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Palaeoclimatic evidence revealed synchronous temperature variations among Northern Hemisphere regions
over the past millennium. The range of these variations (in degrees Celsius) is, however, largely unknown.
We here present a 2000-year summer temperature reconstruction from northern Scandinavia and compare
this timeseries with existing proxy records to assess the range of reconstructed temperatures at a regional
scale. The new reconstruction is based on 578 maximum latewood density profiles from living and
sub-fossil Pinus sylvestris samples from northern Sweden and Finland. The record provides evidence for sub-
stantial warmth during Roman and Medieval times, larger in extent and longer in duration than 20th century
warmth. The first century AD was the warmest 100-year period (+0.60 °C on average relative to the
1951–1980 mean) of the Common Era, more than 1 °C warmer than the coldest 14th century AD
(−0.51 °C). The warmest and coldest reconstructed 30-year periods (AD 21–50=+1.05 °C, and AD
1451–80=−1.19 °C) differ by more than 2 °C, and the range between the five warmest and coldest recon-
structed summers in the context of the past 2000 years is estimated to exceed 5 °C. Comparison of the new
timeseries with five existing tree-ring based reconstructions from northern Scandinavia revealed synchro-
nized climate fluctuations but substantially different absolute temperatures. Level offset among the various
reconstructions in extremely cold and warm years (up to 3 °C) and cold and warm 30-year periods (up to
1.5 °C) are in the order of the total temperature variance of each individual reconstruction over the past
1500 to 2000 years. These findings demonstrate our poor understanding of the absolute temperature vari-
ance in a region where high-resolution proxy coverage is denser than in any other area of the world.

© 2012 Published by Elsevier B.V.
1. Introduction

Millennial-length temperature reconstructions became an impor-
tant source of information to benchmark climate models (IPCC,
2007), detect and attribute the role of natural and anthropogenic
forcing agents (Hegerl et al., 2006), and quantify the feedback
strength of the global carbon cycle (Frank et al., 2010b). Newer ap-
proaches are using palaeoclimatic reconstructions to assess the likeli-
hood of simulation ensemble members, and thus help to constrain
future climate scenarios (Yamazaki et al., 2009). These efforts are,
however, limited by the number of high quality reconstructions and
their ability to properly quantify the absolute range of past tempera-
ture variations (Esper et al., 2002), adding considerable uncertainty to
hemispheric scale reconstructions that combine multiple regional
proxy records (Frank et al., 2010a). At this point, we seem to have a
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fairly good understanding of the course of temperature change over
the past millennium, i.e. the Medieval Warm Period (MWP), cooling
into the Little Ice Age (LIA), and subsequent warming into the 20th
century. However, the absolute variance (or amplitude) of tempera-
ture change (in degrees Celsius) is more poorly constrained, and
might range from less than 0.5 °C to more than 1 °C over the past
1000 years at hemispheric scales (Frank et al., 2010b and references
therein). The situation is even less clear prior to medieval times, as
only few high-resolution reconstructions are available for the Com-
mon Era (Jones et al., 2009) complicating assessments of the absolute
temperature amplitude during the Roman and subsequent Migration
periods (Büntgen et al., 2011).

While discrepancies in hemispheric scale reconstructions have re-
ceived considerable attention over the past decades (Frank et al.,
2010a), less debate has been centred on the uncertainties of regional
reconstructions and their abilities to properly estimate the evolution
and amplitude of temperatures over the past centuries to millennia.
This is surprising for a variety of reasons including the fact that
large-scale reconstructions are often a simple aggregation of these re-
gional reconstructions. It should thus be clarified how large errors at
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Fig. 1. Map showing the three living-tree (stars) and 14 sub-fossil (rectangles) pine
sites integrated in the N-Scan record, together with the long-term meteorological
stations in Haparanda, Karasjok, and Sodankyla (circles).
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the regional level may be, and how these regional errors contribute to
large-scale uncertainties.

