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This paper describes variability in trends of annual tree growth at several locations in the
high latitudes of Eurasia, providing a wide regional comparison over a 2000-year period. The
study focuses on the nature of local and widespread tree-growth responses to recent warming
seen in instrumental observations, available in northern regions for periods ranging from
decades to a century. Instrumental temperature data demonstrate differences in seasonal scale
of Eurasian warming and the complexity and spatial diversity of tree-growing-season trends
in recent decades. A set of long tree-ring chronologies provides empirical evidence of
association between inter-annual tree growth and local, primarily summer, temperature
variability at each location. These data show no evidence of a recent breakdown in this
association as has been found at other high-latitude Northern Hemisphere locations. Using
Kendall’s concordance, we quantify the time-dependent relationship between growth trends of
the long chronologies as a group. This provides strong evidence that the extent of recent
widespread warming across northwest Eurasia, with respect to 100- to 200-year trends, is
unprecedented in the last 2000 years. An equivalent analysis of simulated temperatures using
the HadCM3 model fails to show a similar increase in concordance expected as a
consequence of anthropogenic forcing.
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1. INTRODUCTION

Recent general circulation model (GCM) experi-
ments, run to provide scenarios of possible future
climates that might arise as a consequence of
increasing atmospheric greenhouse gas (GHG)
concentrations, display a clear general agreement
regarding the likelihood of greater magnitude warm-
ing occurring at high northern latitudes compared
with other areas of the world. Multi-model ensemble
simulation maps for a range of possible emission
scenarios display maximum warming in the Arctic by
the end of this century, with strong warming

* Author for correspondence (k.briffa@uea.ac.uk).

One contribution of 12 to a Theme Issue ‘The boreal forest and
global change’.

2271

indicated over high northern land masses (e.g. fig.
SPM-5, IPCC 2007). Regionally averaged annual
mean instrumental temperature observations span-
ning the last 150 years show the Arctic land areas to
have warmed by an amount double that for the rest
of the globe, with the post-1980 warming particularly
strong and observed more in winter than summer
(Trenberth ez al. 2007). This apparent amplification
in the observed warming of Arctic regions compared
with other areas of the globe might arguably be
considered consistent with the pattern of expected
warming indicated by different GCMs (Serreze &
Francis 2006). However, the strong multi-decadal
component of temperature variability in the observa-
tional temperature records and the relative scarcity of
data coverage severely hamper the identification of a
clear amplified Arctic warming (Polyakov ez al. 2002).
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Figure 1. High-latitude Eurasian instrumental seasonal temperature series for: (a) summer, the mean of June to August and
(b) winter, the mean of December to February. The thick black line indicates the average of monthly land air temperature
data for the thirty-five 5°X5° grid boxes (Brohan ez al. 2006) listed in appendix A. The data are anomalies from the 1961
to 1990 period mean. Individual grid box data representing Fennoscandia (62.5° N, 22.5°E), Yamal (62.5°N, 67.5°E)
and Avam-Taimyr (62.5° N, 102.5° E) are also shown. Temperature trends for (¢) summer and (d) winter for the period
1950-1994 (calculated from standardized instrumental anomaly data) for individual 5°X5° average grid box series listed in
appendix A. The sign and magnitude of the trends are indicated by colour coding. The only significant trends (p>0.05)
are positive (i.e. greater than 0.015 as per the scale of figure 2). The green circles show the approximate source regions of
tree-ring chronology data (table 1) described in this paper: F, Fennoscandia; Y, Yamal; AT, Avam-—Taimyr.

2. NORTHERN EURASIAN INSTRUMENTAL
TEMPERATURE PATTERNS

Figure 1la,b illustrates the evolution of summer
and winter temperature changes, respectively, observed
over northern Eurasia. These data are based on gridded
station records, expressed as anomalies from the mean
values for 1961-1990 (Brohan er al. 2006). The bold
curves show mean June to August and December to
February values averaged over thirty-five 5°X5° grid
boxes (taken from CRUTEM3 dataset; see appendix A).
Besides the large difference in the variance of the winter
compared with the summer time-series data, there is also
a notable difference in the relative magnitude of the
apparent seasonal warming trends. The recent (post-
1980) warming is pronounced in summer, exceeding the
summer warmth of the 1930s, whereas this is not true
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for the winter season, when the warmth of the 1930s is
clear and of a level equivalent to, or exceeding, that seen
during the last 20 years. Selected regional temperature
series, corresponding to three areas from which long tree-
ring records are available (in Fennoscandia, Yamal and
Avam-Taimyr; shown as red, green and blue lines) show
the 1930s summer warming to be located in the west,
adjacent to the North Atlantic, which also showed
particular warmth at this time (Trenberth ez al. 2007).
Figure 1¢,dis a simple representation of the magnitude
of recent trends (calculated over 1950-1994 to be
comparable with available daily data results described
later) within individual grid boxes (again from the
CRUTEMS3 dataset) for the standard summer (June to
August) and winter (December to February) seasons
reaching across northern Eurasia. This shows that the
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Figure 2. The spatial distribution of trends in a number of growing-season-related temperature parameters: (a) the start of the
growing season; (b) the end of the growing season; (¢) the growing degree day sum greater than 5°C within the growing season;
(d) the number of frost days in the growing season and (e) the timing of maximum temperature. All data refer to the period
1950-1994 and are based on the 34 meteorological station records (shown as white dots: see appendix A for details) distributed
across northern Eurasia. The trend data are normalized and colour coded so that dark blue and red indicate trends that are

