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Summary

We analyse the spatial representation of five previously
published multi-century to millennial length dendroclima-
tological reconstructions of Fennoscandian summer tem-
peratures. The reconstructions, ranging from local to regional
scale, were based on either tree-ring width (TRW) or max-
imum latewood density (MXD) data or on a combination of
the two. TRW chronologies are shown to provide reason-
ably good spatial information mainly for July temperatures,
but a combination of TRW and MXD yields a better spa-
tial representation for the whole summer season (June–
August). A multiple-site reconstruction does not necessarily
provide better spatial representation than a single site re-
construction, depending on the criterion for selecting data
and also on the strength of the climate signal in the tree-ring
data. In a new approach to analyse the potential for further
developing Fennoscandian temperature reconstructions, we
selected from a network of TRW and MXD chronologies
those having the strongest temperature information a priori,
to obtain a strong common climate signal suitable for a
regional-scale reconstruction. Seven separate, but not inde-
pendent, reconstructions based on progressively decreasing
numbers of chronologies were created. We show that it is
possible to improve the spatial representation of available
reconstructions back to around AD 1700, giving high cor-
relations (>0.7) with observed summer temperatures for
nearly the whole of Fennoscandia, and even higher correla-
tions (>0.85) over much of central-northern Fennoscandia.

Further sampling of older trees (e.g. dry-dead and subfossil
wood) would be needed to achieve the same high correla-
tions prior to AD 1700. Our analysis suggests that it should
be possible to select a few key sites for improving the re-
constructions before AD 1700. Since tree-ring data from
northern Fennoscandia are used in all available hemispheric-
scale temperature reconstructions for the last millennium,
there is also a potential for slightly improving the quality of
the hemispheric-scale reconstructions, by including an
improved reconstruction for Fennoscandia. However, add-
ing new chronologies from previously unsampled regions
would potentially improve hemispheric-scale temperature
reconstructions more substantially.

1. Introduction

Over the twentieth century, the global average sur-
face temperature has increased by 0.6� 0.2 �C
(IPCC, 2001). It is of great importance to iden-
tify and quantify the contribution of anthropo-
genic influences to this warming. In this context,
detailed insight into high-resolution temporal
and spatial patterns of climate change prior to
the industrial era forms essential background
knowledge for unravelling the mechanisms be-
hind twentieth century climate change (e.g. Mann



et al., 1999). Since instrumental data are avail-
able only for a relatively short period, generally
within the period when humans have influenced
climate (e.g. Jones and Moberg, 2003), the use
of climate proxy records is a necessity for de-
tection and understanding of past climate vari-
ability (e.g. Jones and Mann, 2004). Climate
proxies, i.e. biological or physical variables that
respond to climate changes and which can be
found in natural archives such as tree rings, cor-
als, ocean and lake sediments, ice cores and
speleothems along with historical documentary
evidences, can yield important information about
climate variability on different timescales for
the time before the industrial era (The National
Academies: Surface temperature reconstructions
for the last 2000 years; http:==www.nap.edu=
catalog=11676.html).

The annual growth of trees represents a com-
bined record of different environmental forcing
factors, one of which is climate (Briffa et al.,
1998). Tree-ring data can provide information of
past climates (e.g. seasonal temperatures, precip-
itation or drought, see Fritts, 1976), based on
measurements of annual tree-ring widths (TRW),
maximum latewood density (MXD) or stable
isotopes (e.g. Schweingruber and Briffa, 1996;
Briffa et al., 2002; Briffa, 2004; McCarroll and
Loader, 2004). Tree-ring reconstructions may
span over several centuries, or even millennia, de-
pending on the longevity of the living trees or the
opportunities to find dead and preserved trees.
Tree-ring data is today the most frequently used
proxy for reconstructing late Holocene climates
on different spatial scales (local to hemispheric)
and with annual resolution in extratropical regions
(e.g. Esper et al., 2002; B€uuntgen et al., 2005;
Luckman and Wilson, 2005; D’Arrigo et al.,
2006). The number of tree-ring based temperature
reconstructions covering the past millennium, is
constantly increasing, especially for high-latitude
regions. In Europe several tree-ring chronologies
span over most of the Holocene (e.g. Eronen et al.,
2002; Grudd et al., 2002; Spurk et al., 2002). Tree-
ring data from subfossil (see below) oaks (Quercus
robur, Quercus petraea) and pines (Pinus sylves-
tris) from Central Europe have even been used to
construct a tree-ring record that covers the entire
Holocene epoch (Friedrich et al., 2001).

For Fennoscandia, a number of multi-centen-
nial to multi-millennial length reconstructions of

summer temperatures have been developed over
the last 15 years; In particular, two reconstructions
from the Tornetr€aask region in northern Sweden
(Briffa et al., 1992; Grudd et al., 2002), one from
Finnish Lapland (Helama et al., 2002) and one
from J€aamtland (Linderholm and Gunnarson,
2005). These four series are reconstructions of
local to sub-regional summer temperatures. Data
from one or more of these sites have been in-
cluded in reconstructions of the full hemispheric
temperatures (e.g. Mann et al., 1999; Mann and
Jones, 2003; Moberg et al., 2005), or northern
hemisphere extra-tropics (e.g. Briffa, 2000; Esper
et al., 2002; Cook et al., 2004; D’Arrigo et al.,
2006; Hegerl et al., 2006). In particular, tree-ring
data from the Tornetr€aask region is included in
all these large-scale temperature reconstructions.
Another notable series in this context is the re-
gional warm-season temperature reconstruction
representative for northern Europe developed by
Briffa et al. (2001), based on a network of chro-
nologies including data from sites spread across
both Fennoscandia and north western Russia.
Because of the importance of Fennoscandian
tree-ring data in large-scale temperature recon-
structions, these data have an influence on the
conclusions drawn about large-scale climate fea-
tures such as the ‘‘Medieval Warm Period’’ (e.g.
Jones and Mann, 2004). It is therefore relevant to
ask questions concerning the quality and the spa-
tial representativity of these data. In this paper,
we try to answer the following two questions:
What is the spatial representation of previously
published dendroclimatic reconstructions? What
is the potential for improving the spatial repre-
sentation of dendroclimatological reconstructions
in Fennoscandia?

In Sect. 2, detailed information on five pre-
vious dendroclimatological temperature recon-
structions in Fennoscandia is provided. Section 3
describes the instrumental temperature data used
for analysing the spatiotemporal temperature sig-
nal and for calibration of tree-ring records. In
Sect. 4, the five long Fennoscandian temperature
reconstructions mentioned above are examined,
with emphasis on their spatial patterns of corre-
lations with gridded temperature data. In Sect. 5,
the spatial representation of all available indi-
vidual chronologies in the region is analysed.
Based on these results, we identify seven tree-
ring networks (based on the lengths of the includ-
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ed tree-ring chronologies) which are individually
used in Sect. 6 to create seven separate summer
temperature reconstructions. These are subse-
quently combined to form one single reconstruc-
tion based on a decreasing number of chronologies
back in time. This new reconstruction is then
used, in Sect. 7, for further discussions of Fen-
noscandian dendroclimatology, including a pro-
posed strategy for improving the spatiotemporal
representation of summer temperature recon-
structions for this region. Conclusions are drawn
in Sect. 8.

2. Multi-century dendroclimatological
temperature reconstructions
in Fennoscandia

Due to the geographical setting of Fennoscandia
within the Boreal forest belt, it is a very suitable
area for dendroclimatological studies of past cli-
mates. At high elevations and latitudes, summers
are usually short, cool and moist. As a conse-
quence, temperatures during the growing season
are the main climatological growth limiting fac-
tor for trees growing at or close to their limits of
distribution (e.g. at a species altitudinal or latitu-
dinal growth limit). Thus, in this environment the
annual growth patterns of trees generally reflect
temperature variability during summer. Due to
abundance, longevity and distinct morphology of
tree rings, conifers are the most common tree
types used in Fennoscandian dendroclimatology.
Scots pine (Pinus sylvestris) tree-ring data have
been widely used as a proxy for mid-summer
temperatures in Swedish and Finnish Lapland
(e.g. Lindholm et al., 1996; Grudd et al., 2002),
central Sweden (Gunnarson and Linderholm,
2002), and northern and central Norway (Kalela-
Brundin, 1999; Kirchhefer, 2001). Norway spruce
(Picea abies) has been utilized in dendrocli-
matological studies to a lesser extent, but this
species has also proven to be a useful climate
indicator (e.g. Solberg et al., 2002).