Northern Scandinavia is one of the core regions from where mul-
tiple tree-ring based summer temperature reconstructions spanning
the past 1–2 millennia are available (overview in Gouirand et al.,
2008). The most widely cited (and integrated in hemispheric scale re-
constructions) of these records is the timeseries derived from tree-
ring maximum latewood densities (MXD) from the Tornetraesk re-
gion in northern Sweden (Schweingruber, 1988, updated in Grudd,
2008). Reasons for this extensive consideration include the length
of the reconstruction (back to AD 500), as well as the robust climate
signal of MXD data (correlation against summer temperatures typi-
cally>0.7) that is generally stronger than for traditional tree-ring
width (TRW) data (typicallyb0.5). The Tornetraesk MXD data have
also been combined with TRW data from the same trees to form an al-
ternative reconstruction reaching back to AD 500 (Briffa et al., 1992).
Since then, three additional reconstructions from Fennoscandia have
been developed – all based on TRW, spanning the past two millennia,
but partly relying on the same raw measurement series (Grudd et al.,
2002; Briffa et al., 2008; Helama et al., 2010) – so that multiple, inde-
pendently developed records can be used to assess the variability of
summer temperatures over the past 1500 to 2000 years at a regional
scale.

We here address this issue by (1) introducing a new summer tem-
perature reconstruction that is longer and much better replicated
than any other published MXD-based record, (ii) using this timeseries
to derive estimates of the absolute range of regional summer temper-
ature variation considering extremely cold and warm reconstructed
years and periods over the past two millennia, (iii) comparing these
estimates with existing tree-ring based reconstructions, and finally
(iv) using the differences among these various records to assess the
uncertainty of reconstructed temperatures within a confined region.

2. Material and Methods

We developed 587 high-resolution density profiles (Frank and
Esper, 2005) from living and sub-fossil Pinus sylvestris in northern
Sweden and Finland to form a long-term MXD record (N-Scan) span-
ning the 138 BC to AD 2006 period (Table 1). The living-tree samples
were obtained from pines growing at the shores of three lakes to en-
sure data homogeneity with the sub-fossil samples obtained from 14
lakes in the region (Fig. 1). Spatial data homogeneity was assessed
using a total of nine Pinus sylvestris MXD chronologies from northern
Sweden, Finland, and Russia (r1812-1978=0.72; not shown) validating
the integration of data throughout the region (Eronen et al., 2002). All
MXD measurements were derived from high-precision X-ray radio-
densitometry (Schweingruber et al., 1978).
Table 1
Living-tree and sub-fossil pine sites integrated in the long-term N-Scan reconstruction.

Location Lon. Lat. No. Series Start End

Living Ket 24.05 68.22 49 1596 2006
Kir 20.10 67.90 87 1656 2006
Tor 19.80 68.20 79 1800 2006

Sub-fosssil Aka 24.20 67.70 8 1311 1782
Hae 27.50 67.50 2 1342 1533
Hal 29.00 66.80 6 691 1282
Kal 24.80 68.50 10 271 1553
Koi 27.50 68.70 10 –47 1767
Kol 29.00 66.80 6 1686 1916
Kom 28.00 68.50 83 –215 1906
Kul 23.00 68.50 49 488 1704
Luo 28.00 68.50 68 -4 1897
Nak 23.50 68.70 37 372 1822
Pel 24.80 68.50 5 171 1743
Pet 27.00 69.50 10 883 1792
Pit 27.50 67.50 16 –6 1749
Rie 28.00 68.50 59 301 1770
Biological age trends inherent to the MXD data were removed
using RCS (Esper et al., 2003), a detrending method that preserves
high-to-low frequency variance in the resulting indices. MXD series
were combined using the arithmetic mean. Variance changes, such
as those that can arise from temporally changing replication and
inter-series correlation (Frank et al., 2007), were adjusted. The new
MXD record was calibrated against mean JJA temperatures derived
from the long-term instrumental stations in Haparanda, Karasjok,
and Sodankyla (Fig. 1) over the 1876–2006 period, and transferred
into summer temperature estimates using ordinary least squares
(OLS) regression (with MXD as the dependent variable) (Cook and
Kairiukstis, 1990).