significant at the 95% level.

only significant trends over this period are in areas of
central (in winter) and eastern (in summer) Siberia. To
further illustrate the complexity of temperature changes
across Eurasia, with specific reference to the character of
the vegetation ‘growing season’, we also show a number
of simple maps (figure 2), each representing the spatial
distribution of trends in a particular temperature-related
parameter calculated over the period 1950-1994. This
period is common to 34 station records for which daily
temperature data were available (appendix A), and which
provide even coverage of data across Fennoscandia and
Russia, between 55° N and 65° N.

Different vegetation growing season parameters
were calculated from these data. These include:
the start and end day of the vegetation growing season;
the growing degree day (greater than 5°C) sum; the
number of frost days during the growing season; and
the date when the maximum temperature during the
growing season was attained. The annual time series for
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each of the first two parameters were calculated and
smoothed to suppress variability at time scales less than
13 days, and the smoothed data were used to define the
actual start and end of the growing season in each year,
using a threshold of 5°C. The numbers of degrees
above 5°C were summed across all days, using the
unsmoothed daily data, during the previously defined
growing season. Frost days were defined as the number
of days with a minimum temperature of 2°C or lower.
The timing of maximum warmth was based on the
smoothed daily mean data. For each parameter, the
variance of the time series at each station has been
standardized, by subtracting the mean and dividing by
the standard deviation, and a simple linear trend line
fitted to the 45-year series. The trend coefficients at
the 34 stations were then used as the basis for an inverse
distance weighted contouring (Nogenkova ez al. 2000;
Shishov er al. 2002; Vjsotskaya ez al. 2002) and the
resulting maps plotted to show areas of positive and
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Table 1. Tree sampling sites, the latitude and longitude (degrees and minutes) of their location, start and end date of the period spanned
by the measured ring widths contributing to the chronologies, the total number of samples, the mean between-sample correlation
(RBar) at inter-annual (high frequency) and multi-decadal (low frequency) time scales, tree species (PISY is Pinus sylvestris, LASI is
Larix sibirica and LAGM is Larix gmelinii), and a reference to the source of data. Italics indicate regional average chronologies.

RBar
site name north east start end samples high low species references
Tornetrésk 68° 14 19°40 —38 1997 587 0.37 0.25 PISY Grudd ez al. (2002)
Finnish-Lapland 69° 50 28°00 —289 1999 430 0.38 0.27 PISY Helama ez al. (2002)
Fennoscandia —289 1999 1017 0.33 0.22 PISY
Yamal 67° 30 70°00 —200 1996 611 0.54 0.24 LASI Hantemirov & Shiyatov (2002)
Yamal —200 1996 611 0.54 0.24 LASI
Bol’shoi Avam 70° 30 93° 01 851 2003 178 0.50 0.24 LAGM Sidorova ez al. (2007)
Taimyr 72°00 101°00 —207 2000 152 0.52 0.23 LAGM Naurzbaev ez al. (2002)
Avam—Taimyr —207 2003 330 0.46 0.21 LAGM
Northwest Eurasia —289 2003 1599 0.18 0.15

negative trends, with areas of significant (random
$<0.05) trend shown as dark blue (negative) or red
(positive).

