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Abstract

Estimates of past climate and future forest biomass dynamics are constrained by
uncertainties in the relationships between growth and climatic variability and uncertain-
ties in the instrumental data themselves. Of particular interest in this regard is the boreal-
forest zone, where radial growth has historically been closely connected with temperature
variability, but various lines of evidence have indicated a decoupling since about the
1960s. We here address this growth-vs.-temperature divergence by analyzing tree-ring
width and density data from across Siberia, and comparing 20th century proxy trends with
those derived from instrumental stations. We test the influence of approaches considered
in the recent literature on the divergence phenomenon (DP), including effects of tree-ring
standardization and calibration period, and explore instrumental uncertainties by em-
ploying both adjusted and nonadjusted temperature data to assess growth-climate
agreement. Results indicate that common methodological and data usage decisions alter
20th century growth and temperature trends in a way that can easily explain the post-1960
DP. We show that (i) Siberian station temperature adjustments were up to 1.3°C for
decadal means before 1940, (ii) tree-ring detrending effects in the order of 0.6-0.8 °C, and
(iii) calibration uncertainties up to about 0.4 °C over the past 110 years. Despite these large
uncertainties, instrumental and tree growth estimates for the entire 20th century warming
interval match each other, to a degree previously not recognized, when care is taken to
preserve long-term trends in the tree-ring data. We further show that careful examination
of early temperature data and calibration of proxy timeseries over the full period of
overlap with instrumental data are both necessary to properly estimate 20th century long-

term changes and to avoid erroneous detection of post-1960 divergence.
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Introduction

Recent work has described a disassociation of tree
growth from temperatures in high latitude environ-
ments (overview in D’Arrigo et al., 2008). This disasso-
ciation is meanwhile widely recognized as the
‘divergence phenomenon’ (DP) and effectively de-
scribes systematic differences in the trends of summer
temperature and radial tree growth. Specifically, greater
increases in temperature than in growth are reported
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since about the 1960s. DP was reported to be strongest
in Siberia (Briffa et al., 1998), but is also indicated in
other high latitude regions of the Northern Hemisphere
(Jacoby & D’ Arrigo, 1995; Briffa et al., 1998; Barber et al.,
2000; Jacoby et al., 2000; Lloyd & Fastie, 2002; Driscoll
et al., 2005; Wilmking et al., 2005; Lloyd & Bunn, 2007;
Wilson et al., 2007; D’ Arrigo et al., 2008). If DP would
remain as a widespread feature of boreal tree growth,
this would limit the skill of tree-ring based climate
reconstructions to properly estimate temperature varia-
tions during preinstrumental warm periods (Esper
et al., 2005b), such as the Medieval Warm Period (Lamb,
1965). Shifting growth/climate relationships would also
complicate future carbon budgets (Malhi et al., 2002;
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IPCC, 2007), as 21st century tree growth, and thus
carbon uptake, will be slower than expected based upon
20th century tree-ring/temperature associations.

While these globally relevant trends and feedbacks
are prone to uncertainties (Houghton, 2003), the regio-
nal instrumental climate data, that are used to both
calibrate tree growth trends and testify to the past
warming, also contain error. This is, for example, illu-
strated by the substantial uncertainty bands accompa-
nying the timeseries averaging land temperatures north
of 65°N (IPCC, 2007, p. 249). In the entire Siberian area
east of the Ural Mountains and north of 60°N, data from
only 13 instrumental climate stations are available in
1910. Further, data from six of these stations are not
reported after 1990 coinciding with major political
changes in the former USSR. Station records also con-
tain a number of missing values, and their low fre-
quency variations are frequently biased by nonclimatic
trends, which may or may not be adjusted before
integration in larger scale data compilations (Lands-
berg, 1981; Karl et al., 1988; Parker, 1994; Peterson et al.,
1998; Hansen et al., 1999; Bohm et al., 2001; Arnfield,
2003; Bohm et al., 2009). As a consequence, uncertainties
in regional climate data not only obscure the estimation
of 20th century temperature trends — and prediction of
these — but also complicate the calibration of tree-ring
proxy data (Frank et al., 2007a).