N-Scan was used to identify temperature extremes over the 138
BC to AD 2006 period including exceptionally cold and warm sum-
mers, 30-year periods, and centuries. The 30-year periods were addi-
tionally considered for comparison with existing temperature
reconstructions from the region, including a combined TRW-plus-
MXD record by Briffa et al. (1992) from northern Sweden (hereafter
Briffa92), a TRW-based record by Grudd et al. (2002) from northern
Sweden (hereafter Grudd02), a TRW-based record by Briffa et al.
(2008) from northern Finland and Sweden (hereafter Briffa08), a
MXD-based record by Grudd (2008) fromnorthern Sweden (hereafter
Grudd08), and a TRW-based record from Helama et al. (2010) from
northern Finland (hereafter Helama10). Of the six reconstructions con-
sidered here, four reach back to AD 1 and earlier (N-Scan, Grudd02,
Briffa08, Helama10), and two back to AD 500 (Briffa92, Grudd08).
Whereas some of these records share data (e.g. Briffa92 and Grudd02,
Briffa92 and Grudd08,) others are fully independent (e.g. Grudd02
and Helema10). All records were, however, independently derived
and as such individually treated and considered in large-scale recon-
structions. Due to data overlap, uncertainties defined by the spread
amongst reconstructions should be considered as conservative
estimates.

Temperature differences among the various proxy records were
assessed after re-calibrating each of the six reconstructions against
JJA temperatures over the common 1876–1993 period (except for
the Briffa92 record that only extends until 1980) and transferring
the records into summer temperatures using OLS regression with
the tree-ring data as the independent variable. These calibrated and
transferred timeseries were used to calculate the range of recon-
structed temperatures during extremely cold and warm years. We
also smoothed the six proxy records using 30-year filters prior to
the calibration against JJA temperatures (over the 1891–1979 period)
and analyzed the difference between the reconstructions during



Fig. 3. Calibration of the long-term N-Scan record. (A) N-Scan (grey curve) regressed
against regional JJA temperatures (red curve) over the 1876–2006 period (proxy as
the dependent variable, r2=0.59). (B) Multiple Pearson correlation coefficients de-
rived from calibrating a total of 2000 RCS chronologies against JJA temperatures
(1876–2006 period). The RCS chronologies were developed using 5, 10, 15, …, 100
MXD series randomly drawn from the population of living trees (215 series, see
Table 1) in conjunction with the full relict population (372 series).
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extremely cold and warm 30-year periods. This additional approach
provides some insight into the effects of calibration procedure on
the absolute amplitude of reconstructed temperatures, though these
methodological uncertainties are not the focus of this current study
(see for example Esper et al., 2005; Lee et al., 2008).

3. Results

3.1. Summer temperatures derived from N-Scan

The N-Scan chronology contains multi-decadal to centennial
scale fluctuations superimposed on a long-term negative trend
over the past two millennia (Fig. 2). The number of single MXDmea-
surement series integrated in this record changes considerably
through time, from only 5 series before 46 BC to 11 series in AD 1
and 197 series in AD 2001. Mean chronology age calculated for
each year over the 138 BC – AD 2006 period is, however, fairly bal-
anced throughout time, largely due to the integration of samples
from various lakes and consideration of samples from relatively
young living trees from lakeshores. Coherency among the single
MXD measurement series, expressed by the inter-series correlation,
is fairly high (mean Rbar=0.43) and temporally robust indicating
capability of the N-Scan record to reconstruct high-resolution cli-
mate variations over longer timescales.

Calibration against regional climate data indicated the N-Scan re-
cord to contain a significant JJA temperature signal (r21876-2006=0.59;
Fig. 3). The signal is temporally stable as revealed by split period
calibration/verification statistics (r21876-1941=0.61, r21942-2006=
0.57) suggesting that the record does not suffer from biases reported
from other tree-ring sites in Northern Hemisphere high latitude en-
vironments (D'Arrigo et al., 2008; Esper and Frank, 2009; Esper et al.,
2010). We also assessed the significance of the earlier, less replicated
periods of N-Scan record by re-calculating RCS chronologies 2000
times using subsamples of living trees (Fig. 3B). These tests revealed
that the JJA temperature signal is robust down to a replication of 10
MXD measurement series (r>0.70), which appeared as an informa-
tive metric when analysing and interpreting N-Scan fluctuations
during the first centuries AD where replication is substantially
reduced.