It is immediately apparent that the patterns of
growing season trends are complex. The start of the
growing season has advanced significantly during this
period in Fennoscandia and eastern Siberia (figure 2a)
with no significant trends apparent between longitudes
40° and 120° E. As for the end of the growing season
(figure 2b), no significant trends are apparent across the
whole of northern Eurasia. Except for three stations in
the northernmost areas east of Taimyr and a group of
seven stations in the south of our network (between
50° and 80° E), increases in growing degree day sums
are apparent across the whole extent of northern
Eurasia (figure 2¢). However, like the stations showing
reduced growing season warmth, virtually none show
trends that are statistically significant. Only for two
stations (Erbogachen and Korf) in the south of this
network, at 108° and 166° E, have growing seasons
become significantly warmer, consistent with the
summer trends for grid boxes at these longitudes
shown in figure 1l¢, but not consistent with the
significant warming near 80° E, seen in the figure 1c
summer gridded data, not apparent in figure 2¢. In
much of central and eastern Siberia, the incidence of
growing season frost days has declined but to a
statistically significant extent only in central northern
Siberia (figure 2d). This contrasts with evidence for a
slight and insignificant increase in growing season frost
days in the west, perhaps associated with the increas-
ingly early start of the growing season in this region.
Figure 2¢ shows that, across much of northern Eurasia,
between 10° and 90° E, and between 130° and 160° E,
the peak of summer warmth is also experienced earlier,
but significantly so mostly in western Siberia, between
30° and 70° E. There is also some suggestion, as with
growing degree day sum trends, that there is a
contrasting trend in the extreme east, where the peak
summer warmth has moved significantly later. Hence,
the character of temperature trends (at least up to the
end of these data in 1994) is seen to be spatially very
heterogeneous and the rates and observed magnitude
of growing season changes vary in a way that is very
dependent on location.
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3. SELECTED EURASIAN TREE-RING
CHRONOLOGIES

Ring-width measurements from the AD portions of
selected long chronologies comprising data from a
mixture of living and sub-fossil trees (described in
table 1) were reprocessed and used to create three
regional chronologies. Figure 1¢ shows their approxi-
mate locations and figure 3 shows the three regional
chronologies and their constituent tree counts chan-
ging over time. The Swedish Tornetrdsk data (Grudd
et al. 2002) and Finnish-Lapland data (Eronen er al.
2002; Helama ez al. 2002), for pine (Pinus sylvestris),
were combined to create a single Fennoscandia regional
chronology. Siberian larch (Larix sibirica) data from
the area immediately east of the northern Ural
Mountains, previously used by Hantemirov & Shiyatov
(2002), were used as the Yamal regional chronology,
and larch (Larix gmelinii) data from Bol’shoi Avan
(Sidorova er al. 2007) and Taimyr (Naurzbaev et al.
2002) were combined to form the Avam—Taimyr
regional chronology. For each of these three regional
sample collections, a statistical model was derived
expressing expected ring-width in that area as a
function of tree age for that region and tree species.
This is achieved empirically by aligning and averaging
measured ring widths from all available samples by
relative tree age (assuming in this case that the first
sample ring represented the first year of the tree’s
lifespan, and making no allowance for assumed
difference from the true germination year) and using
an age-related smoothing of these data (Melvin er al.
2007) to provide a practical reference curve. Each
sample ring-width series can then be expressed as a
series of deviations from this curve by dividing
measured by expected values for the appropriate ring
age of tree, in effect producing a series of relative
indices that are then averaged, with respect to correct
calendar age, to produce a dimensionless time series or
chronology. This so-called regional curve standardized
(RCS) chronology preserves short- and long-term
variability of tree growth but mitigates against spurious
changes in the mean chronology arising from the
temporal coincidence of young-tree (relative wide
rings) and old-tree (narrow rings) samples (Briffa
et al. 1992 and earlier references therein).
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Figure 3. Regional curve standardized (RCS) chronologies (thin lines) and smoothed chronologies, the sum of the first three
components of singular spectrum analysis of each RCS chronology (thick lines), for the regions: (@) Fennoscandia, (b) Yamal and
(¢) Avam-Taimyr. The grey shading represents the changing number of samples that go to make up the chronology through time.

Combining different site data to form regional
chronologies is generally only valid if there is an
inherent common signal representing the expression
of an underlying common forcing in the regional data.
The assumption here is that each regional aggregation
of data, and hence the variability of ring-width indices
from year to year and on longer time scales, represents
the expression of common climatic forcing. Table 1 also
shows values of the mean inter-series correlation
(RBar; Briffa & Jones 1990) calculated separately for
shorter (high frequency) and longer (low frequency)
time-scale tree-growth variability. The high-frequency
regional RBar values, representing correlations
between 30-year high-pass filtered tree-ring indices
(with minimum overlap of 30 years) vary from 0.33 for
the Fennoscandia regional pine data to 0.54 for the
more localized data at Yamal. The high-frequency
component of common growth forcing is significantly
greater for larch than for western pine. There is very
low common high-frequency signal across the three
regions, as shown by the overall dataset RBar of 0.18.
The strength of the low-frequency common signal
(RBar calculated for 30-year smoothed RCS indices) is
lower within each region in comparison with the high-
frequency data, but the RBar values at longer time
scales are much more consistent between regions and
species, ranging from 0.22 to 0.24. The wider inter-
regional low-frequency signal, 0.15, is again lower than
that within any region, but the differences are notably
less than differences in the intra- and inter-regional

Phil. Trans. R. Soc. B (2008)

high-frequency signals. If the large-scale high- and low-
frequency signals are calculated by averaging corre-
lations calculated between series of RCS indices only in
different regions (i.e. by excluding any comparisons of
series within the same region), the high-frequency
RBar is virtually zero (0.03), indicative of no common
signal. However, the low-frequency value remains the
same as that shown in table 1, 0.15, indicating
the presence of a genuine, though very weak, large-
scale underlying common forcing signal at decadal and
longer time scales.