Traditionally, TRW has been the most fre-
quently used parameter in Fennoscandian dendro-
climatological studies (Briffa et al., 1990, 1992;
Kalela-Brundin, 1999; Kirchhefer, 2001; Grudd
et al., 2002; Helama et al., 2002; Linderholm
and Gunnarson, 2005). In northern and central
Fennoscandia, TRW often shows the strongest
correlation with July temperatures, although sig-

nificant correlations with temperatures in June and
August may also be found (Grudd et al., 2002;
Gunnarson and Linderholm, 2002; Helama et al.,
2002). However, influences of other parameters,
such as precipitation, climate conditions of the
previous autumn and=or winter, and physiologi-
cal conditions from the prior growth season may
affect the potential for radial growth in the follow-
ing year (e.g. Fritts, 1976; Vaganov et al., 1999;
Linderholm, 2002; Linderholm and Chen, 2005).
Under such conditions TRW may contain a mix
of climate information, and to single out one sin-
gle parameter is difficult.

Maximum latewood density is a tree-ring
parameter which has proven to be sensitive to
summer temperatures at cool and moist sites
(Schweingruber et al., 1987; Briffa et al., 1990,
1992, 2001, 2002, 2004; Schweingruber and
Briffa, 1996). Briffa et al. (2001, 2002) demon-
strated that MXD can provide stronger correlations
with summer temperatures than TRW in northern
Fennoscandia and north-western Russia. There-
fore, MXD is considered to be particularly useful
for regional temperature reconstructions. Briffa
et al. (2001) further showed that in their northern
European region, MXD data are strongly corre-
lated with temperatures in the six-month season
April–September, although correlations with the
three-month season June–August are nearly as
strong. TRW data, in contrast, provide nearly ze-
ro correlations with temperatures in April, May
and September (Briffa et al., 2002).

Conifers growing in undisturbed natural en-
vironments in Fennoscandia can attain ages of
more than 500 years. To obtain tree-ring data
reaching further back in time, trees living during
earlier periods have to be used. The cool and
short summers in northern Fennoscandia create
favourable conditions for preserving dead wood
and snags, which may be used to extend tree-
ring chronologies far back in time. So called sub-
fossil wood (i.e. non-petrified wood which has
been preserved over hundreds or thousands of
years in fluvial, lacustrine or glacial sediments
or in bogs (Kaennel and Schweingruber, 1995))
from peat bogs and lakes in northern and cen-
tral Fennoscandia have been the source for build-
ing ‘‘supra-long’’ tree-ring chronologies (e.g.
Gunnarson 2001; Eronen et al., 2002; Grudd
et al., 2002). For instance, Scots pine have been
used to reconstruct local summer temperatures
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spanning the last two millennia or more in Finnish
Lapland: (July temperatures: 5520 BC–AD 1999,
Helama et al., 2002); Tornetr€aask (June–August
temperatures: 5407 BC–AD 1997, Grudd et al.,
2002); J€aamtland, central Sweden (June–August
temperatures: 1632 BC–AD 2002 (minor gap be-
tween AD 887–907), Linderholm and Gunnarson,
2005). From north-western Norway, a shorter
reconstruction of July temperatures spanning AD
587–980 and AD 1507–1993 was presented by
Kirchhefer (2005).

3. Instrumental data

Instrumental temperature data are used here for
analysing the spatial and temporal temperature
information in tree-ring data and for calibrating
tree-ring based reconstructions of summer tem-
peratures. The principal data used is a Fennoscan-
dian subset of gridded monthly air temperatures
for global land regions, available for the 1901 to
2000 period (CRU TS 2.0, Mitchell et al., 2004).
The spatial resolution of the grid is 0.5� long-
itude by 0.5� latitude. The chosen area extends

Fig. 1. Analysis of gridded instru-
mental summer (June–August) mean
temperatures in Fennoscandia. (a) The
summer temperature field (�C); (b)
Summer temperatures during 1901–
2000 averaged for Fennoscandia; (c)
The first EOF for the gridded summer
temperature data, expressed as corre-
lations between the first principal com-
ponent (PC1) and the temperatures at
each grid point; (d) Time series of PC1;
(e) and (f) represent the same as (c)
and (d), but for the second EOF2 and
PC2. The data used is a subset of the
gridded (0.5� longitude by 0.5� lati-
tude) temperature data for land areas
by Mitchell et al. (2004)
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from 4.5� to 30� E and from 54.5� to 70� N, and
contains 1214 grid points on land.

It should be mentioned that Mitchell et al.
(2004) note that their gridded dataset (which com-
prises several climate elements, not only tempera-
ture) is not suitable for monitoring and detection
of climate change. For such purposes, they rec-
ommend that other datasets, such as the global
gridded (5� � 5�) temperature dataset of Jones
and Moberg (2003) should be preferred. How-
ever, in the case of the Fennoscandian region,
the underlying set of temperature station data in
CRU TS 2.0 is the same as in Jones and Moberg
(2003). These latter authors made efforts to in-
clude the best available (most well-homogenised)
temperature series from Fennoscandia, wherefore
we argue that CRU TS 2.0 temperature data from
this region are of good quality. For example, the
Fennoscandian temperature trends over the 1901–
2000 period should be as reliable in CRU TS 2.0
as they are in Jones and Moberg (2003). We prefer
to use CRU TS 2.0 over the Jones and Moberg
(2003) data because of its much finer grid, which
is needed in our analysis of the spatial represen-
tation of summer temperature information in the
tree-ring data.

The summer (June–August) mean temperature
climatology in Fennoscandia is graphically illu-
strated in Fig. 1. The spatial temperature field is
shown in Fig. 1a, while Fig. 1b shows the time
evolution of the temperatures averaged over all
land grid points. Summer temperatures in this re-
gion decrease with both increasing latitude and in-
creasing altitude. The data show that there has not
been any strong long-term trend in Fennoscandian
summer temperatures during 1901–2000. The
first two decades of the past century, however,
were on average slightly cooler than the eight
following decades. Earlier investigations (e.g.
Moberg and Alexandersson, 1997) reveal that
the two cooler decades in the beginning of the
20th century were preceded by four decades that
were about as cold.

To identify the most important independent
patterns of summer temperature variability, we ap-
plied an Empirical Orthogonal Function (EOF)
analysis to the instrumental data. This technique
is frequently used in climatological research to
identify spatial patterns tied to particular modes
of time=space variance in a spatiotemporal data
set (an overview of the method can be found in,

e.g., von Storch and Zwiers, 1999). With this meth-
od it is possible to decompose a large spatiotem-
poral dataset into a few modes that explain most
of the variance in the data. While an EOF rep-
resents a spatial pattern of one such mode, the
temporal evolution of this pattern can also be
determined. The time series describing the tem-
poral evolution of an EOF is sometimes referred
to as the sequence of EOF coefficients. In other
cases, it is referred to as a principal component
(PC) of the data (e.g. in Mann et al., 1998). Here,
we use the term principal component (PC) to de-
note the temporal evolution of the spatial pattern
(i.e. the EOF) of an important mode of variability.

The spatial patterns of the first two EOFs of
June–August summer temperatures in Fennoscan-
dia are illustrated in Fig. 1c and e. EOF1 explains
82% of the total summer temperature variability,
while EOF2 accounts for 12% of the variability.
The numbers on the maps give the correlations
between the first two PCs and gridded summer
temperatures for the period 1901–2000. The time
series for PC1 is shown in Fig. 1d and for PC2 in
Fig. 1f. EOF1 has its highest loadings centred at
about 63� N on the Swedish and Finnish sides of
the Baltic Sea and has the same sign everywhere.
Hence, it demonstrates that the dominant mode
of variability is in phase over all parts in the re-
gion. Because of the strong correlation between
PC1 and summer temperatures averaged over the
whole region (r¼ 0.95), the PC1 time series very
well represents the dominant temporal summer
temperature variations in this region. EOF2 shows
a dipole structure, with opposite loadings north
and south of roughly 62�–63� N. Thus, the sec-
ond most important mode of variability repre-
sents variations of opposite sign in the northern
and southern parts of Fennoscandia.

We also correlated the summer temperature
PC1 and PC2 with gridded sea level pressures
(SLP) for summer over a European and North
Atlantic region (not shown). The temperature PC1
exhibits positive correlations with SLPs over
central and northeastern Fennoscandia. The lead-
ing mode of summer temperature variability in
Fennoscandia is thus related to the general in-
crease and decrease of SLP of the region, i.e.
high temperatures are associated with high pres-
sures. PC2 has its strongest correlation with SLPs
centered at the southwestern coast of Norway.
When SLP is high in this region, the flow of
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cool and moist air from the northern Atlantic
towards northern Fennoscandia is increased, while
simultaneously, relatively warm and dry air from
Eastern Europe is advected towards southern Fen-
noscandia. This scenario is consistent with the
dipole pattern of the Fennoscandian temperature
EOF2. The two first EOFs of the summer tem-
perature field can thus be meaningfully related to
variability in the large-scale atmospheric circula-
tion in the northern European and north Atlantic
sector.