In this paper, we address these uncertainties in both
proxy and instrumental data using a network of 78 tree-
ring sites and 13 temperature stations (with data before
1910) from across Siberia. The tree-ring data represent a
large collection of boreal-forest sites visited in 1991, i.e.
1990 is the last complete ring (Schweingruber, 1993, 2002;
Schweingruber & Briffa, 1996b), as well as some newly
developed data (Hantemirov & Shiyatov, 2002; Knorre
et al, 2006). This update allows an investigation of
growth over the important last decade of the 20th cen-
tury. The old and new tree-ring collections are used to
test the relevance of a number of methodological choices
as applied in the recent literature on radial growth
dynamics, including the effect of (i) tree-ring detrending
on the preservation of long-term chronology trend, and
(i) early (pre-1941) vs. late (post-1940) proxy calibration
on the emergence of DP. We link these tests on chronol-
ogy trend and DP size with estimates of instrumental
data uncertainty derived from (iii) the difference between
raw and adjusted temperatures from the 13 long-term
climate stations in Siberia. For all these approaches (i-iii)
we calculate residual timeseries (in °C) to allow for a
comparison of the various uncertainties back to 1880.

Tree-ring and temperature data, and the approaches
used to analyze these data are presented in the ‘Materi-
als and methods’ . Results are organized as follows: we
first present the 1990 tree-ring network and detail the

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 386-398

SIBERIAN INDICATORS OF WARMING 387

effects of detrending and calibration techniques on
trend preservation and DP. We then present the results
obtained from the proxy update to 2000, and finally
compare proxy, instrumental, and calibration residual
timeseries. Results are discussed with focus on their
relevance to the ongoing debate on DP and accuracy of
temperature trends across Siberia.

Materials and methods

Proxy data

Tree-ring data from high latitude environments north of
60°N and east of 60°E were aggregated (Fig. 1). These
include 3075 samples from 60 larch, 12 spruce, and six
pine sites in Siberia (Table 1, see supporting informa-
tion: Tree-ring data). Seventy of these 78 datasets con-
tained not only tree-ring width (TRW) but also
maximum latewood density (MXD) measurements
(Schweingruber, 1993; Schweingruber & Briffa, 1995,
1996a; Hantemirov & Shiyatov, 2002; Kirdyanov et al.,
2007), thus allowing for a comparison of trends in wood
density and radial increment.

Correlation based cluster analysis (Friedrichs et al.,
2008) revealed eight spatially coherent clusters that
roughly reflected Siberian orography (Fig. 1): trees in
clusters C1-C3 were all located in an area west of 100°E,
clusters C4-C6 were located east of 100°E but also
included some far northern sites east of 150°E, and
cluster C7 was centered south of the Cherskiy Moun-
tains between about 150 and 160°E. Correlations be-
tween TRW and MXD mean cluster chronologies —
integrating all site chronologies within a cluster — were
0.74 in WSIB (between C1, C2, and C3) and 0.67 in ESIB
(between C4, C5, and C6). Because of this coherence of
growth variations, and the location and coherence of
instrumental stations, we aggregated the data into
western Siberia (WSIB: C1-C3), eastern Siberia (ESIB:
C4-C6), and northeastern Siberia (NESIB: C7).

Average age of the sampled trees increased from west
to east from 190 years in WSIB to 309 in NESIB, and
mean correlations between all 78 TRW and 70 MXD site
chronologies were 0.17 and 0.20 over the 1951-1980
period, respectively. The tree-ring data reached max-
imum replication of 2614 series in 1963, but strongly
declined from 2456 series in 1990 to 1520 series in 1991
(Fig. 2), the year of the second Swiss/Russian sampling
campaign. Overall sample replication changed gradu-
ally back in time (1731 series in 1801) with similar
tendencies in WSIB and ESIB and a slower decline in
the less-well replicated NESIB area. The fraction of data
from which only TRW measurements were available
was again quite small (max. 304 series in 1982) and
characterized by a similar decline in the 1990s from 301
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Fig. 1 Siberian tree-ring and station temperature data. The map shows the 78 tree sites (triangles), and 13 climatic stations (circles) with
data back to 1910 in the sector north of 60°N and 60-180°E. Crosses indicate locations from which grid point temperature data (Brohan et
al., 2006) are available. Tree-ring sites, differentiated using cluster analysis, from west to east: C1 in light blue, C2 dark blue, C3 blue, C4

red, C5 dark red, C6 orange, C7 green.