To provide an objective picture of the long time-
scale variations in these data, the three regional RCS
chronologies were also filtered using singular spectrum
analysis (SSA) filtering (Elsner & Tsonis 1996; Cook
et al. 2006). The first three SSA components (SSCs) of
each series were averaged to create SSA-defined low-
frequency chronologies (figure 4). These SSA chron-
ologies explain 64% of the initial total variance for
Fennoscandia, 44% of the variance for Yamal and 38%
of the variance for Avam-Taimyr, reflecting the
proportionately higher inter-annual versus century
time-scale variability inherent in the larch, as compared
with the pine, chronologies. A single Northwest
Eurasian RCS chronology was also created as the
arithmetic mean of the Fennoscandia, Yamal and
Avam-Taimyr RCS chronologies. The northwest
Eurasian chronology and its first three SSC series,
accounting for 35, 17 and 13% of the original
series, respectively, are shown in figure 4. Unlike the
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Figure 4. (@) The RCS northwest Eurasian chronology (thin lines) and the same chronology smoothed (thick lines), by adding
the total variance explained by the (b) first, (¢) second and (d) third singular spectrum component time series.

individual regional chronologies, this subcontinental-
scale chronology average is not expected to represent a
common or homogeneous underlying forcing, but
rather the average of potentially disparate regional
trends. However, high values in northwest Eurasian
series, particularly the unusual magnitude of the first
SSC in the twentieth century, could be interpreted as
evidence of increased common forcing of tree growth at
a continental scale.

4. CHANGING PATTERNS IN TREE GROWTH

The first point to stress about the regional series is the
clear evidence they provide for significant tree-growth
variability at inter-annual, decadal and centennial time
scales. As has been shown to varying degrees in
previous analyses of these data (Briffa 2000; Grudd
et al. 2002; Hantemirov & Shiyatov 2002; Helama ez al.
2002; Naurzbaev er al. 2002; Sidorova et al. 2007),
there is clear evidence of relatively high growth rates
and, hence, evidence for a prevalence of inferred
relatively warm summers during the twentieth century
in each of these regions and, as a consequence, in the
average northwest Eurasian series. There are periods of
earlier coincident warmth apparent between various
chronologies: in Fennoscandia and Yamal (in the early
fifteenth and nineteenth centuries); in Fennoscandia

Phil. Trans. R. Soc. B (2008)

and Avam-Taimyr (approx. AD 400 and in the early
eighteenth century); and in both Yamal and Avam-—
Taimyr (in the early third, late fourth and late
eighteenth centuries). However, prior to the twentieth
century, only one period stands out as warm in all
regions, a period several decades either side of AD
1000. This is shown prominently in the northwest
Eurasian series, but it is clearly punctuated by a brief
cold episode, largely related to the short cool interval in
the Yamal series (see also Briffa 2000). Hence, there is
clear evidence for an interval of widespread enhanced
medieval tree growth at high latitudes. While locally,
this is apparently equivalent in scale to the recent
growth levels in Avam—-Taimyr and to early twentieth
century growth levels in Yamal, when viewed over
northwest Eurasia as a whole, the medieval high tree-
growth phase seems not to be as strong or as persistent
as growth levels observed after 1920.

In order to assess the changing nature of large-scale
average tree-growth variability over the last two
millennia, two parameters were calculated for all
consecutive 101-year moving time windows: firstly,
the trend (the slope coefficient of a least-squares fitted
regression line) and, secondly, the arithmetic mean,
both obtained from the SSA-filtered northwest
Eurasian chronology. Values were assigned to the
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filtered Northwest Eurasian chronology. Note that the results are not substantially different if based on unfiltered data and are
shown for separate analysis periods with windows centred on years between AD 51-1849 (grey bars) and 1900-1946 (black bars).

centre year of the moving window (i.e. the 1946 values
refer to the window 1896-1996). The standardized
distributions of the results are shown in figure 5, with
values for windows centred between AD 51-1849 and
1900-1946 shown separately. The modern trends and
mean values are clearly anomalously high (as they are in
each individual region, not shown here).