Additionally, for a local comparison of tree-
ring data and instrumental temperature data ex-
tending back well into the 19th century, we used
the Tornedalen instrumental temperature series
(Klingbjer and Moberg, 2003). This series covers
the period 1802–2002 and consists of tempera-
ture data from the synoptic station in Haparanda
(65�490 N, 24�80 E) after 1859, combined with
earlier observational data from nearby sites back
to 1802. Due to some uncertainties in the early
part of the Tornedalen record (see Klingbjer and
Moberg, 2003), we rejected data before 1833.

4. Spatial representation of the
temperature signal in published long
dendroclimatological reconstructions

Here we analyse the spatial representation of
the temperature signal in the five Fennoscandian
temperature reconstructions. These five series are
of particular interest because they either i) cover
at least the past millennium or ii) have been used
in large-scale temperature reconstructions. Two
reconstructions by Briffa et al. (1992) and Grudd
et al. (2002) are based on tree-ring data from
Tornetr€aask, and will henceforth be referred to
as BR92 and GR02. One might consider BR92
to be of regional character, since the reconstruc-
tion was calibrated against averaged summer tem-
peratures for northern Fennoscandia (see below).
Those from Finnish Lapland (Helama et al.,
2002) and J€aamtland (Linderholm and Gunnarson,
2005) are referred to as HE02 and LG05, res-
pectively. The regional reconstruction for north-
ern Europe (Briffa et al., 2001) is referred to as
NEUR. All five temperature reconstructions are
shown as time series in Fig. 2.

Fig. 2. Comparison of five den-
droclimatological reconstructions
of local-to-regional summer tem-
perature anomalies in Fennoscan-
dia. (a) is based on both TRW and
MXD from Scots pine (b–d) are
reconstructions based on Scots
pine TRW. (e) represents northern
Europe and is based on conifer
TRW and MXD from Fenno-
scandia and Russia. To preserve
low-frequency variability (cen-
tury scale) in the reconstructions,
regional curve standardisation
(RCS, Briffa et al., 1992) was used
in (a–d), while age-band decom-
position (ABD, Briffa et al., 2001)
was used in (e). See main text for
more details
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Some standardization is necessary in all den-
droclimatological work to remove age-related
growth trends in tree-ring series which are not
related to climate (see e.g. Fritts, 1976). Often
the growth trend is removed by applying a fitted
smooth mathematical function to each individual
tree-ring series. However, this technique may
remove low-frequency variability in the data,
since the maximum wavelength of recoverable
climatic information is ordinary related to the
lengths of the individual tree-ring series (Cook
et al., 1995). However, there are methods to over-
come this ‘‘segment length curse’’. The regional
curve standardization (RCS) method (Briffa et al.,
1992) is designed to better preserve long-term
variability than traditional older techniques. The
method was, however, originally developed many
decades ago by Erlandsson (1936) and has been
adopted by, for example, Briffa et al. (1992,
1996). RCS removes variance associated with
tree ageing by fitting a single biological growth
curve defined for a larger area to each individual
ring-width series from this region. Three of the
reconstructions analysed here are based on TRW
data only (GR02, HE02 and LG05) which was
standardized using the RCS method. All three
reconstructions GR02, HE02 and LG05 were
calibrated to summer temperatures using linear
regression. The TRW data were set as predictors
for summer temperatures at local meteorological
stations using calibration periods ranging from
85 to 129 years (GR02: 129 years; HE02: 113
years; LG05: 85 years). In all three cases, TRW
data showed highest correlations with July tem-
peratures. July temperatures were also the recon-
struction target in HE02, whereas June–August
mean temperatures were reconstructed in both
GR02 and LG05.

In the case of BR92, TRW and MXD data were
combined and calibrated against area-averaged
temperatures, formed by merging gridded data
from 65� to 70� N at 10�, 20� and 30� E (Briffa
et al., 1990), to produce a reconstruction of
April–August mean temperatures. The BR92 da-
ta were standardized with the RCS method. In the
NEUR case, MXD data were instead processed
using age band decomposition, ABD, which is
another technique for preserving long-term vari-
ability (see Briffa et al., 2001). The individual
MXD series were used to produce a regional
ABD chronology, which was then calibrated

against April–September mean temperatures for
a north European region using linear regression.

It should be noted that none of the authors
behind the local reconstructions GR92, HE02
or LG05 claimed that their series represent more
than local to sub-regional temperatures. Never-
theless, similarities among the three chronologies
suggest that they capture some common region-
al temperature signal (e.g. Gunnarson, 2001;
Linderholm and Gunnarson, 2005). BR92 and
the regional NEUR reconstructions, on the other
hand, are by definition expected to represent lar-
ger areas than the local reconstructions. We are
interested here in determining the spatial do-
mains that each of the five temperature recons-
tructions represent. To obtain a view of this, we
produced maps showing correlations between
the temperature reconstructions and the observed
temperatures for each grid point on land in the
Fennoscandian area defined in Sect. 3. These cor-
relation analyses were performed for the period
1901–1980.

First, each of the five reconstructions was cor-
related to temperatures averaged for the same sea-
son as the original authors had used when they
calibrated their data (i.e. July for HE02, June–
August for GR02 and LG05, April–August for
BR92, and April–September for NEUR). Then,
a second analysis was performed where all five
series were correlated to the observed June–
August mean temperatures, regardless of which
seasons the respective authors had used as pre-
dictands. Since tree-ring data in the Fennoscan-
dian region are known to generally show good
correlations with June–August mean temperatures
(albeit other months can give stronger correla-
tions, depending on site conditions), we found this
choice of season to be adequate for making direct
comparisons of all five series.

Before reporting results from the correlation
analyses, some words should be said about sta-
tistical significance of correlations. For serially
uncorrelated data with a record length of 80 data
points (years), a correlation coefficient as weak
as 0.29 is significantly different from zero at the
0.01-level according to a standard t-test (see e.g.
von Storch and Zwiers, 1999, p. 149). Thus, a
high significance level is easily reached even for
a rather weak correlation. If the data are serially
correlated, a higher correlation is required to
reach significance at the same level. However,
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even when adjusting for autocorrelation in the
tree-ring and temperature series analysed here,
a high significance is easily reached. The Fennos-
candian mean June–August temperatures during
1901–1980 have a lag-1 autocorrelation of 0.16.
Among the five tree-ring records, GR02 has the
strongest lag-1 autocorrelation of 0.60 (it is<0.25
for the other four series). If the number of data
points is reduced (Quenouille, 1952) to account
for this rather strong autocorrelation, significance
at the 0.01-level of correlation with the instru-
mental data is reached for a correlation coeffi-

cient of 0.32. A correlation coefficient of 0.32
would, in turn, mean that the tree-ring data only
explain 10% of the variability in the temperature
data, which is not very much if one is interested
in developing a temperature reconstruction. A
much stronger correlation would be preferred for
such a purpose. A correlation of 0.8 (0.5), for
example, would mean that 64% (25%) tempera-
ture variance is explained. In this paper we plot
correlation coefficients on maps and frequently
report correlation strengths in the text. We con-
sider the correlation coefficient as a measure of
the strength of the linear relationship between
tree-ring data and temperature data. We do, how-
ever, not pay attention to the significance level of
correlations, because even rather weak correla-
tions can be statistically highly significant. As
will be demonstrated below the correlations re-
ported in this study are often >0.5, which means
that they are often highly significant.

The correlation maps for the first analysis
(Fig. 3) reveal that BR92 exhibits the strongest
correlations over a large area, and hence has the
best spatial representation among the five series.
This combination of TRW and MXD data from
northernmost Fennoscandia well describes the
April–August mean temperatures in much of the
area, with the highest correlations occurring over
northern Sweden (r>0.8). Correlations do not
fall below 0.5 anywhere in the domain, except
for the SW and SE corners. Among the recon-
structions based on TRW only, HE02 shows the
best spatial representation. The correlations be-
tween HE02 and July temperatures exceed 0.5
north of �62� N in Sweden and Norway and
north of �61� N in Finland, and the highest cor-
relations (r>0.7) are found over northernmost
Fennoscandia. The June–August temperature sig-
nal in GR02 is evidently weaker and more local,
with the highest correlations (r>0.6) occurring
only over the sampling area but with correlations
above 0.5 in large parts of northern Fennoscan-
dia, including the area surrounding the northern
part of the Baltic Sea. LG05 also has a relatively
weak relationship with June–August tempera-
tures. This reconstruction has its best represen-
tation (r>0.5) over south-eastern Norway and
central and south-eastern Sweden. (GR02 and
LG05 do not have the same high correlations
with July temperatures as HE02, according to
analyses not shown here. This could be due to

Fig. 3. Spatial representation of the five temperature recon-
structions in Fig. 2. Isolines show correlations between the
reconstructions and the observed (gridded) temperatures
1901–1980. The temperature data used in the different sub-
plots represent different seasons, according to what the
respective reconstruction is supposed to best represent. (a)
April–August; (b) June–August; (c) July; (d) June–August;
(e) April–September
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the larger sampling area for HE02). The northern
European multi-site reconstruction, NEUR, dis-
plays its highest correlations (�0.6) in eastern
Finland along the border to Russia, while cor-
relations are mostly weak (r<0.5) west of the
Baltic Sea.