The calibrated and transferred MXD record shows considerable
summer temperature variations over the past two millennia (Fig. 4),
with the five warmest reconstructed summers deviating on average
by 2.25 °C from the 1951–80 mean, and the five coldest summers by
−2.79 °C (Table 2). Four out of the five warmest summers occurred
Fig. 2. RCS-detrended N-Scan chronology shown together with the mean chronology age, R
Chronology age and replication were calculated for each year since 138 BC, and inter-s
chronology.
at the beginning of the reconstruction period during Roman times,
and the majority of extremely cold summers were recorded during
the secondmillennium AD – a feature that is associated with a millen-
nial scale cooling trend related to slow changes in boreal summer
orbital forcing (Berger and Loutre, 1991). Consequently, the 1st centu-
ry AD is the warmest 100-year period (+ 0.60 °C), and the succession
of cold and warm centuries over the past 2000 years provides clear
indication of warmth during Roman and Medieval times alternating
with cool conditions during the mid first and second millennium, the
Migration and Little Ice Age periods. The five warmest centuries, all
recorded during the first millennium AD, were on average>0.80 °C
warmer than the five coldest centuries of the past two millennia
(Table 2).

For an assessment of the most exceptional deviations in these
key periods, we highlighted the warmest 30-year periods during
Roman (AD 27–56), Medieval (918–947), and Modern (AD 1918–
1947) times, as well as the coldest periods during Migration (AD
299–328) and Little Ice Age (AD 1453–1482) times (see the grey bars
in Fig. 4). These periods were then considered for the comparison
bar, and replication curves. The chronology has been smoothed using a 20-year filter.
eries correlation (Rbar) over 50-year periods shifted stepwise by 25 year along the
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Fig. 4. Northern Scandinavian JJA temperatures back to 138 BC. The annually resolved N-Scan record (blue curve) shown together with 100-year filters of the reconstruction (red
curve) and uncertainty estimates integrating standard and bootstrap errors (dashed curves). Light and dark grey bars indicate exceptionally warm and cold 30-year periods during
the Roman, Migration, Medieval Warm, Little Ice Age, and Modern Warm Periods. Temperatures are expressed as anomalies with respect to the 1951–1980 mean.
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of reconstructed summer temperatures among six regional proxy
records.

3.2. Summer temperatures derived from six regional reconstructions

Calibration against instrumental climate data revealed signifi-
cant JJA temperature signals in all high-resolution proxy records
considered here (Fig. 5). Correlations are generally lower for the
TRW-based records (r1876-1993=0.45-0.54; Grudd02, Helama10,
Briffa08) than for MXD-based records (r1876-1993=0.71-0.77;
Grudd08, Briffa92, N-Scan). These differences affect the variance
of reconstructed temperatures when using regression-based cali-
bration techniques as applied here (Esper et al., 2005), i.e. the recon-
struction variance is directly related to the unexplained variance of
the regression model (see the grey and red curves in Fig. 5A). This
bias is reduced when smoothing the data before calibration, as cor-
relations with instrumental data increase to r1891-1979>0.89 for
most records, i.e. unexplained variance is small. Of the proxy records
considered here, only the Grudd08 timeseries indicates an obvious
mismatch with recent JJA temperatures (Fig. 5B) constraining the
correlation of this record to only r=0.84, and consequently reduc-
ing the reconstructed temperature variance towards lower values
relative to the other records.