5. RELATIONSHIPS BETWEEN TREE GROWTH
AND CLIMATE
A simple correlation analysis comparing annual tree-
ring growth in the three regions and monthly
precipitation shows no significant relationships and is
consistent with previous results for sites that are at or
near the northern Eurasian tree line (Briffa ez al. 1990,
1992, 1998a; Vaganov er al. 1996, 2000; Kirchhefer
2001; Grudd et al. 2002). In northern Eurasia, up to
70% of the variance in indices of timberline ring-width
variations can be associated with summer temperature
changes (Jacoby er al. 2000; Naurzbaev & Vaganov
2000; Vaganov er al. 2000; Briffa er al. 2001, 2002).
The results of a simple correlation analysis between
annual tree-growth indices for each region and mean
monthly temperatures from the station local to the tree-
growth for the period 1950-1993 are shown in figure 6.
The predominant influence of warm-season
temperature on tree growth is clear in each region but
the precise timing of the maximum correlations differs.
While noting the probable sensitivity of the results to
the particular analysis period (Esper ez al. 2005), it is
still apparent that the optimum sensitivity in Fennos-
candia, is to July and August temperatures. In Yamal,
the season is somewhat earlier, in June and July,
whereas in Avam—Taimyr, only warm July temperatures
exert a clear positive growth influence. These results
are generally consistent with the results of previous
work cited above. In order to refine the timing of the
optimum temperature influence on growth, beyond
that possible using relatively crude monthly mean
temperatures, figure 6 also shows the results of a similar
correlation exercise but one that uses pentad mean
temperatures calculated from available daily tempera-
ture series (Abisko, Hoseda-Hard and Hatanga;
appendix A). Pentads are defined here as the mean of
five consecutive daily mean measurements, numbered
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from the 1st, including the first 5 days of January, to
the 73rd, including the last 5 days of December.

Again allowing for sampling error, these results
imply that the more precise timing of the statistically
significant temperature influences on tree growth
encompasses late June, July and early August in
Fennoscandia, late May, June and early July in Yamal,
and the second half of June and the first half of July at
Avam-—Taimyr, the latter also consistent with the results
of previous work (Kirdyanov ez al. 2003). These results
also imply that, while early spring warmth in March
is likely to enhance ring-width growth in Fennoscandia
(figure 6a), it is detrimental in Yamal (figure 65) and
Avam-Taimyr (figure 6¢).

Figure 7 provides a visual comparison of the
common variability between local temperatures and
tree growth as represented by the most recent sections
of the three regional chronologies. The correspondence
between inter-annual and multi-decadal changes in
growing season temperatures is consistent and highly
significant in each region. Summing the appropriate
local pentad totals (pentads 38-42 for Fennoscandia,
27-37 for Yamal and 34-38 for Avam-Taimyr;
figure 6), it is clear that the temperature/tree-growth
relationship is strong and stable through time. As
expected, in each region the simple correlations
between the single series of cumulative pentad data
and the chronology covary strongly with values varying
from 0.63 in Fennoscandia; 0.55 in Yamal and 0.63
in Avam-Taimyr. The equivalent correlations based
on mean monthly grid box data (July and August in
Fennoscandia, June and July in Yamal and July in
Avam-Taimyr) are 0.44, 0.56 and 0.39, respectively
which, except for Yamal, are notably lower than for the
more temporally refined pentad data. In the Yamal
region, the response ‘window’ based on pentad data
corresponds more closely with the timing of the mean
monthly window data (figure 6), as is indicated by the
high correlation between the monthly mean and pentad
series for this region (0.82 compared with 0.56 and
0.32 for Fennoscandia and Avan-Taimyr, respectively).
It should also be noted, in considering figure 7, that
there is no evidence in these series for any recent
divergence between instrumentally measured tempera-
tures and tree-growth trends, as has been observed
for some high-latitude chronologies and discussed
in the recent literature (Jacoby & D’Arrigo 1995;
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(ii) pentad data of (a) Fennoscandia, () Yamal and (¢) Avam-Taimyr. The dashed horizontal lines indicate thresholds for
correlations significant at the 95% level. See the legend of figure 8 and appendix A for details of the temperature data.

Briffa er al. 1998b; Vaganov et al. 1999; Jacoby et al.
2000; D’Arrigo et al. 2004; Wilmking ez al. 2004).