When correlated to June–August mean tem-
peratures (Fig. 4), BR92 shows weaker rela-
tionships compared to those seen in Fig. 3 for
April–August and July respectively, as expected
since it is not compared with the optimal choice
of months. However, the reduction in correlation
is only slight and the spatial pattern for BR92 vs.
June–August temperatures is similar to that vs.
April–August. Correlations for BR92 vs. June–
August fall below 0.5 in a larger part of southern
Fennoscandia compared to the case for April–
August. The correlation between HE02 and June–

August temperatures is substantially weaker than
for July only. Noteworthy, when correlated with
June–August temperatures, both the correlation
pattern and strength for HE02 resemble those
for GR02. The NEUR series, when correlated
with June–August temperatures, displays a sim-
ilar pattern as with April–September tempera-
tures but the correlations are weaker by about
0.1 over much of the domain.

To develop the NEUR regional average chron-
ology, Briffa et al. (2001) averaged all available
MXD chronologies from their NEUR domain. It
is possible that some of the chronologies used (in
particular some of the Fennoscandian ones) were
not really suitable for reconstructing summer
temperatures. Since the correlation maps suggest
that the NEUR series better represent western
Russian summer temperatures, it may be that the
temperature signal is stronger (and more homo-
geneous) in the Russian MXD data. Our study
domain does, however, not extend further east
than just across the Finnish-Russian border, so
no clear conclusions can be drawn in this context.
Another possible reason for the weak correla-
tion between NEUR and observed Fennoscandian
temperatures during 1901–1980 is that the NEUR
series shows a decreasing trend after around 1965,
which is not present in the instrumental data.

In summary, the correlation analysis shows
that reconstructions relying exclusively on TRW
data from Fennoscandia (GR02, HE02 and LG05)
are less strongly correlated to observed June–
August temperatures compared to BR92, where
both MXD and TRW data are combined. HE02,
however, displayed a quite strong regional rep-
resentation for July temperatures. These results
suggest that, in order to reconstruct June–August
temperatures valid for a large part of Fennoscan-
dia both TRW and MXD data should be used.
The analysis also highlights the importance of
using tree-ring data which contains valid temper-
ature information. A good approach, for inves-
tigating the potential for improving the quality
of dendroclimatological reconstructions in this
region, would thus be to start with an examina-
tion of the suitability of all available individual
tree-ring chronologies, both for TRW and MXD,
and then selecting the best ones a priori for mak-
ing a regional reconstruction. Chronologies that
have a too weak temperature signal should be
avoided. Such an approach is described below.

Fig. 4. Same as for Fig. 3, except that all maps here show
the correlations with June–August mean temperatures
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5. Selecting tree-ring chronologies
to be used for temperature reconstruction

Due to large differences in growth environment
for conifers in Fennoscandia, depending on local
climate, soil conditions etc, we did not expect all
available tree-ring chronologies from our target
area to be useful for temperature reconstructions.
Thus, it was essential to identify those chronol-
ogies that were useful and to reject the other
ones. To do so, we evaluated the climate signal
and spatial representation of all individual chron-
ologies in a manner similar to the one used above
for the five temperature reconstructions.

5.1 The initial set of tree-ring chronologies

We initially included all conifer tree-ring chro-
nologies available to us. A large portion of these
were Scots pine chronologies, but chronolo-
gies from Norway spruce were also available.
The majority of the tree-ring data we used
was obtained from the International Tree-Ring
Data Bank (ITRDB, www.ngdc.noaa.gov=paleo=
treering.html). Most of these chronologies were
collected by Fritz Schweingruber and co-work-
ers, who sampled Scots pine and Norway spruce
in the late 1970s and developed both TRW and
MXD chronologies from Fennoscandia and else-
where (Schweingruber et al., 1987, 1991). Addi-
tional data used here are the tree-ring data from
the GR02, HE02 and LG05 reconstructions
together with data described in Kalela-Brundin
(1999), Kirchhefer (2001), Eronen et al. (2002)
and Linderholm et al. (2002, 2003). Altogether
data from 63 sites were used, and together the

two parameters TRW and MXD yielded 86
chronologies (Fig. 5). Each chronology consists
of samples from several double cored trees (from
subfossil wood, discs were sawn), where at least
two radii from each tree was measured with a
precision of 0.01 mm and averaged for each tree.

Standardization of the majority of the data
used here had been performed with the ARSTAN
software (Holmes et al., 1986). ARSTAN pro-
duces a set of master chronologies, and in this
study we chose the ARS chronologies (Holmes
et al., 1986). When using ARSTAN, it is possible
to apply different criteria for the standardization
procedure. However, such information was not
available from the ITRDB; thus we assumed that
default settings had been used for those chronol-
ogies. This involves fitting negative exponential
functions or regression lines to the individual
tree-ring series, allowing for chronologies with
inter-annual to centennial-scale variability to be
built. The tree-ring data used in the GR02, HE02
and LG05 reconstructions, as mentioned before,
were standardized using the RCS method.

The lengths of the chronologies varied from
site to site; the shortest started in the late 19th
century while a few were several thousand years
long. Many chronologies end in the 1970s and
only a few extend to the 1990s and beyond. In
most cases when a chronology is built from liv-
ing trees, the number of trees in the chronology
decreases progressively back in time. With de-
creasing number of trees, the reliability (i.e. how
well the chronology represents the common sig-
nal of the whole population) of the chronology
also decreases. The number of trees needed for a
chronology to be regarded as reliable differs de-
pending on the strength of the common signal in
the trees. This is a function of the climatic influ-
ence on the annual growth and depends on site
conditions, where generally, the strongest com-
mon climate signal is found in trees growing at
their very limit of distribution. As a general rule,
the replication in a chronology should be at least
10 trees (Fritts, 1976), but a chronology may be
regarded (statistically) as reliable with fewer
samples from homogenous sites. To minimize
uncertainties in a reconstruction due to low rep-
lication, chronologies are often truncated. For
example, B€uuntgen et al. (2005) truncated chronol-
ogies at <5 series to eliminate weak replication
when reconstructing Alpine summer tempera-

Fig. 5. The distribution of 86 tree-ring chronologies eval-
uated in this study. Squares represent TRW and filled circles
represent MXD
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tures. Our approach was slightly different; before
we used any tree-ring chronologies for climatic
analyses, we compared each individual chronol-
ogy to the average of the other chronologies.
Furthermore, the early parts (which are usually
less replicated) of the short-to-mid length chronol-
ogies were compared to the well replicated parts
of the longer ones. A chronology was truncated
when it displayed large deviations from the com-
mon growth pattern, such as unrealistically high
variability or anomalous growth (which usually
occur when the replication is low). One example
is the Femundsmarka chronology, which starts in
AD 1001, but due to uncertainties in its early
part, this chronology was truncated in AD 1570.

5.2 Choice of target season and analysis
time period

The results from earlier studies and those presen-
ted in Sect. 4 suggest that June–August is a season
for which a strong temperature signal can be ex-
pected in both the MXD and TRW data from vari-
ous parts of Fennoscandia. It is, for example, not
likely that trees will start their growth as early as
April in the northern and central parts of Fenno-
scandia, where the growing season usually starts in
May or early June (Jonsson, 1969). Hence, wechose
to analyse the relationship between temperatures
and all tree-ring data for the June–August season.
We argue that this is a reasonable compromise,
suitable for our analysis that combines TRW and
MXD data from sites across all of Fennoscandia.

One important issue that was taken into con-
sideration, when choosing the analysis period, is
the weakening of the temperature signal observed
in MXD data (and to lesser extent in TRW data)

after around 1970. This behaviour has been ob-
served in many northern hemisphere extra-tropi-
cal regions, including Fennoscandia (Briffa et al.,
1998, 2002). The reason for this decline is not
fully understood, although several potential mech-
anisms have been suggested, such as increasing
atmospheric CO2, ozone, or ultraviolet radiation
levels (Briffa et al., 1998). Here, we will not in-
vestigate this problem further; we rather avoid it
by using tree ring data only up to the year 1970.
The analysis period could anyway not have been
extended more than a few years longer, simply
because a fairly large number of the available
MXD and TRW chronologies end in the late 1970s.