Table 1 Siberian tree-ring and long-term station temperature

13 climate stations in the Global Historical Climatology
Network (GHCN; Peterson & Vose, 1997; Peterson et al.,

1998) database that started recording temperatures be-
fore 1910 are present in this region (see supporting

data

Region WSIB ESIB NESIB SIBERIA
Cluster 1-3 46 7 1-7
No. tree sites 32 39 7 78
No. tree cores 1438 1341 296 3075
Mean tree age (years) 190 247 309 232
Intercluster correlation 0.74 0.67 - 0.45
Stations 1-6 7-11 12-13 1-13
JJA mean temperature (°C) 13.0 152 102 134
Annual temperature range (°C) 404 57.7 37.0 46.6
Interstation correlation 059 0.1 0.80 0.23

information: Climate data). Data from these stations
showed correlation patterns similar to those derived
from the tree-ring data, resulting in clusters of six
stations in WSIB, five in ESIB, and two in NESIB (Fig.
1). Correlations using June—August (JJA) mean tempera-
tures over the 1951-1980 period ranged from 0.59
between WSIB stations to 0.80 between (proximal) NE-
SIB stations. In all three regions, the station data were

Cluster numbers correspond to triangles as indicated in Fig. 1;
meteorological stations are listed in Table S3. Mean tree age is
the average length of measurement series within one or
several clusters. Intercluster and inter-station correlations in-
dicate the coherence between RCS-detrended mean cluster
chronologies and mean JJA station temperatures over the
1951-1980 period, respectively. Annual temperature range is
the average difference between the warmest and coldest
months over the 1951-1980 period.

series in 1994 to 128 series in 1995 (not shown). Due to
recent field activities, we were able to keep the 1990s
sample replication reasonably steady in WSIB (386
series in 2000), which allowed for an extra analysis of
growth trends over the most recent decade of the 20th
century in this region. Replication declined below 150
series in 2001, defining the maximum period over
which reliable conclusions could be drawn.

Instrumental data

Siberia is characterized by relatively small changes in
temperature means but steep gradients in annual tem-
perature ranges (Table 1) with maximum continentality
displayed towards the center of the study region. Only

also highly correlated (r>0.98) with JJA temperatures
derived from corresponding grid points (shown in Fig.
1; Brohan et al., 2006), supporting utilization of the long-
term station data for calibration and trend analyses.

As for the tree-ring data, monthly temperature data
showed a steep replication decline in the early 1990s,
with data for only six stations in 1991 (Fig. 2). Maximum
replication (13 stations x 12 months = 156) was only
achieved consistently between 1943 and 1983. Replica-
tion declined gradually back in time, to 131 monthly
values in 1930, 127 in 1900, and 76 in 1890. The number
of missing values was overall much larger before 1940.
Data from only three stations were available in 1882. As
these changes not only affect the error of regional
temperature records, but also modify the variance (lar-
ger with less data) of the mean timeseries (Frank et al.,
2007b), we adjusted this heteroscedasticity by removal
of changing standard deviations in a 30-year running
window.

Tree-ring detrending

To test the influence of age-trend removal on 20th
century growth trends and DP emergence, we applied
four different detrending techniques: regional curve
standardization (RCS), Hugershoff (HUG), negative
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Fig. 2 Temperature and tree-ring data replication. Upper panel shows the number of monthly temperature readings recorded at the
instrumental stations S1-6 in WSIB, S7-11 in ESIB, and S12-13 in NESIB (see Table S3 for station details). Dashed curve indicates the
theoretical amount of monthly data if no values were missing. Lower panel shows the number of tree-ring series in clusters C1-C3 in

WSIB, C4-C6 in ESIB, and C7 in NESIB.

exponential (EXP), and 300-year splines (SPL) (see
supporting information: Detrending and chronology
building). These methods were chosen as they
were either typically used (HUG, EXP) for detrending
of high latitude TRW and MXD data (e.g., Schweingru-
ber et al., 1979; Jacoby & D’ Arrigo, 1989, 1995; Schwein-
gruber & Briffa, 1995, 1996a; Briffa et al., 1998; Wilson
et al., 2005; Helama et al., 2008), or represent techniques
that preserve varying low frequency variability (RCS,
SPL) in resulting tree-ring chronologies (e.g., Briffa et al.,
1992; Cook et al., 1995, 2004; Esper et al., 2003b, 2007a;
Luckman & Wilson, 2005; Buntgen et al., 2005, 2006,
2007, 2008a).

The HUG detrending was specifically considered as it
was used in the first work describing large-scale DP
(Briffa et al., 1998), and has been implemented in many
subsequent hemispheric reconstructions (e.g., Briffa
et al., 2002b; Rutherford et al., 2005; Mann et al., 2008).
On the opposing end of the spectrum, we considered
RCS, which is one of the few methods that allows
preservation of long time-scale information in tree-ring
chronologies (Esper et al., 2003a, 2007b). Given the
data’s age structure and the general characteristics of
these methods (Fritts, 1976; Cook & Kairiukstis, 1990),
we expected the RCS technique to preserve most low
frequency variability, followed by EXP, HUG, and SPL.
Note that while the differing detrending methods alter
the low frequency spectra of timeseries — and thus the
fit with 20th century climate data — the higher fre-
quency, interannual to multidecadal variability remains
largely unaffected.