6. LARGE REGIONAL-SCALE CONCORDANCE

IN TREE GROWTH

In order to quantify the degree of correspondence
in tree-growth trend changes on time scales ranging
from multi-decadal to centennial, we have compared
the temporal growth patterns across all RCS chron-
ologies using the Kendall’s (1975) concordance
coefficient, applied over different moving time windows
(appendix B). In effect, this is similar to calculating
a moving Spearman rank correlation coefficient but
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enables more than two series to be compared at once
(Siegel & Castellan 1988; Zar 1999). Unlike the more
frequently applied Pearson correlation coefficient, with
arange of —1 to + 1, the concordance coefficient varies
from 0 to 1, with 0 indicating no common signal
between the time series being compared and a value of
1 indicating perfect parallel ordering of the elements
being compared. Here, the concordance coefficient was
used because previous work using simulated data
(Shishov & Ivanovsky 2006) had shown that it reveals
measures of the similarity in variability between series
even in the presence of significant levels of white and
even red noise. Similarly, the concordance coefficient
is less sensitive to the length of the analysis period
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Figure 7. Variability of local cumulative pentad temperature data (black solid line), monthly mean grid box temperature data
(black dashed line) and RCS tree-ring indices (thick grey line) for different regions: (a) Fennoscandia (temperature data are
either the sum of Abisko consecutive pentads from number 38 to 46 or monthly means of July and August); (b) Yamal (Hoseda-
Hard pentads from 27 to 37 and monthly mean for June and July) and (¢) Avam-Taimyr (Hatanga pentads from 34 to 38 and
monthly mean for July). All data were standardized by subtraction of the mean and division by the standard deviation over the
period common to both temperature and tree-ring indices. Simple correlations between chronology and monthly mean
temperatures (r.,,) and between chronology and cumulative pentad temperatures (r.,), along with their significance levels are
shown in the lower right of each box. Correlations between the monthly mean and cumulative pentad data (r,,,,) are given in the

lower left. All correlations are significant at the 95% level.

(or moving window) when this is short (Shishov &
Ivanovsky 2006), in comparison with average Pearson
correlations (sliding RBar).

Figure 8a shows the results of alternative appli-
cations of the concordance coefficient for comparing
101-year growth trends across the three regional RCS
chronologies: first, using the year-to-year data and
second, using the SSA smoothed chronology data in
each region (figure 3). In the smoothed data, high
values of concordance are achieved for the comparison
of the most recent section of the chronologies (for
windows centred between approx. 1890 and 1930,
corresponding to a range of comparisons spanning
approx. 1840-1980), though they have since fallen
slightly, probably associated with the extreme growth
increase in Yamal that is not matched in Fennoscandia
or Avam—Taimyr. However, even higher concordance
values are found in the smoothed data between 840 and
880 (comparisons spanning 790-930), but these are
associated with a series of oscillations following a
widespread cool period approximately 800 (figures 3
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and 4) and not with the warm period approximately
1000. In the unsmoothed data, relatively high con-
cordance is apparent again in medieval times, but the
highest values in 2000 years are recorded for windows
spanning the most recent century or so. In figure 8b,
concordance is calculated for different length windows
using the raw RCS indices, but the results for each
window length are smoothed (using the negative
exponential least-squares method; Mclain 1974),
which is roughly equivalent to using a 200-year spline.
In the unsmoothed concordance series, except for the
shortest (51 years) window results which clearly show
high concordance approximately 900, there is evidence
of rising and unprecedented similarity in tree growth
across northwest Eurasia in the most recent century.
This is accentuated in the smoothed series for 101- and
201-year window lengths.

Figure 9 shows the standardized distribution of 1846
concordance coefficients (plotted within one standard
deviation classes) calculated between the three RCS
regional curves for overlapping 101-year windows
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Figure 8. (@) Kendall’s concordance coefficients calculated for overlapping 101-year windows using the RCS chronologies of
Fennoscandia, Yamal and Avam-Taimyr, as SSA-filtered data (red line) and unfiltered data (blue line); (b) concordance
coefficients for the unfiltered RCS chronologies calculated for moving windows of 51, 101 and 201 years, and the same data
smoothed using the negative-exponential weighted least-squares method; (¢) concordance coefficients for windows of 51 and
101 years comparing the mean of June and July mean monthly temperatures for three regions (equivalent to the sources of the
three chronologies) as simulated by HadCM3 for 500 years under ‘natural’ forcings and (d) the equivalent concordance values
using the same regional temperatures extracted from a 250-year experiment under combined natural and anthropogenic forcing
(the ‘all forcings’ experiment). Significance levels (p=0.05) shown as dashed lines on (b-d).

(the thin red line in figure 8b; data have a mean
concordance of 0.4 with a standard deviation of 0.08).
The values are distinguished according to whether they
derive from one of three periods: moving windows
centred between 764 and 960 (n=197), and so roughly
incorporating the medieval period; modern values,
including windows centred between 1900 and 1946
(n=47); and the values for the remaining windows
(n=1602). The medieval values generally lie between
0 and 2 standard deviations of the mean, but the recent
values all lie between 1 and 3 standard deviations, most
between 2 and 3 standard deviations. This is strongly
indicative of an unprecedented level of agreement in
centennial tree-growth trends across the whole of
northwest Eurasia in a context of at least 2000 years.
This is suggestive of very unusual, near continental
scale, common forcing of northern tree growth and
probably the result of an increasingly widespread
similarity in summer warming.