5.3 Spatial representation of individual
tree-ring chronologies

To identify the most useful tree-ring chronolo-
gies, correlations were calculated between each
chronology and June–August mean temperatures
at each grid point for the period 1901–1970. Two
criteria were applied for accepting a chronology
for further use: i) a chronology should have a
correlation of at least 0.5 with temperatures in
a sub-region near the tree-ring site (i.e. at least
25% of the variance in the tree-ring data can be
statistically explained by summer temperatures)
and ii) the spatial correlation pattern between a
chronology and gridded air temperatures should
resemble the spatial pattern of the first EOF
(Fig. 1c) of the temperature field. The second
criterion is essential to ensure that the signal in
the tree-ring data is in good agreement with the
large-scale spatial temperature pattern in Fenno-
scandia, and not only representative of a local
part. This is of relevance because the focus is on

Fig. 6. Correlation patterns (�100) between
gridded June–August temperatures and tree-
ring data (1901–1970) for two specific sites.
(a) Arjeplog – a site with strong correlation
and (b) S€aar€oo – a site with weak correlation
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the regional-scale temperature variability. Figure 6
shows two examples of correlation patterns, one
for an accepted chronology (Fig. 6a), and one
for a rejected chronology (Fig. 6b). In total, 30
chronologies out of 86 were found to be useful
according to our criteria. The remaining 56 chro-
nologies generally showed very weak correlations
with summer temperatures, and are not consid-
ered useful as they are not well representative
of summer temperature variations in the target
area. The geographical distribution of all sites
with accepted chronologies is shown in Fig. 7a.
Together, the selected ones are spread quite ho-
mogeneously across much of Fennoscandia north
of �60� N. No chronologies from sites located

south of �60� N were accepted, essentially be-
cause their correlations with gridded summer
temperatures were weak. In this part of Fenno-
scandia, precipitation has a more pronounced
influence on tree growth and summer tempera-
ture is not the primary limiting factor (Lindholm
et al., 2000, Linderholm et al., 2002).

5.4 Dealing with differences in chronology
length – grouping into different networks

Start years vary among the accepted chronologies.
Therefore, the number of available chronologies
decreases back in time. If only the common (over-
lapping) part of all 30 accepted chronologies were

Fig. 7. (a–g) Locations of Fennoscandian tree-ring chronologies in each of the seven networks described in the text. Squares
represent TRW and filled circles represent MXD. (h) The time period covered by each network
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to be used in a temperature reconstruction, then
this would have to be restricted to the period
1893–1970. To assess how the spatial representa-
tion of a temperature reconstruction depends on
the number of chronologies used, and on the spa-
tial distribution of the tree-ring sites, we chose to
divide the chronologies into several (but not inde-
pendent) subsets. Each subset consists of all chron-
ologies that go back at least to some specific year,
determined either by the starting year or by the
first reliable year of each series.

The chronologies were, somewhat subjective-
ly, divided into seven subsets (henceforth called
networks). The first network contained all 30

chronologies. The second network comprised all
chronologies (n¼ 28) extending back to 1846. The
third to seventh network contained all the chro-
nologies extending back to AD 1782 (n¼ 22), AD
1696 (n¼ 12), AD 1570 (n¼ 6), AD 1398 (n¼ 4),
and AD 442 (n¼ 3), respectively (Table 1). The
spatial distributions of the chronologies in each
network are shown in Fig. 7. A rather marked
decrease in the spatial coverage occurs when
going from networks 3 to 4, i.e. when going back
in time before AD 1782. The chronologies avail-
able after this year are spread quite well north of
�61� N. A further notable decrease in spatial cov-
erage is seen when going from networks 4 to 5.

Table 1. Tree-ring chronologies selected for reconstructing Fennoscandian summer (June–August) temperatures. The first
column gives the name of the site where tree-rings were sampled; the latitude and longitude of the chronologies are given in
columns two and three; the fourth column denotes the tree species used: Pinus Sylvestris (PS) or Picea Abies (PA); the fifth
column indicates the tree-ring data type used; the time spans of the chronologies are shown in column six. The seventh column
shows in which of the seven networks the individual chronologies were included. The final column gives the first year from
which the chronologies are used in the networks

Name Lat. (N) Long. (E) Species Data
type

Time span
(years AD)

Included in
networks

First year used
in networks

Tornetr€aask 67�–68� c. 18�–21� PS TRW 1–1994 1–7 AD 442 (network 7)
Finnish Lapland 68�–70� c. 21�–29� PS TRW 1–1994
Tornetr€aask 68�140 19�400 PS MXD 442–1994

Karhunpe 68�500 27�150 PS TRW 1398–1993 1–6 AD 1398 (network 6)

Femundsmarka 62�000 12�110 PS TRW 1001–2000 1–5 AD 1570 (network 5)
Muddus 66�510 20�020 PS TRW 1532–1972

Pyhan Hakin 62�510 25�290 PS MXD 1643–1978 1–4 AD 1696 (network 4)
Arjeplog 66�040 17�590 PA TRW 1664–1978
Arjeplog 66�040 17�590 PA MXD 1664–1978
Laagennus 67�000 27�070 PS MXD 1670–1978
Gallejour 65�100 19�280 PA TRW 1679–1978
Gallejour 65�100 19�280 PA MXD 1679–1978

Ouluangan 66�220 29�260 PA MXD 1726–1978 1–3 AD 1782 (network 3)
Veolia 61�250 8�590 PS TRW 1754–1978
Veolia 61�250 8�590 PS MXD 1754–1978
Iso Syene 65�370 27�360 PA TRW 1755–1978
Iso Syene 65�370 27�360 PA MXD 1755–1978
Tua 63�570 10�530 PS TRW 1776–1978
Tua 63�570 10�530 PS MXD 1776–1978
Palasj€aarvi 68�020 24�060 PA TRW 1782–1978
Palasj€aarvi 68�020 24�060 PA MXD 1782–1978
Vemdalskalet 62�300 13�590 PA MXD 1782–1978
Vemdalskalet 62�300 13�590 PA TRW 1782–1978

Kyyn€aar€aa 60�400 23�530 PA MXD 1801–1978 1–2 AD 1846 (network 2)
Totthumeln 63�250 13�110 PA TRW 1818–1978
Totthumeln 63�250 13�110 PA MXD 1818–1978
Koliberg 63�060 25�290 PA MXD 1818–1987
Duvberg 62�040 14�200 PA MXD 1846–1978

Middagsberget 63�210 18�590 PA MXD 1858–1978 1 AD 1893 (network 1)
Rokuan 64�330 26�310 PS MXD 1893–1978
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The few chronologies that go back before AD
1696 are mainly located in northernmost Fenno-
scandia, with the exception of the Femundsmarka
chronology in SE Norway. Each of the seven net-
works identified here were then used for develop-
ing seven separate temperature reconstructions.
The method for this is described below.

6. Reconstructing summer (June–August)
temperatures

6.1 The reconstruction method

For the reconstructions of summer temperatures,
we applied a principal component regression
technique that has previously been used in var-
ious climatological studies (see e.g. Jones, 1987;
Briffa et al., 2001; Luterbacher et al., 2002 for
detailed discussions). The central idea is to re-
duce the number of variables in a dataset with
many correlated variables to only a small number
of uncorrelated variables that contain the essen-
tial common information. The reconstruction pro-
cedure starts with an EOF=PC decomposition of
the temperature field (i.e. the instrumental data).
The leading PCs, i.e. a small number of PCs that
together explain a large part of the temperature
variance in the region, are selected. The number
of PCs selected depends on the size of the region
and on the structure of spatial correlation within
the region; hence it has to be determined from the
data. Each selected temperature PC is then used
as the predictand in a multiple linear regression,
where the first few significant PCs calculated
from the available tree-ring chronologies are used
as predictors. Once these regression relationships
have been established, the selected PCs of the
instrumental data can be estimated from the tree-
ring data, and hence the temperature variations can
be reconstructed back in time, as far as the tree-
ring data permit, by expanding the reconstructed
PCs on the corresponding EOFs determined from
the instrumental temperature data.