The two calibration schemes result in slightly differing arrange-
ments of proxy records over the Common Era, though the general
order (e.g. warmest temperatures reconstructed by Grudd08, coolest
by Grudd02 and Briffa08, etc.) remain unaffected (Fig. 6). The aver-
age correlation among the reconstructions over the AD 500–1980
common period is r=0.51 for the 30-year smoothed and r=0.54
for the unsmoothed timeseries. Whereas these metrics underscore
coherence among the reconstructions – a feature also obvious from
visual inspection of Fig. 6 – the compilation of timeseries in one
plot also emphasize the sizeable differences in absolute temperature
levels reconstructed over the past two millennia: Grudd08 indicates
warmest reconstructed temperatures, frequently>1 °Cwarmer than
Table 2
Summer temperature deviations in the five coldest and warmest years and centuries
since 138 BC derived from N-Scan.

Rank Year Temperature deviation Century Temperature deviation

1. 125 BC 2.59 °C 1st 0.60 °C
2. AD1937 2.19 °C 8th 0.37 °C
3. 4 BC 2.18 °C 1st (BC) 0.37 °C
4. AD 46 2.17 °C 9th 0.30 °C
5. 54 BC 2.11 °C 10th 0.30 °C
Mean 2.25 °C 0.39 °C
1. AD 1130 –3.12 °C 14th –0.51 °C
2. AD 1453 –2.94 °C 13th –0.49 °C
3. AD 536 –2.78 °C 15th –0.45 °C
4. AD 1194 –2.58 °C 4th –0.39 °C
5. AD 1904 2.51 °C 18th –0.31 °C
Mean –2.79 °C –0.43 °C
Briffa08 and Grudd02 both indicating coolest temperatures through-
out most of the past 2000 years. The other records appear in between
these extremes, except for the first 500 years of Common Era when
N-Scan showed highest values.

To add detail on the ensemble variance, we plot and analyse the
temperature ranges among the reconstructions during exceptionally
warm and cold 30-year periods (Fig. 7). This approach revealed dif-
ferences in reconstructed summer temperatures ranging from
0.4 °C during the warmest 30-year period in the 20th century (AD
1918–47) up to 1.6 °C during the warmest Medieval period AD
918–947. These differences are particularly striking as the timeseries
analyzed here are all highly correlated (r>0.84) at inter-annual and
inter-decadal (30-year smoothed) scales, and some of the records
even share data, such as Briffa92 and Grudd08, or Briffa08 and
Grudd02. The differences among records that are derived from (part-
ly) the same input data (i.e. same measurements and/or different
measurements from the same trees) underscore the importance of
measurement protocols, and data processing and chronology devel-
opment techniques on the shape of the final reconstructions. The
0.4 °C uncertainty during the 20th century itself is already sizeable
but is more tightly constrained due to the calibration with the instru-
mental data.

Analysis of the coldest and warmest reconstructed summers
revealed temperatures differences ranging from 1.2 °C in AD 536 – a
year characterized by a strong cooling across the globe following a
large volcanic eruption (D'Arrigo et al., 2001) – up to 3.0 °C in AD
891 (Fig. 8). These among-reconstruction differences are in the
same order than the temperature variance of the individual records
over the Common Era (see Figs. 4 and 6). For example, temperature
Fig. 5. Calibration of northern Scandinavian tree-ring chronologies against regional cli-
mate data. (A) OLS regression of the N-Scan, Briffa92, Grudd02, Briffa08, Grudd08, and
Helama10 timeseries (grey curves) against mean JJA temperatures recorded in Hapar-
anda, Karasjok, and Sodankyla (red curve) over the 1876–1993 period. (B) The same
data but first smoothed using a 30-year moving average and then regressed against re-
gional JJA temperatures over the 1891–1979 period. All temperatures expressed as
anomalies from the 1951–1980 mean.
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Fig. 6. Northern Scandinavian summer temperatures derived from six tree-ring based reconstructions from northern Sweden and Finland. (A) All records were calibrated against
regional JJA temperatures over the 1876–1993 period (Briffa92 ends in 1980) using OLS regression. (B) The same records but first smoothed using a 30-year moving average and
then regressed against JJA temperatures over the 1889–1979 period.

