eur indicates a long-term cooling trend of —0.30°C per
1000 years over the 17 BC to AD 2006 period, in line with
results detailed for the N-Scan reconstruction (Esper
et al., 2012a), although the latter record has been transferred
into temperatures using linear regression instead of scaling
(Esper et al., 2005). This overall negative trend is contrary to
expectations based on the assumption that relict and sub-
fossil wood, lying on the ground and in lakes for centuries,
would lose density due to natural decaying processes. The
assumption stems from the observation that older discs are

Copyright © 2014 John Wiley & Sons, Ltd.

lighter than younger ones. Superimposed on the long-term
cooling trend are centennial-scale warm episodes, including
the Roman Warm Period until ~AD 150, the Medieval Warm
Period from ~AD 700 to 1200, and the 20th century warm
period (Kullman, 2013). These warm phases are separated by
cooler conditions during the Migration period and the Little
Ice Age in the first and second millennium AD, respectively.
Summer temperature variations at this temporal scale, i.e.
after smoothing with a 100-year spline filter, reveal fluctua-
tions that range by ~1.5 °C between warm and cold episodes.

Besides these lower frequency trends, N-Eur reveals ex-
tremely warm and cold summers deviating up to +3.2°C
(mean of 2 BC, 4 BC, AD 1937) and —3.4°C (mean of AD
574, 1130, 1453) from the 1961-1990 reference period.
Coincidently, one of the three coldest years (AD 1453,
—3.47°C) is synchronous with the large eruption of the
Kuwae volcano in Vanuatu (Plummer et al., 2012), suggesting
some of the earlier extremes might point to previously
unknown eruptions. Given the good fit with instrumental
climate data, the Common Era coverage and the good
replication, exceeding all other MXD chronologies, the JJA

J. Quaternary Sci., Vol. 29(5) 487-494 (2014)
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Figure 5. N-Eur temperature reconstruction. (A) Calibration of the N-Eur chronology (black) against regional JJA temperatures (red) over the
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available in colour online at wileyonlinelibrary.com.

temperature reconstruction presented here might be the most
suitable proxy time series to estimate post volcanic cooling
(Anchukaitis et al, 2012; D’Arrigo et al, 2013; Esper
et al., 2013a,b), and to compare with ice core-derived
evidence of volcanic eruptions (Baillie, 2008; Sigl et al., 2013).

Conclusions

The world’s two longest MXD chronologies were combined
into one single reconstruction of summer temperature vari-
ability in northern Europe back to 17 BC. The reconstruction
explains 58% of the variance in instrumental JJA temperature
fluctuations, although climate signal strength decreases to
~47% in the 10th and ~40% in the 1st century AD. The
signal decay is caused by a declining sample replication back
in time, a reconstruction property evaluated here by iterative-
ly calibrating differently replicated chronologies against the
instrumental temperature data.

The combination of MXD data from two independent
reconstructions was challenged by changing laboratory pro-
cedures, established over the past 30 years, to measure high-
resolution wood density profiles. A recently completed
update of MXD data from living trees was excluded from the
reconstruction, as the necessary adjustment of the mean and
variance, for the fraction of data covering the most recent
centuries, appeared problematic. Excluding these data also
reduced the sample replication during the 20th century, a
period during which the number of MXD measurement series
outnumbered pre-instrumental replication. Another data re-
duction was invoked by excluding MXD measurements from
extremely young and old tree rings, as these data do not
meaningfully contribute to the reconstruction’s low-frequency
variance but rather complicate the determination of uncer-
tainty estimates over the past 2000 years.

The final product, a summer temperature reconstruction
derived from a combined, adjusted and age-constrained MXD
dataset from northern Sweden and Finland, shows a long-
term cooling trend of —0.30°C per 1000 years over the

Copyright © 2014 John Wiley & Sons, Ltd.

Common Era in northern Europe. The reconstruction has
centennial-scale variations superimposed on this trend, indi-
cating conditions during Medieval and Roman times were
probably warmer than in the late 20th century. The record
reveals several extreme summer temperature deviations ex-
ceeding —3 °C that might prove useful in the detection and
dating of volcanic eruptions, and assessment of post-eruption
cooling effects.

Supporting Information

Additional supporting information can be found in the online
version of this article:

Figure S1. Comparison of RCS and Signal Free detrended
chronologies.

Figure S2. Adjustment of the S88 data.

Figure S3. Variance of MXD time series.

Figure S4. RCS detrended age-band chronologies.
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