As previously shown (Fig. 1), the EOF=PC
analysis revealed that the first two PCs together
account for 94% of the variance of the standar-
dized Fennoscandian June–August temperatures
in this region. This is regarded as sufficient for
representing Fennoscandian temperature varia-
bility, and we selected these two PCs for use in
the reconstruction algorithm. An EOF=PC de-

composition was then performed on the standar-
dized tree-ring data. This latter decomposition
was repeated six times, each time using all the
tree-ring chronologies in one of the networks 1 to
6 identified in the previous section (network 7
was treated separately, see below). For each net-
work, we initially entered the PCs that had
eigen values >1 as predictors into a multiple
linear regression analysis, where one of the two
temperature PCs was set as predictand. The
t-statistics from these multiple regressions were
then used to identify those tree-ring PCs that had
a significant influence on the regression at the
90% level. Only these tree-ring PCs were finally
selected for use in the subsequent temperature
reconstruction. For network 7, which contains
only three chronologies, we did not make any
PC decomposition of tree-ring data. Instead, we
used all three chronologies directly as predictors
in a multiple regression. All analyses were made
for the 1901–1970 common period.

Once the first two PCs of the summer tem-
perature data had been reconstructed back, stan-
dardized temperatures for each grid point were
obtained by expanding the reconstructed PCs
on the corresponding EOFs for the instrumental
data. Then, to obtain a reconstruction of the ab-
solute temperatures at each point of the grid,
each grid-point series was multiplied by the stan-
dard deviation of the corresponding grid-point

Table 2. Summary statistics for the principal component
regression (analysis period 1901–1970) used for develop-
ment of seven summer (June–August) temperature recon-
structions. The columns represent the seven tee-ring networks
in Fig. 7. The first row indicate the first year for which each
network has data; the second row gives the number of tree-
ring chronologies in each network; the third row gives the
number of PCs from the tree-ring data used in the multiple
regressions that lead to the reconstructions; the last row
indicates the percentage of temperature variance explained.
No PC decomposition was made for network 7. Instead, the
three chronologies were used directly as predictors in a
multiple regression

Network 1 2 3 4 5 6 7

First year=AD)
with data

1893 1846 1782 1696 1570 1398 442

Number of
chronologies

30 28 22 12 6 4 3

Number of PCs 4 4 2 4 4 3 0
Variance
explained (%)

80 80 80 80 65 55 55
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temperature series and then the corresponding
mean value was added. Finally, a reconstruction
of Fennoscandian regional June–August temper-
atures was obtained by averaging over all grid
points. This procedure was repeated for each of
the seven networks, thus giving seven separate
reconstructions. The first year for which each
reconstruction is available is given in Table 2.
All reconstructions end in the year 1970.

6.2 Spatial and temporal representation
of seven reconstructions based
on different tree-ring data networks

The percentage of reconstructed summer temper-
ature variance explained in the calibration period

1901–1970, as well as the number of tree-ring
chronologies and PCs used, for each of the sev-
en reconstructions is presented in Table 2. The
reconstructions accounted for between 80% (net-
works 1–4) and 55% (networks 6–7) of the var-
iance. It is noteworthy that networks 1–4 all
explained the same amount of temperature var-
iance, despite the fact that network 1 contains
thirty chronologies and network 4 only twelve.
The patterns of correlation between the recon-
structed and observed summer temperatures at
each grid point are plotted for each network in
Fig. 8. The pattern for network 1 is qualitatively
highly similar to the corresponding pattern for
the first temperature EOF in Fig. 1c, and displays
the highest correlations (r>0.85) over north-

Fig. 8. Correlations between observed (gridded) and reconstructed (for each of the seven
networks shown in Fig. 7) Fennoscandian June–August temperatures 1901–1970
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eastern Sweden and south-western Finland. The
patterns for networks 2–4 are similar, both with
respect to spatial patterns and correlation strengths.
The pattern for network 5 shows weaker correla-
tions throughout the domain, with the strongest
values (r>0.80) occurring in northern Sweden
at about 67� N. The patterns for networks 6–7
resemble that of network 5, but correlations are
slightly weaker in the southern part of the do-
main. In general, the strongest relationships be-
tween reconstructed and observed temperatures
are found over those regions from which the
tree-ring data was collected.

Figure 9 shows a comparison between the time
series for reconstructed and observed Fennoscan-
dian June–August temperatures for the period
1901–1970. The reconstructed temperatures for
all seven networks show variations that are similar
to the instrumental series, both for inter-annual
and inter-decadal timescales. The visual impres-
sion from Fig. 9 together with the high amounts of
explained temperature variances (Table 2) indi-
cate that despite a decreasing number of tree-ring
chronologies back in time, the temperature signal
keeps relatively strong and robust.

A comparison of the correlation maps in Fig. 8
with those in Figs. 3–4 reveals some interesting
features. The spatial patterns and the strengths of
correlations for the two smaller networks (6–7)
are similar to those seen for the BR92 reconstruc-
tion. Because BR92 was found above (in Sect. 4)
to be the best available Fennoscandian tempera-
ture reconstruction, the results shown in Fig. 8
demonstrate that there is a potential for further
improving the spatiotemporal representation of
Fennoscandian temperature reconstructions based
on tree-ring data. It appears that as few chronol-
ogies as twelve, from the nine sites located in
network 4, seem sufficient to more efficiently

represent summer temperatures in the region as
compared to the BR92 reconstruction.

As regards the issue of verification of the cali-
bration statistics, we do not entirely follow the
tradition in dendroclimatological studies. This
tradition includes a habit of using data from only
a part of the period when tree-ring data overlaps
with instrumental data for the calibration and
saving the rest for verification. The main reason
why we did not follow this approach is the length
of the 1901–1970 period, which would lead to
very short periods if split into separate calibra-
tion and verification periods. To partly overcome
this problem, we instead take advantage of the
availability of the very long instrumental temper-
ature series for the Tornedalen region (Klingbjer
and Moberg, 2003). The locations of the sta-
tions used to build this series (near Haparanda;
65�490 N, 24�80 E, see Sect. 3) are located in the
area where the seven reconstructions are strongly
correlated to summer temperatures. We calculate
calibration=verification statistics by using this in-
strumental temperature series together with recon-
structed summer temperatures for the single grid
point located nearest to Haparanda. By doing so,
we obtain a verification period (1833–1900) that is
about as long as the calibration period. These cal-
culations are described and discussed in Sect. 7.1.

7. Discussion

Here we discuss, in four subsections, selected
aspects of a summer temperature reconstruction
that consists of a combination of the seven in-
dividual reconstructions (described in Sect. 6)
into one single reconstruction. This combined re-
construction is constructed by using the recon-
struction based on network 7 for the period AD
442–1397, network 6 for AD 1398–1569, etc.,

Fig. 9. June–August temperature
reconstructions for each of the
seven networks in Fig. 7 (thick
grey is for network 1, grey thin
lines are for networks 2–7) com-
pared with the observed Fennos-
candian temperatures (thick
black) averaged over the entire
Fennoscandian area for the peri-
od 1901–1970
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and network 1 for the period 1893–1970 (see
Table 2). Figure 10 shows this combined recon-
struction, extended for the period 1971–2000
with instrumental data, for decadal, 30- and
100-year smoothings. 95% confidence intervals
are also shown for the decadally smoothed series.

The confidence interval shown is a measure of
the uncertainty in the calibration period, but it is
not a measure of the quality of the earlier tree-
ring data. The plot of the confidence intervals
provides a visual impression of how the uncer-
tainty in the calibration period (which is partly
determined by the spatial distribution and the
number of chronologies) differs among the seven
individual reconstructions; this is illustrated by
the different widths of the confidence intervals
for each respective network. Briffa et al. (2002)
demonstrated that the width of the confidence
intervals must be adapted according to the degree
of smoothing (low-pass filtering) used in pre-
sentations of the data. Confidence intervals for
inter-annual variability are wider than confi-
dence intervals for decadal variability, which
in turn are wider than confidence intervals for
multi-decadal variability, etc. We used the meth-
od described by Briffa et al. (2002), formulated
in Eq. (A3) in their Appendix, to calculate the
95% confidence intervals for decadal smooth-
ing. (We acknowledge Keith Briffa and Tim
Osborn for their help with correcting a minor
error in this equation; a correct formulation is
found in the acknowledgements at the end of
this paper.)

The idea, outlined by Briffa et al. (2002) be-
hind the adjustment of the width of the confi-
dence interval to correspond to the smoothing,
is to first estimate the standard error for the re-
sponse variable in a linear regression relation
where the instrumental mean temperature is the
predictand (here this is the Fennoscandian mean
temperature) and the dendroclimatological recon-
struction the predictor. Then, the standard error
for a smoothed time series of the response vari-
able (i.e. the smoothed reconstruction) is adjusted
with a quantity that is defined by the smoothing
filter coefficients used and also by the actual
smoothed value of the response variable at a cer-
tain time point. We calculated such 95% confi-
dence intervals (�2 standard errors) for each of
the seven steps for a decadal smoothing. As can
be seen in Fig. 10, the width of the confidence
interval for decadal smoothing is wider before
AD 1696 and narrower afterwards, which reflects
the better fit to the instrumental temperature data
for the four tree-ring networks used after AD
1696.