Fig. 7. Temperature range among regional reconstructions. Symbols indicate 30-year moving averages of six tree-ring based summer temperature reconstructions during excep-
tionally cold and warm periods of the past two millennia as derived from the N-Scan reconstruction (see grey bars in Figs. 4 and 6). Grey bars highlight the temperature ranges
among the reconstructions over the AD 27–56, 299–328, 918–947, 1453–1482, and 1918–1947 periods. All records have been smoothed and then regressed against instrumental
summer temperatures over the 1891–1979 period (see Fig. 6B).
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Fig. 8. Temperature range among regional reconstructions. Symbols indicate six tree-ring based summer temperature reconstructions in exceptionally cold and warm years (in the
centre of each panel together with two previous and following years) of the past two millennia as derived from the N-Scan reconstruction (see Table 2). Grey bars highlight the
temperature range among the reconstructions in these years AD 46, 536, 891, 1130, and 1937. All records have been regressed against instrumental summer temperatures over
the 1876–1993 period (see Fig. 6A).
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variance of the N-Scan record, approximated through the difference
between the 30 coldest (−2.27 °C) and warmest (+1.65 °C) sum-
mers of the past 2000 years (Table 3) is 3.9 °C (see the dashed lines
in Fig. 9). The distributions of values from all proxy records during
these years are, however, fairly flat and even overlap between −1.5
and +1.76 °C (grey bars in the centre of Fig. 9), again emphasizing
the uncertainties among reconstructions in exceptionally cold and
warm years.
4. Discussion and Conclusions

The MXD-based summer temperature reconstruction presented
here sets a new standard in high-resolution palaeoclimatology. The
record explains about 60% of the variance of regional temperature
data, and is based on more high-precision density series than any
other previous reconstruction. Importantly, MXD sample replication
prior to the Little Ice Age, during Medieval times and throughout
the first millennium AD, is much better than in any other record,
and we demonstrated – based on calibration trials using reduced
datasets – that these early sections of the N-Scan record likely still
contain useful climate information. This persistent climate signal
allowed an estimation of temperature variability throughout the
Common Era, revealing warmth during Roman and Medieval times
were larger in extent and longer in duration than 20th century
conditions.
According to this new record, summer temperatures varied by
1.1 °C among the 14th and 1st centuries, the coldest and warmest
100-year periods of the past two millennia. Temperatures ranged by
more than 5 °C among the five coldest and warmest summers of the
past 2000 years. These estimates are, however, related to the ap-
proach used for proxy transfer, i.e. figures would change, if the cali-
bration method, period, and/or target were modified (Frank et al.,
2010b). For example, variance among the 30 coldest and warmest
N-Scan summers (Table 3) increases from 3.92 °C to 5.79 °C, if scaling
(i.e. adjustment of the mean and variance) instead of OLS regression
is used for proxy transfer. These differences between scaling- and
regression-based approaches are proportional to the unexplained
variance of the calibration model (Esper et al., 2005), and we suggest
smoothing the proxy and instrumental timeseries prior to calibration,
as this procedure decreases the unexplained variance in all Scandina-
vian tree-ring records and thus minimizes the differences between
various calibration methods (Cook et al., 2004).

Our results, however, also showed that these methodological un-
certainties are dwarfed by the variance among the individual recon-
structions. Differences among six northern Scandinavian tree-ring
records are>1.5° in 30-year extreme periods and up to 3 °C in single
extreme years, a finding we didn't expect, as the proxy records: (i) all
calibrate well against regional instrumental data, (ii) partly share the
same measurement series (or use differing parameters – TRW and
MXD – from the same trees), and (iii) originate from a confined re-
gion in northern Scandinavia that is characterized by a homogeneous
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Table 3
Thirty coldest and warmest reconstructed summers since 138 BC derived from N-Scan, together with the corresponding JJA temperatures from Briffa92, Grudd02, Briffa08, Grudd08,
and Helama10.