Calibration and residual analysis

As with the detrending, we applied calibration ap-
proaches that were considered in the original literature
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on DP, and combined these techniques with alternative
ways of fitting tree-ring data against instrumental mea-
surements. All TRW and MXD cluster chronologies as
well as the WSIB (C1-C3) and ESIB (C4-C6) mean
timeseries were compared against regional JJA tem-
peratures using the Pearson correlation coefficient.
Tree-ring records were scaled to instrumental measure-
ments, ie. their mean and variance adjusted to the
temperature data, over an early (pre-1941), late (post-
1940), and full (1881-1990) window. In all cases we
utilize scaling instead of least-squares regression as
many studies have shown that long-term variability is
suppress in most regression schemes (von Storch et al.,
2004; Esper et al., 2005a; Lee et al., 2008). We specifically
considered the HUG-detrended timeseries that were
calibrated over the pre-1941 period, and compared this
approach with the RCS-detrended timeseries that were
calibrated over the post-1940 (and full) period. This was
done, as these approaches either follow methodology of
Briffa et al. (1998) in their circumpolar DP assessment
(HUG and early calibration), or represent techniques
that tend to retain low frequency variance in proxy data
(RCS) and reduce late 20th century offset between
proxy and instrumental records (late calibration).

To estimate proxy uncertainty, and also quantify
potential magnitude of DP, we calculated the residuals
between the calibrated tree-ring and target instrumental
timeseries. This approach provides relatively conserva-
tive estimates of the proxy uncertainty, as the tree-ring
data were not fitted to temperatures based on ordinary
least-squares but on scaling the mean and variance over
some defined period of overlap. Instrumental uncer-
tainty was expressed as the difference series between
raw and adjusted GHCN temperature data. Similarly,
residuals between differently detrended (RCS and
HUG) and differently scaled (pre-1941 and post-1940
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periods) tree-ring data quantified calibration uncer-
tainty. The proxy, target, and calibration uncertainties
(all in °C) were then compared to illustrate the relative
importance of each factor throughout time. Scaled data
and residual timeseries were occasionally smoothed
using a 10-year Gaussian weighted moving average,
or decadally averaged, to emphasize trends in the lower
frequency domain.

Results

Trends and signals in the 1990s large-scale tree-ring
network

To assess effects of tree-ring standardization on the
preservation of long-term trends across Siberia, we
compared the differently detrended tree-ring data after
combining the spatial clusters C1-C7. The resulting
mean timeseries revealed the RCS method retained
most low frequency variance for both TRW and MXD
data (Fig. 3). Linear fits to the timeseries displayed in
the lower panel of Fig. 3 (regression calculated using
annually resolved data; not shown) indicated that only
the MXD RCS-detrended data contained a positive
trend (+0.12 index/century) since 1800. All TRW
chronologies, except for the HUG-detrended record
(—0.25 index/century), showed positive trends. Time-
series were normalized over the 1881-1940 period to
accentuate the difference between the various ap-
proaches towards the early 19th and late 20th centuries.
For TRW, the HUG-detrended data had the lowest post-
1960 values and among the highest (together with SPL)

19th century values. For MXD, SPL yielded the lowest
post-1960 levels, followed by HUG and EXP. Highest
post-1960 levels were retained with the RCS method.
These, often substantial, trend differences had little
effect on assessments of climate response, as this signal
is largely determined by high frequency associations.
Calibration of the tree-ring records against regional
temperature data revealed higher correlations for
MXD (than TRW) and for the western C1 and C2 (than
C3-C6) clusters (Fig. 4). The temperature signal for C7
was weak for the MXD data and nearly absent for TRW.
This seemed to be related to the reduced number and
coherence of the tree-ring data as well as the reduced
number and increased distance to the corresponding
instrumental stations. Correlations calculated over the
maximum period of overlap with instrumental data
were slightly higher when tree-ring data were averaged
over the clusters C1-C3 and C4-C6, and ranged from
0.47 in ESIB (TRW) to 0.84 in WSIB (MXD). These values
increased again slightly for decadally smoothed data to
0.72 (TRW) and 0.89 (MXD) in WSIB, and 0.65 (TRW)
and 0.77 (MXD) in ESIB. Importantly, pre-1941 vs. post-
1940 correlations revealed no significant change of climate
sensitivity through time. While some clusters indicated
a slight drop in correlation (up to r=0.2) for the late
period, other clusters and combinations of clusters
showed virtually no change or even slight increases.
Scaling the RCS-detrended tree-ring data to regional
JJA temperatures revealed that DP is not significant or
widespread across Siberia (Fig. 5). Post-1960 differences
between proxy and target data were either very small or
nonexistent (WSIB), disappeared towards the end of the
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Fig. 3 Effect of tree-ring detrending. Upper panel shows the cluster chronologies C1-C7 (black) and their arithmetic mean (red) of the
RCS-detrended TRW and MXD data. Lower panel shows the same arithmetic means (RCS) together with the mean timeseries derived
from HUG, EXD, and SPL detrending. All timeseries were normalized over the 1881-1940 period. RCS, regional curve standardization;