7.1 Robustness of the reconstruction
with respect to the calibration period

A general problem in paleoclimatology is the
circumstance that the instrumental record is too
short for reliably testing the robustness of the
statistical relationships obtained in the calibra-
tion period. In Fennoscandia some very long in-
strumental temperature series exist that can be

Fig. 10. Fennoscandian regional-average summer (June–August) temperatures AD 442–1970 created by merging the seven
reconstructions based on the seven networks in Fig. 7. The series is extended up to the year 2000 with instrumental data. Data
are shown as smoothed (Gaussian filtered) temperatures (�C), highlighting variability on timescales longer than 10 years (thin
black), 30 years (grey), and 100 years (thick light dark grey). The dashed horizontal line is the average for the entire period.
The uncertainty in reconstructed temperatures (based on the calibration period statistics) is illustrated by �2 standard errors
with grey shading (for the 10-year smoothing only)
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used to evaluate proxy data. The Tornedalen se-
ries (Klingbjer and Moberg, 2003), i.e. the ex-
tended Haparanda synoptic station temperature
series, is of particular interest for the current
study. This station is located within the region
in northern Fennoscandia where reconstruction
is highly correlated with the local summer tem-
peratures (as demonstrated in Fig. 8). To assess
the robustness of our reconstruction with respect
to the calibration period, we selected data for the
single grid point in our reconstruction that is
located nearest to Haparanda, and compared this
grid-point temperature reconstruction with the
Tornedalen instrumental series of June–August
mean temperatures for the period 1833–1970.

The correlation between the Tornedalen series
and the chosen grid-point reconstruction over the
period 1901–1970 (i.e. the calibration period
used above) is 0.83 (Fig. 11a). The correlation
for the period 1833–1900 is 0.81. This demon-
strates that the correlation between observed and
reconstructed summer temperatures during the
calibration period has overall been quite stable
at least since the 1830s. In addition we applied
standard calibration=verification tests to assess
the temporal stability of the climate signal in
our reconstruction; reduction of error (RE), coef-
ficient of efficiency (CE) and the Durbin-Watson
statistic (DW). These statistics are commonly
used in dendroclimatology. RE compares the es-

Fig. 11. Comparison between the
Tornedalen instrumental June–
August temperatures (65�490 N,
24�80 E, Klingbjer and Moberg,
2003) and the reconstructed
June–August temperatures for
the nearest grid point over the
period 1833–1970. (a) time se-
ries for both records, (b) the
instrumental Tornedalen plotted
vs. the reconstructed tempera-
tures, with fitted regression lines
for two periods (1833–1900 and
1901–1970). The dotted line
marks the one-to-one relationship
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timated data with values assumed to be equal to
the mean of the calibration period, and a value
>0 is accepted as indication of reasonable skill
in the reconstruction (Fritts, 1976; Briffa et al.,
1988). CE is a measure of the variance in com-
mon between the real and estimated data over the
verification period, and values>0 indicate useful
information in the reconstruction (Briffa et al.,
1988; Cook et al., 1994). The DW statistic is
a test statistic used to detect the presence of
autocorrelation in the residuals from a regres-
sion analysis. Results for the verification period
(1833–1900) period were: RE¼ 0.64 and CE¼
0.60, both indicating good skill in the reconstruc-
tion. The DW statistic for the calibration period
(1901–1970) was 1.69, indicating no significant
autocorrelation in the residuals.

An alternative way of assessing the relation-
ship between the grid-point-reconstruction and
the Tornedalen record is presented in Fig. 11b.
Here instrumental temperatures are plotted against
reconstructed temperatures for both the 1901–
1970 and 1833–1900 periods. The fact that the
slope is almost equal to one for the 1901–1970
period demonstrates that the reconstruction works
very well locally for this grid point in the calibra-
tion period. The slope is also close to one in the
1833–1900 period which shows that the relation-
ship obtained in the calibration period holds also
well for the evaluation period. This analysis sug-
gests that the reconstruction is only to a minor
degree dependent on the series’ behaviour in the
calibration period; at least the relationship holds
about equally well for independent 70-year long
periods in both the 19th and 20th centuries.
The slightly larger slope for the 1833–1900 pe-
riod in Fig. 11b reflects a slight reduction in
variance in the reconstruction for this period,
which is to be expected when applying a regres-
sion model to other data than those used for the
calibration.

7.2 Reconstructed Fennoscandian summer
temperatures AD 442 to 1970

The full reconstruction (Fig. 10) has rather high
variability at decadal and thirty-year timescales,
but longer (century scale) variations are rela-
tively small (roughly within �0.2 � C around the
long-term average). It is difficult, however, to
draw conclusions regarding a possible underes-

timation of the low-frequency variability in the
reconstruction. The reconstruction before AD
1696, i.e. the longer part of the reconstruction,
is to a large extent based on data standardized
with the RCS method, which would support that
low-frequency variability is rather well preserved.
After AD 1696, the influence is larger from the
shorter chronologies that were standardized with
traditional techniques. This might lead to an un-
derestimation of low-frequency variability in this
part of the reconstruction. Nevertheless, the fact
that the multi-decadal variability in the calibra-
tion period seems to be rather well reproduced
for all seven networks (as seen in Fig. 9) and the
generally good agreement between reconstructed
and observed summer temperatures for Torneda-
len 1833–1970 (Fig. 11a), suggest that the sup-
pression of at least multi-decadal variability may
be rather small.

It is evident, from Fig. 10, that there is a nota-
ble difference in the width of the confidence
intervals before and after AD 1696, i.e. at the
transition between the reconstructions based on
the networks 5–7 and networks 1–4. Thus, by
increasing the number of chronologies from 6
to 12, at the sites represented by network 4, we
obtained a more confident reconstruction. The
rather narrow confidence intervals after AD 1696
are a consequence of the property (see Fig. 8) that
the reconstruction for the period 1696–1970 (i.e.
networks 1–4) represents a large area in Fennos-
candia very well, with local temperature correla-
tions above 0.75 across most of Sweden and
large parts of Norway and Finland. Prior to AD
1696 (networks 5–7), only the northern parts of
Sweden and neighbouring areas in Norway and
Finland display similar high correlation values.
Hence, the combined reconstruction can be view-
ed as mainly representing northern Fennoscandia
before AD 1696, whereas its later part better
represents the whole of Fennoscandia.

The reconstruction suggests that a long conse-
cutive period of multi-decadal average summer
temperatures being mainly above the long-term
mean occurred during much of the 10th and 11th
centuries. However, this period, which in time
agrees with the ‘‘Medieval Warm Period’’ (e.g.
Lamb, 1965; Hughes and Diaz, 1994) or ‘‘Med-
ieval Climatic Anomaly’’ (Stine, 1998), is not
more conspicuous than the warm estimated sum-
mer temperatures of the 15th and 16th centuries.
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Shorter periods with high estimated summer
temperatures are also seen in the late-5th, 8th,
late-12th and late-18th centuries. The longest
consecutive cold period is found from the late
16th century to mid-18th century, coinciding
with the ‘‘Little Ice Age’’ (Lamb, 1977; Grove,
1988; Fisher et al., 1998). However, even colder
summers are evident in the beginning of the 8th
century and in the mid-12th century.

7.3 Further notes on Fennoscandian
tree-ring data

The analyses of the spatial representation of
previously published summer temperature recon-
structions showed that TRW data, alone, cannot
provide the same amount of information of the
full summer season in Fennoscandia as a combi-
nation of TRW and MXD data. The TRW-based
reconstruction that best showed a reasonably
strong temperature signal, with large spatial rep-
resentation, was the one from Finnish Lapland
(HE02), which focused on July temperatures. It
has previously also been shown that July tem-
peratures have strongest influence on Scots pine
growth also in the Tornetr€aask and J€aamtland areas
(Grudd et al., 2002; Gunnarson and Linderholm,
2002). Thus, TRW from the northern Fennos-
candian region may be regarded as good proxies
for mid-summer temperatures. The tree-ring data
of the Finnish Lapland chronology (Eronen et al.,
2002) were collected from a larger number of
sites within a larger geographic area than those
from Tornetr€aask (Grudd et al., 2002), which in
turn had a larger sampling area than J€aamtland
(Linderholm and Gunnarson, 2005). Possibly,
also the number of sampled trees may have an
influence on the spatial representation of the final
reconstruction.

In J€aamtland, particularly high growth values
around 1950, which cannot be explained by sum-
mer temperatures during that time, have been
reported previously (Linderholm, 2002). If the
data suffering from this problem had been in-
cluded in the new reconstructions presented here,
this would certainly have caused lower correla-
tions during the calibration period. Since this
area is strongly influenced by air masses from
the Norwegian Sea, it is likely that tree growth
is additionally influenced by precipitation vari-
ability on short-to-long timescales (Gunnarson

et al., 2003; Linderholm and Chen, 2005), further
weakening the summer temperature information
in the tree-ring data.