Year Rank N–Scan Briffa92 Grudd02 Briffa08 Grudd08 Helama10

30 coldest years 1130 1. –3.13 –2.11 –2.29 –2.06 –1.20 –0.79
1453 2. –2.95 –2.39 –0.82 –1.34 –1.34 –1.04
536 3. –2.79 –3.04 –2.20 –1.95 –1.84 –1.92
1194 4. –2.60 –1.80 –1.20 –1.27 –1.28 –0.36
1904 5. –2.53 –2.35 –1.82 –1.60 –2.37 –0.90
1902 6. –2.49 –2.45 –0.35 –0.77 –2.03 –0.72
574 7. –2.46 –2.64 –0.81 –0.93 –1.90 –0.34
1127 8. –2.45 –1.61 –1.19 –1.41 –0.86 –0.37
339 9. –2.44 –1.53 –1.61 –0.93
543 10. –2.36 –1.39 –1.77 –1.87 –0.77 –1.04
1363 11. –2.34 –1.69 –1.00 –1.44 –1.06 –0.94
544 12. –2.33 –1.80 –2.42 –2.18 –0.72 –0.94
1349 13. –2.30 –1.30 –1.73 –1.67 –0.88 –1.05
459 14. –2.29 –1.17 –1.31 –0.73
301 15. –2.21 –0.43 –0.97 –0.47
1607 16. –2.19 –1.85 –1.95 –1.86 –0.98 –1.25
1633 17. –2.13 –2.40 –1.36 –1.26 –1.79 –1.03
1892 18. –2.12 –2.43 –0.74 –1.21 –1.75 –1.08
1192 19. –2.07 –0.97 –0.67 –0.98 –1.20 –0.26
221 20. –2.06 –1.08 –1.38 –0.86
1905 21. –2.06 –0.80 –1.31 –1.38 –1.37 –0.68
1457 22. –2.04 –0.03 –1.23 –1.57 0.72 –1.02
417 23. –2.03 –0.84 –1.22 –0.96
1328 24. –2.01 –1.41 –1.19 –1.31 –0.65 -0.34
545 25. –2.00 –0.39 –2.49 –02.17 0.40 –0.94
1641 26. –2.00 –3.13 –2.17 –1.91 –1.42 –1.31
1230 27. –1.98 –1.78 –1.08 –1.54 –1.16 –0.38
1129 28. –1.94 –1.03 –1.47 –1.60 –0.05 –0.34
1790 29. –1.94 –1.77 –1.00 –1.36 –1.12 –1.08
542 30. –1.93 0.46 –3.07 –2.51 1.68 –1.77

Arithmetic mean –2.27 –1.68 –1.41 –1.52 –1.00 –0.86
30 warmest years 933 1. 1.45 1.24 –0.12 0.07 1.40 0.20

6 2. 1.46 0.42 –0.26 –0.40
509 3. 1.46 1.20 –0.83 –0.91 0.61 –0.25
747 4. 1.47 0.29 –0.85 –0.71 0.35 0.49
509 3. 1.46 1.20 -0.83 -0.91 0.61 -0.25
747 4. 1.47 0.29 -0.85 -0.71 0.35 0.49
1019 5. 1.47 1.14 0.20 -0.15 1.43 0.16
38 6. 1.48 0.44 -0.09 0.22
45 7. 1.49 -0.01 -0.60 -0.20
1092 8. 1.49 2.37 0.87 1.33 2.74 2.02
79 9. 1.50 -0.43 -0.71 0.58
406 10. 1.51 1.03 1.23 0.45
49 11. 1.52 0.17 0.01 0.37
27 12. 1.54 0.07 -0.40 -0.08
37 13. 1.54 0.65 0.22 0.46
483 14. 1.59 -0.45 -0.68 0.28
4 15. 1.60 0.87 0.30 0.51
43 16. 1.61 0.47 -0.37 -0.01
47 17. 1.61 -0.11 -0.43 -0.39
757 18. 1.63 1.95 -0.26 -0.35 2.84 0.02
760 19. 1.70 2.02 -0.20 -0.42 2.70 -0.35
837 20. 1.70 0.61 -0.57 -0.76 1.64 -0.23
99 21. 1.72 0.13 -0.13 0.46
507 22. 1.72 0.65 -1.22 -1.25 0.99 -0.61
934 23. 1.72 2.12 0.29 0.63 2.67 0.57
751 24. 1.73 0.58 -0.72 -0.69 1.62 -0.04
1831 25. 1.77 2.23 1.07 0.74 2.22 0.27
493 26. 1.82 0.52 0.30 0.12
891 27. 1.96 1.40 -0.39 -0.09 2.59 1.01
34 28. 1.97 0.44 -0.30 -0.11
46 29. 2.07 0.27 -0.10 0.59
1937 30. 2.09 2.14 0.59 1.22 2.00 1.78