TRW, tree-ring width.
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Fig. 5 Decadally smoothed tree growth and temperature trends in Siberia. Differently detrended (RCS in red, HUG in blue) MXD and
TRW data are plotted together with JJA temperatures (black) derived from long instrumental station records in WSIB, ESIB, and NESIB.
Tree ring data were scaled against regional temperatures over the 1941-1990 period (RCS) and over the early period of overlap up to 1940
(HUG). Bottom panels show the smoothed differences between the RCS tree-ring and JJA temperature data (grey), and between the RCS-
and HUG-detrended tree-ring data (black). RCS, regional curve standardization; TRW, tree-ring width.

1980s (TRW in ESIB), or were of the same size as those
before 1960 (MXD in ESIB). Results from NESIB were
less significant, because of the overall lower coherence
between proxy and temperature data. These data, how-
ever, nicely illustrate the sensitivity of DP evaluation to
the period chosen for scaling. While the RCS-detrended
data, scaled over the 1941-1990 period (shown in red in
Fig. 5), indicated a sizeable positive difference before
1920, the HUG-detrended data, that were scaled over
the pre-1941 period, indicated a similar but negative
difference after 1950. The latter representing the classi-
cal notion of the DP. Besides the scaling period, the
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method chosen for detrending had an influence on the
appearance of DP in some cases. For example, in WSIB
the RCS-detrended timeseries started in the 1880s
clearly below the HUG timeseries, but ended in the
1990s clearly above its counterpart. This greater positive
trend preserved in the RCS data helped to avoid artifi-
cial DP detection in this region.

Proxy update to 2000

Recent field and laboratory work allowed an update of
tree-ring data until 2000 including seven MXD and
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eight TRW site chronologies in WSIB (Fig. 6). These
WSIB new records revealed very similar variations as
the mean of the C1-C3 clusters (r = 0.97 for both MXD
and TRW, 1881-1990 period), and thus allowed a
straightforward assessment of DP over last decade of
the 20th century.

The close fit between the MXD and TRW data with JJA
temperatures indicated that there was no recent loss in
high frequency coherence nor was lower frequency diver-
gence found for the 1990s. The MXD timeseries matched
post-1990 temperatures quite closely, and the TRW time-
series showed values higher than the corresponding
temperatures in 1992, 1994, 1996, 1997, 1998, and 1999.

Proxy and climate data residuals

In order to compare proxy and instrumental (and
calibration) uncertainties, decadally averaged residuals

1880 1890 1900 1910 1920 1930 1940 1950 1960

between the MXD and TRW data and their regional
targets were calculated (Fig. 7). These timeseries indi-
cated little trend in the proxy residuals of all regions in
Siberia. The total error is on average about 0.16°C
smaller for MXD than for TRW, and increased from
0.51°C in WSIB to 1.22 °C in NESIB (values indicated in
the figure).

Similarly, the uncertainty in regional temperature
data is shown in Fig. 8a. These timeseries indicated that
both positive and negative corrections up to a few
degrees Celsius were performed on the monthly station
data. Mean corrections across the network (bold lines;
Fig. 8a) generally increased back in time and were
negative for most of the records length, including
deviations of up to —0.56°C in June 1897. The net
adjustments thus increased warming over the 20th
century in the region. The 1880s were, however, char-
acterized by positive residuals (up to 1.1°C in August
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(WSIB). While the latter extended only until 1990, WSIBnew reached 2000. Middle panel shows the WSIB and WSIBnew tree growth data
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period. Details on the updated WSIBnew sites, and all other tree-ring locations, are listed in supplementary Table S2. RCS, regional curve