Our search for the chronologies that are most
suitable for reconstructing temperatures have
shown that, in general, conifers growing in inland
environments from the north-central to northern-
most parts of Fennoscandia are particularly use-
ful. Further south, and in coastal areas, (climatic)
factors other than summer temperatures also
influence tree growth. Indeed, tree-ring data from
those environments have been used to reconstruct
summer and winter precipitation (Helema and
Lindholm, 2003; Linderholm and Chen, 2005),
summer drought (Linderholm and Molin, 2005)
and the NAO (Lindholm et al., 2001; Cook et al.,
2002). Using EOF=PC analysis on a large net-
work it is possible to group chronologies depend-
ing on the climatic influence on tree growth, and
thereby possibly more than one climate param-
eter can be studied in regions with well defined
climate gradients as is the case in Fennoscandia.

7.4 Comparing BR92 and GR02 with the new
reconstruction – concerning the potential for
improvement of future large-scale reconstructions

We conclude the discussion with presenting direct
comparisons of the BR92 and GR02 series with
our new combined reconstruction. The comparison
with BR92 is interesting because it has been found
here to best represent Fennoscandian summer
temperatures, and because it has been included
in several reconstructions of hemispheric temper-
atures. Also the GR02 series has been included
in recent large-scale temperature reconstructions.
Comparison with our new reconstruction provides
further information regarding the influence these
series have had on the inferred temperatures.

From Fig. 12a it is apparent that BR92 and
our reconstruction are well correlated. The agree-
ment between the two records at both high and
low frequencies is generally high, except for a
few periods: BR92 discloses slightly higher tem-
peratures during AD 900–1100 and 1400–1450,
and slightly cooler temperatures during AD
600–700, 1200–1250 and 1550–1700 than our
reconstruction. After 1850 the correspondence
between the two reconstructions is a bit lower
compared to the earlier part. When the seven net-
works are correlated against BR92, the corre-
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lation coefficients are 1970–1893: 0.78; 1892–
1846: 0.81; 1845–1782: 0.84; 1781–1696: 0.85;
1695–1570: 0.88; 1569–1398: 0.87; 1397–500:
0.89. The increase in correlation with the net-
works containing progressively fewer chronolo-
gies is due to the increased relative importance of
the Tornetr€aask tree-ring data in the two recon-
structions. In other words, the two series have
more common data backwards in time.

When comparing the correlation patterns with
summer temperatures for all our seven network
reconstructions (Fig. 8) to that for BR92 (Figs. 3a,
4a), it is seen that the patterns for networks
5–7 are very similar to that for BR92. Therefore,
the only substantial improvement of our recon-
struction compared to BR92 is contained in the
reconstructions based on networks 1–4 where
more than 12 chronologies are included. Our cor-
relation maps thus suggest that network 4 better
describes summer temperature variability for a
larger part of Fennoscandia than BR92 does,
using data from only nine sites (three of the sites
have both TRW and MXD data, giving 12 chro-
nologies). Consequently, to improve the spatial
representation of Fennoscandian summer tem-
peratures as provided by BR92, focus can be
put on re-sampling these nine ‘‘key sites’’ for
older material (e.g. subfossil wood) as well as
more recent material. This could help to improve
the reconstruction as far as possible beyond AD
1700 and also to extend it until the present.

When our reconstruction is compared to GR02
(Fig. 12b), the latter displays more pronounced
low-frequency variability than in our reconstruc-
tion (and also more than in the other reconstruc-
tions studied here, see Fig. 2). Higher variability
(and hence higher=lower temperatures) in GR02
relative to our reconstruction (and BR92) is espe-
cially striking in AD 900–1100 (i.e. the MWP)
and from c. AD 1550–today (including the LIA).
Based on the correlation patterns in Figs. 4 and 8,
it may be assumed that GR02 does not represent
regional temperatures very well. This was also
recently shown by Grudd (2006), where a new
reconstruction of June–August temperatures AD
500–2004, based on Tornetr€aask TRW and MXD
data was discussed. Grudd (2006) wrote: ‘‘The
new Tornetr€aask reconstruction shows overall
higher temperatures as compared to the previously
published data (Briffa et al., 1992; Grudd et al.,
2002)’’. The different past temperature levels indi-
cated by GR02 and BR92 will likely have some
influence on large-scale reconstructions. The in-
clusion of GR02 would lead to somewhat cooler
past temperatures on average, except for the per-
iod from c. AD 900 to 1100 which would be war-
mer, compared to when BR92 is used.

The slight difference in low-frequency varia-
bility between our reconstruction and BR92 may
be due to differences in calibration period length;
for our reconstruction it was 70 years, for BR92
it was 100 years. GR02 used a 129-year calibra-

Fig. 12. Comparison between our reconstruction (black) and a) the BR92 reconstruction (grey, Briffa et al., 1992); b) the
GR02 reconstruction (grey, Grudd et al., 2002) of Fennoscandian summer temperature anomalies back to AD 500. The
reconstructions are smoothed (Gaussian filter with �¼ 9) to represent 30-year variability. To facilitate the comparisons, all
series are presented as departures from the long-term mean (i.e. back to AD 500)
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tion period, but that does likely not account for
the large difference in low-frequency variability
compared to the others. Possibly this is a result of
the number of variables used in the regression
equations; in GR02 only one variable is used
while in the other reconstructions more variables
are used (e.g. TRW and MXD).

Our results suggest that it is possible to im-
prove the available long reconstructions of Fen-
noscandian summer temperatures by collecting
more subfossil and recent tree-ring data from a
few suitable sites in Fennoscandia. Thus, there is
also a potential for slightly improving the quality
of the hemispheric-scale reconstructions. How-
ever, as the Fennoscandian tree-ring data best
represent summer temperatures within a region
that is very small compared to the entire North-
ern Hemisphere, it appears to us that much
greater improvements to hemispheric-scale tem-
perature reconstructions can be achieved by sam-
pling tree-ring data from other regions that are
currently not represented.

8. Conclusions

The aim of this paper was to assess the spatio-
temporal representation of previous dendroclima-
tological reconstructions in Fennoscandia and
evaluate the possibilities to develop an improved
one. Our results can be summarised as follows:

TRW data alone yield reasonably good spatial
information mainly for mid-summer (July) tem-
peratures, especially in the northern part of Fen-
noscandia. However, combining TRW and MXD
data provides better spatial representation over
large parts of Fennoscandia for the entire sum-
mer season (June–August). The temperature re-
construction by Briffa et al. (1992), utilising both
TRW and MXD data, displayed the best spatial
representation, in terms of correlations with ob-
served temperatures during 1901–1980, among
five available long temperature reconstructions
from Fennoscandia. Interestingly, this conclusion
concerning the reconstruction by Briffa et al.
(1992) holds for the June–August season, despite
the fact that their target season for reconstruction
was April–August.

We propose selecting those TRW and MXD
chronologies that show the strongest temperature
information from a network a priori, to provide
a data set with a strong common climate signal

suitable for regional-scale reconstruction. By us-
ing this approach, we were able to create seven
separate (although not independent) reconstruc-
tions, based on tree-ring chronology networks of
different sizes and spatial distributions. We dem-
onstrated how the spatial representation of a re-
construction depends on the networks available
for different time periods. In our example, a
reconstruction based on 12 chronologies from
9 sites represents Fennoscandia very well, with
correlations with observed summer temperatures
being above 0.7 nearly everywhere in the region.
An increase of the number of chronologies to 30
did not improve the skill of the reconstruction.
Using data from the 9 sites included in the net-
work yielded a reconstruction back to AD 1696.
To reconstruct summer temperatures prior to this
year, a maximum of six useful chronologies were
available. With decreasing number of available
chronologies, the representation of the recon-
structions became centred over the northern part
of Fennoscandia, although correlations with ob-
served summer temperature remain above 0.5
even in most of the southern part of the domain.

We conclude that reconstructions of Fennos-
candian summer temperatures can be slightly
improved. In order to improve the spatial repre-
sentation of the available reconstructions beyond
around AD 1700, and also extend it to the present
(many available series end in the 1970s or 1980s),
additional sampling of subfossil trees could be
restricted to rather few key sites. Because there
is a potential for improving the quality of Fen-
noscandian tree-ring based temperature recon-
structions, there is also a potential for slightly
improving the quality of hemispheric-scale tem-
perature reconstructions, to which Fennoscan-
dian tree-ring data is an important contribution.
However, adding new chronologies from pre-
viously unsampled regions would potentially
improve hemispheric-scale temperature recon-
structions more substantially.
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