Arithmetic mean 1.65 1.44 0.08 -0.11 1.84 0.28
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temperature pattern. Since we here calibrated all reconstructions
using the same method, between-record differences are likely related
to varying data treatment and chronology development methods,
measurement techniques, and/or sampling strategies, as well as the
remaining uncertainty typical to such proxy data. For example, splic-
ing of MXD data on recent TRW trends as done in Briffa92 might have
caused this reconstruction to appear at the lower (colder) end of the
ensemble, whereas the combination (and adjustment) of novel digital
MXD measurements with traditional X-ray based MXD data as done
in Grudd08 might have caused this reconstruction to appear at the
upper (warmer) end of the ensemble. Other differences are likely re-
lated to the combination of sub-fossil material from trees that grew in



Fig. 9. Distributions of reconstructed extreme temperatures over the past two millen-
nia. Light (dark) grey histogram shows the distribution of reconstructed JJA tempera-
tures derived from six tree-ring based reconstructions in the 30 coldest (warmest)
years of the N-Scan record (see Table 3). Overlapping values are shown in grey. Dashed
lines indicate mean temperatures of the 30 coldest and warmest summers considering
only the N-Scan reconstruction. All reconstructions were calibrated against regional JJA
temperatures over the 1876–1993 period using OLS regression. Temperatures are
expressed as anomalies in degrees Celsius from the 1951–1980 mean.
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wet conditions at the lakeshores with material from living trees
growing in dryer ‘inland’ sites. Also varying variance stabilization
(Frank et al., 2007) and detrending techniques (Esper et al., 2003)
in association with temporally changing sample replications and age
distributions of the underlying data (Melvin, 2004) likely impacted
the variance structure of the long-term records and consequently
the absolute levels of reconstructed temperatures.

Between-reconstruction variance as revealed here represents a
pending challenge for the integration of proxy records over larger
regions and the development of a single timeseries that represents
the Northern Hemisphere (e.g., Mann et al., 2008), for example. The
composition of such records commonly relies on the calibration sta-
tistics derived from fitting regional proxy records against instru-
mental data (D'Arrigo et al., 2006). However, the records analyzed
here would all easily pass conventional calibration-based screening
procedures. Yet our analysis revealed that choosing one Scandina-
vian record instead of another one can alter reconstructed temper-
atures by 1.5-3 °C during Medieval times, for example. On the other
hand, consideration of all records presented here would likely pro-
mote a less variable climate history, as the combination of diverging
records tends to reduce variance in the mean timeseries (Frank et
al., 2007). If such a mean is then combined with instrumental data
covering the past 100–150 years, this approach might facilitate
hockey stick-shaped reconstructions (Frank et al., 2010a). This
seems to be a tricky situation in which expert teams including the
developers of proxy records might need to be involved to help
assessing timeseries beyond the typical ranking based on calibra-
tion statistics.

Our results showed that introducing an improved temperature re-
construction does not automatically clarify climate history in a given
region. In northern Scandinavia, we now arrive at a situation where a
number of high-resolution proxy records – all passing classical cali-
bration and verification tests – are available within a confined region
that is characterized by homogeneous temperature patterns. These
records, however, differ by several degrees Celsius over the past
two millennia, which appears huge if compared with the 20th Centu-
ry warming signal in Scandinavia or elsewhere. We conclude that the
temperature history of the last millennium is much less understood
than often suggested, and that the regional and particularly the hemi-
spheric scale pre-1400 temperature variance is largely unknown. Ex-
pert teams are needed to assess existing records, and to reduce
uncertainties associated with millennium-length temperature recon-
structions, before we can usefully constrain future climate scenarios.
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