As a final comparison, we investigated the changes in
the concordance coefficient of summer temperatures at
locations equivalent to those of the three chronology
regions that are the focus of this paper, but using
simulated rather than observed or inferred temperature
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data. Mean summer temperature data were extracted
from two simulations made with the UK Hadley
Centre fully coupled atmosphere/ocean GCM
(HadCM3, see Tett et al. 2007). These simulations
were run as part of the European project SO&P (http://
www.cru.uea.ac.uk/cru/projects/soap/). One of these
simulations, run for the last 500 years (AD 1500-
2000), uses only ‘natural’ forcings (a combination of
orbital, land use and estimated irradiance changes and
volcanic activity). The other, run only for the period
1750-2000, uses the same natural forcings but includes
the additional influence of increasing atmospheric
GHG concentrations (the so-called ‘all forcings’ run).
Changing concordance values for these simulations are
also shown plotted, for overlapping 51- and 101-year
periods, in figure 8¢,d.

The concordance values clearly increase steadily
throughout the duration of the all forcings simulation,
but the magnitude of the values is low, even by the end
of the experiment. Indeed even the maximum con-
cordance values calculated for the series 101-year
windows reach only just above 0.3, barely significant,
while values approaching 0.4 occur in the naturally
forced experiment. These results imply either that an
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Figure 9. Distribution of (standardized) concordance
coefficients (mean=0.40, s.d.=0.08) between the RCS
chronologies of Fennoscandia, Yamal and Avam-Taimyr
(derived for 101-year moving windows) and separated into
three time periods with windows centred on AD 51-1899
(light grey bars) excluding 764-960 (dark grey bars) shown
separately and 1900-1946 (black bars).

interpretation of strong external forcing of recent
widespread high warmth over northern Eurasia,
perhaps the consequence of increased atmospheric
GHGs, cannot be supported or, alternatively, that this
particular GCM simulation of the last 250 years is not
consistent with the observational temperature and
dendroclimatically implied evidence of unusual warm-
ing that has been experienced in the real world.

7. CONCLUSIONS

The spatial coverage represented by our individual
regional chronology data represents only a limited part
of the northern high-latitude land masses. However,
these particular chronologies are constructed in a way
that probably represents short and multi-decadal to
centennial trends in tree growth with reasonable
fidelity. The empirically demonstrated link between
this growth variability and local measured instrumental
temperature data is patently strong and apparently
stable, at least over the last 70-90 years for which
station records are available. This supports the
interpretation of the 2000-year chronologies in terms
of evidence of changing summer temperature varia-
bility, and simple analyses of the timing and coinci-
dence of relative warm and cool periods over this time
support the conclusion that the twentieth century was
unusually warm in each individual region as well as
over northwest Eurasia as a whole. Medieval warmth
was real in these regions, particularly in Avam—Taimyr.
The warmth was widespread but restricted to a
relatively narrow period just prior to AD 1000.
Assuming that tree growth is driven predominantly by
summer temperature changes; these results indicate
that the magnitude of medieval warmth in northwest
Eurasia did not match that from recent times. Analyses
of growth concordance involving data from all of these
regions suggest an increasingly high, even unprece-
dented, agreement in century time-scale warming
trends in recent times. These results are superficially
consistent with the expected patterns of increasing
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high-latitude warming suggested by GCM simulations
of possible future climates under enhanced atmos-
pheric GHG emissions. However, a simple analysis of
one such experiment, under natural and GHG forcing
for the last 250 years, while showing consistently
increasing concordance between simulated tempera-
tures in the regions of our chronologies, failed to
produce results that could be distinguished from the
results of a similar experiment driven only with natural
(i.e. non-anthropogenic) forcings.
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APPENDIX A. METEOROLOGICAL DATA
DESCRIPTION

Details of the selected meteorological stations for which
daily instrumental measurements are available and
were used to construct figures 2, 6 and 7. These data
were obtained from the Russian Meteorological Service
(http://meteo.ru/data_temperat_precipitation/), except
for Sodankyla and Jyvaskyla, obtained from the Finnish
Meteorological Institute (http://www.fmi.fi), and
Abisko obtained from the Swedish Meteorological
and Hydrological Institute (http://www.smhi.se). The
right-hand columns show the locations of gridded mean
monthly temperatures from the CRUTEM3 dataset
(Brohan ez al. 2006) used to produce figures 1, 6 and 7,
obtainable from the Climatic Research Unit (http://www.
cru.uea.ac.uk/cru/data/temperature/) (table 2).