standardization; TRW, tree-ring width.
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Curves at the bottom of the panels are the decadally averaged residuals MXD vs. temperature (red), and TRW vs. temperature (blue). A is
the average residual over the periods of overlap. RCS, regional curve standardization; TRW, tree-ring width.
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Fig. 8 Differences between raw and adjusted (GHCN) temperature station records. Upper panel shows the single June, July, and
August adjustments of all 13 Siberian stations and their mean timeseries (bold). In the lower panel the adjustments were averaged to
mean JJA mean timeseries and sorted by stations in WSIB, ESIB, and NESIB. Negative deviations were inverted, combined with positive
values, and decadally averaged. Ust is Ust’-Maja, Sur is Surgut, and Dud is Dudinka (see Table S3).

1881), which was biased by the drop in station records Aggregation of all station residuals from WSIB and
over this early period (see Table 53). The absolute value ESIB, i.e. the average of the blue and red timeseries
of the warm-season (JJA) residuals, averaged decadally, shown in Fig. 8b, indicate typical adjustments per-
indicated that the adjustments were significantly smal- formed on the instrumental data across Siberian (Fig.
ler in NESIB than WSIB or ESIB (Fig. 8b). It is also 9). We compared these instrumental adjustments with
evident that certain stations, such as Ust-Maja or the mean proxy residual, derived from the combined
Surgut underwent changes of up to 2-3 °C. Other sta- unexplained variance of TRW and MXD averaged over
tions, such as Dudinka in WSIB, received no substantial WSIB and ESIB (from Fig. 7), and the mean calibration
adjustments. uncertainty, derived from the residuals between differ-
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Fig. 9 Size of residuals. Upper panel shows the decadally smoothed instrumental, proxy, and calibration residuals averaged over
western and eastern Siberia. ‘Instrumental’ refers to the difference between raw and adjusted JJA temperatures, ‘proxy’ to the difference
between tree-ring and JJA temperature timeseries, and ‘calibration’ to the difference between the differently detrended (RCS,
Hugershoff) and scaled (1881-1940, 1941-1990) MXD and TRW records. All residuals were calculated for WSIB and ESIB (and TRW
and MXD), and then averaged to form larger scale estimates. Lower panel shows the same data expressed in percent. RCS, regional curve

standardization.

ently detrended and scaled TRW and MXD data in
WSIB and ESIB (from Fig. 5). NESIB data were not
included in this comparison, as the proxy records did
not correlate significantly with regional temperature
data, i.e. the proxy error appeared to be biased by the
large distance to the instrumental stations (see support-
ing information Figure S1).

The mean temperature adjustments were larger — up
to 1.3°C for decadal means — than the proxy and
calibration residuals until the 1940s, then steadily de-
clined to about 0.1 °C until 1990, representing <5% of
the overall uncertainty. The proxy uncertainty remained
fairly stable between about 0.6 and 0.8 °C over the past
110 years, but predominated over the other uncertain-
ties after the middle of the 20th century (up to about
60% in the 1980s), largely because of the reduced
instrumental adjustments during that time. The calibra-
tion term was large at the beginning and the end of the
overlapping period, i.e. about 0.4°C in the 1880s and
1980s. However, the relative importance increased to
about 35% in the 1980s, again mainly because of the
relatively small temperature adjustments.

Discussion

Our analysis showed that the tree-ring data representa-
tive for high latitude environments of Siberia are closely
coupled with temperature variations, and that they
particularly do not suffer from a recently increased
disassociation from regional instrumental data. This is
the case for both TRW and MXD measurements. The
proxy data can thus be utilized for long-term climate
reconstruction, and should also be helpful to estimate

the course of temperatures during earlier warm epi-
sodes such as the putative Medieval Warm Period. This
being said, the data are seemingly prone to ill definition
of late 20th century trends that can leave the erroneous
impression of DP as was shown in previous publica-
tions (Briffa et al., 1998). Our tests, however, demon-
strated that consideration of various tree-ring
detrending techniques and calibration methodologies
resolved DP in this important archive of long-term
environmental change. This conclusion was supported
through the reanalysis of a large tree-ring network
sampled in the early 1990s spanning most of Siberia,
and confirmed by an update of tree-ring data in WSIB
that revealed both TRW and MXD closely track recent
temperatures. Notably, the detrending and calibration
techniques shown to be free of the DP are those that are
a priori known to be most suitable for retaining long-
timescale information (e.g., Cook et al., 1995; Esper et al.,
2002, 2005a; Rutherford et al., 2005; Biintgen et al., 2006,
2008a; Lee et al., 2008). It seems important to note
though that not a single consideration, such as the
detrending method alone, was sufficient to avoid DP.
Rather, a combination of factors — the balance depend-
ing on the region and tree-ring parameter — influenced
20th century growth trends and degree of disassociation
from target temperature data (Esper & Frank, 2009).
The application of various detrending and calibration
techniques showed that consideration of a standardiza-
tion method that retains more low frequency variability
in tree-ring chronologies, as well as scaling of the proxy
data over the full (or recent) period of overlap with
instrumental data influenced 20th century growth
trends and coherence with post-1960 temperatures. A
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comparison of the residuals between proxy and target
data with the residuals between differently detrended
and scaled proxy data indicated that the uncertainty
due to methodological choices (detrending and calibra-
tion) is about half the size of the unexplained (proxy vs.
target) variance typical for the data analyzed here. A
corresponding calculation of the residuals between raw
and adjusted temperature data showed that these
changes increased from about 0°C to >1°C back in
time, and were largest before the 1940s. The association
of all these influences and uncertainties suggests that
more attention needs be paid to the (i) consequences of
tree-ring detrending on the low frequency signal of
mean chronologies, (ii) effect of calibrating proxy data
over different time periods, and (iii) number of instru-
mental temperature readings as well as the size and
temporally varying adjustments of these data (Frank
et al., 2007a).

Greatest low frequency preservation and highest
post-1960 tree-ring values were retained with the RCS
method. Besides this notable finding, it seemed inter-
esting that the four detrending methods tested here did
not result in the same ranking of TRW and MXD
chronologies when sorted by their low frequency load-
ing. For example, the HUG-detrended TRW data clearly
showed the lowest post-1960 values and most negative
trend over the past two centuries. However, the same
detrending applied to MXD produced post-1960 values
comparable to EXP and larger than SPL. Trends and
levels were even more heterogeneous, when smaller
geographic regions and the differing tree-ring para-
meters within these regions were considered (not
shown). Altogether it appeared obvious that the re-
moval of long-term positive trends from the tree-ring
data, as is most strongly the case with the HUG de-
trending, systematically increased the chance for diver-
gence from increasing temperatures, and is thus not
recommended for studies of long-term environmental
change or DP in the far north.

The detrending tests also indicated that RCS applied
on a site-by-site basis (Esper et al., 2007b), is a func-
tional, alternative method, as we found common long-
term trends among site chronologies and obtained the
best fit with regional temperature data. It seems im-
portant to note, however, that RCS-detrended data
generally contain greatest uncertainties, require large
datasets, and are prone to biases caused by inhomoge-
neous sample collections (Esper et al., 2002, 2003a).
Particularly relevant to the Siberian data analyzed here
could be biases due to (i) the tendency that the oldest
trees often grow most slowly (Melvin, 2004; Esper ef al.,
2007b; Wunder et al., 2008), and (ii) the composition of
data from only living trees and relatively homogeneous
age-structure (Esper et al., 2007a, 2009). The former bias

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 386-398

SIBERIAN INDICATORS OF WARMING 395

is likely more relevant for TRW than MXD - because of
the greater amount of variance contained by the age-
trend (Schweingruber et al., 1979) — and would ulti-
mately increase positive long-term trends in RCS chron-
ologies. The latter bias potentially limits the
preservation of low frequency climatic information
and in particular the ability to capture 20th century
warming. More research is needed to explore these
potential and opposing sampling and age-structure
biases in data collections from living trees.

Calibration of the Siberian tree-ring data confirmed
that the climate signal is stronger in MXD than TRW,
weaker in NESIB than WSIB and ESIB, equally good
over early and late periods of overlap with instrumental
data, and effectively independent of the method chosen
for detrending. While these results were broadly in line
with previous research (Briffa et al., 1998, 2002a), the
sensitivity of DP to the period chosen for calibration, i.e.
the early pre-1940 or late post-1940 periods, seemed to
be relevant, as it indicated that the procedure chosen to
transfer proxy data into temperature units affected
recent trends and offsets. Calibration over only an early
period of overlap with instrumental data minimizes the
proxy/temperature residual over this period, and in
turn increases the chance to detect offset over some later
period. Early calibration is also problematic as the
number of early temperature readings is reduced and
uncertainty increased (Bohm et al., 2001; Frank et al.,
2007a). The latter point is quantified for Siberia by the
increasing residual between raw and adjusted station
data back in time. Additional problems may arise if the
proxy data are regressed, instead of scaled, against
temperature data (Briffa et al., 2001), as regression-based
procedures reduce the variability of the tree-ring time-
series by some fraction of the unexplained variance
(von Storch et al., 2004; Esper et al., 2005a). Such var-
iance reductions systematically increase the chance to
generate DP. Similarly, the season over which tempera-
ture data are considered might have an influence on DP,
as in most high latitude regions summer temperatures
show the weakest 20th century warming signal. Cali-
bration against wider seasons including spring and fall
months, or even winter months (e.g., annual tempera-
tures), can thus change the trend of the target data,
which in turn could contribute to DP detection.