APPENDIX B. CALCULATION OF KENDALL'’S
CONCORDANCE COEFFICIENT

Here we describe the algorithm used to calculate
Kendall’s (1975) concordance coefficient, modified
for use with moving windows. If we have m time series x
(x;» where 1=1, ..., m) each covering a common time
period of length ¢; to ¢, years and within this period a
window of length W=2k+1 (t—k to t+k centred at
time ), these can be represented as follows:

x1(t1)...x1 (£t —k)..xq(£)...x1(t +k)...x1(tp)
Kp(t1). .. Xp(t —K)...x,(£)...x,(t +Kk)...x(t,)
Within the window, it is necessary to replace the values of
all time series (the x;) by their rank (;) where the ranking
is the sequence number (nth largest with the range of 1 to

2k+1) and then to calculate the sum of ranks (the #(z) for
years from z— k& to ¢+ k) for each time period:

n() = n(0).

i=1
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Appendix A. Table 2

grid box centre

latitude longitude
name of station (°N) (°E) start year endyear (°N) (°E)
1 Abisko 68.35 18.77 1913 2001 57.5 2.5
2 Jyvaskyla 62.40 25.68 1883 1998 62.5 7.5
3 Sodankyla 67.37 26.65 1908 1999 62.5 12.5
4 Murmansk 69.00 33.01 1936 1992 62.5 17.5
5 Petrozavodsk 61.06 34.04 1936 1995 62.5 22.5
6 Kem-Port 65.00 34.08 1917 1993 62.5 27.5
7 Onega 63.09 38.01 1936 1993 62.5 32.5
8 Kotlas 61.02 46.06 1936 1993 62.5 37.5
9 Koinas 64.08 47.07 1913 1992 62.5 42.5
10 Syktyvkar 61.67 50.85 1889 1993 62.5 47 .5
11 Troisko-Priisk 62.70 56.20 1914 1993 62.5 52.5
12 Hoseda-Hard 67.08 59.38 1936 1993 62.5 57.5
13 Njayksimvol 62.43 60.87 1936 1994 62.5 62.5
14 Berezovo 63.93 65.05 1936 1994 62.5 67.5
15 Hantj-Mansijsk 60.97 69.07 1897 1994 62.5 72.5
16 Surgut 61.25 73.50 1934 1983 62.5 77.5
17 Mjs Kammennji 68.47 73.60 1951 1993 57.5 82.5
18 Alexandrovsk 60.43 77.87 1936 1994 57.5 87.5
19 Baykjt 61.67 96.37 1936 1994 62.5 92.5
20 Tura 64.17 100.07 1929 1994 57.5 97.5
21 Hatanga 71.98 102.47 1933 1998 62.5 102.5
22 Erbogachen 61.27 108.02 1939 1994 62.5 107.5
23 Olenek 68.50 112.43 1936 1994 57.5 112.5
24 Suntar 62.15 117.65 1937 1994 62.5 117.5
25 Vilujsk 63.77 121.62 1899 1994 62.5 122.5
26 Zigansk 66.77 123.40 1937 1994 62.5 127.5
27 Jakutsk 62.08 129.75 1895 1994 62.5 132.5
28 Verhoyansk 67.55 133.38 1900 1994 57.5 137.5
39 Ojmyakon 63.27 143.15 1943 1991 62.5 142.5
30 Chokurdah 70.62 147.88 1944 1999 62.5 152.5
31 Sejmchan 62.92 152.42 1937 1994 57.5 157.5
32 Korf 60.35 166.00 1930 1994 57.5 162.5
33 Markovo 64.68 170.42 1895 1993 62.5 167.5
34 Anadyr 64.78 177.57 1916 1994 62.5 172.5
35 62.5 177.5

l’li(t —k)nl(t)nl(t + k)
np(t —%k)...n (t)...n(t +k)

n(t —k)...n(t)...n(t + k).

Then, it is necessary to calculate S, the sum of squared
deviations of the rank sums, the n(z), from the mean of
rank sums

t+k 2
S = Z (n(t)_m(IVZ—f—l)> )

t=1—k

Finally, the concordance coefficient, C(z, W), is calcu-
lated from

128
Cet,W)y=————-—-—.
@ W) m2(W3 —W)

For small window lengths ofless than 7 years, a correction
is needed where the same values occur in a window, that
is, values that have the same rank (Kendall 1975). For a
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window length greater than 7, the concordance coeffi-
cient can be converted to a variable with a x? distribution
with W—1 d.f. using the formula x?=m(W—1)C
(Kendall 1975), which then allows for the significance
of the calculated value to be estimated.
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