Besides the calibration and possible seasonality influ-
ences, uncertainty in the target instrumental data adds
to the complexity of estimating 20th century tempera-
ture trends and potential divergence of proxy data. At
least some of this uncertainty has been considered here
in the residual between raw and adjusted GHCN data.
The way this term was calculated, by combining both
the positive and negative adjustments back to 1881,
yielded error estimates larger than those obtained when
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considering the difference between regional mean re-
cords integrating several stations. This is because most
of the positive and negative adjustments per station
cancel each other out when developing a regional
record, a feature inherent to GHCN adjustment metho-
dology (Peterson & Vose, 1997; Hansen et al., 1999).
Interstation comparison and correction also reduce the
number of statistically independent recordings in a
given region. On the other hand, consideration of the
residual between raw and adjusted station data, as done
here, is also somewhat conservative, as changes in
variance or step functions in the mean were often
already adjusted in the source data. Other effects such
as caused by changes of the physical properties of the
environment surrounding the stations (Landsberg,
1981), including the urban heat island effect (Hinkel
et al., 2003), are not specifically considered in the GHCN
procedure. The latter might, however, be quite large in
Siberia, as the number of inhabitants in 11 (of the 13)
villages and cities from which the long-term tempera-
ture records originate increased from about 20000 be-
tween 1897 and 1930 (most data from a census in 1897)
to about 710000 in the 21st century (supporting infor-
mation Table S3). No early 20th century census data
were found for Ust’-Maja in ESIB (3800 inhabitants in
1999) and Markovo NESIB (ca. 600 inhabitants in 2000).
These considerable changes, together with the reduced
number of early station data, the large distance between
individual stations particularly before 1920, and the
increased number of missing values before about 1940
made the identification and correction of nonclimatic
long-term trends over the past 120 years difficult in
Siberia. In addition, the homogenization methodologies
currently applied particularly in large-scale approaches,
have difficulties in identifying and correcting for sys-
tematic biases that simultaneously affect data across
larger regions (Parker, 1994; Frank et al., 2007a; Thomp-
son et al., 2008). If we, for example, consider the sub-
stantial changes of instrumental summer temperatures
that were recently applied to early station data in
Europe and elsewhere (see both Frank ef al., 2007a;
Bohm et al., 2009, and references therein), it appears
premature to solely use early temperature readings for
proxy transfer and evaluation of DP in remote high
latitude regions.

While a recently published analysis of several thou-
sand tree-ring series from the European Alps revealed
DP to be inexistent in a major mid latitude mountain
system (Biintgen et al., 2008b), this current analysis, for
the first time, showed that DP does not affect tree
growth in a large area of high latitude Asian taiga
forests. From this perspective and the various tests
applied in this analysis, several recommendations can
be derived that might help studying 20th century

growth trends and potential DP in tree-ring data. These
include to (i) preserve low frequency variability when
detrending tree-ring data, (ii) not allow positive growth
curves to be fit in the detrending process (Hugershoff),
(iii) calibrate over the full (or late) period of overlap
with instrumental climate data, (iv) avoid regression-
based approaches for proxy transfer, (v) carefully ex-
amine early instrumental data, and not base DP on
uncertain temperature data, and (vi) consider tree-ring
sites with a clear climatic signal.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Tree-ring data statistics of clusters C1 to C7, their
regional means C1-3 and C4-6, and the mean of all data C1-7.
MTA is mean tree age, Rbar is mean interseries correlation,
and AC(1) is first year autocorrelation. Rbar and AC(1) were
derived from 32-year spline and RCS detrended data (since
1800 AD), respectively.

Table S2. Tree-ring site statistics.

Table S3. Siberian long-term climate stations.

Figure S1. Decadally averaged residuals of the raw versus
adjusted JJA temperature data (black), the MXD versus JJA
temperature data (red), and the TRW wversus JJA temperature
data (blue).
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