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ABSTRACT
The atmosphere-ocean model ECHO-G, run with solar, volcanic and greenhouse gas forcing for the past millennium, is
used to analyse winter and summer temperature variability in Scandinavia. Relationships with atmospheric circulation,
North Atlantic SSTs and Northern Hemisphere (NH) temperatures are investigated at timescales longer and shorter
than 10 yr. The simulated response to volcanic forcing is also analysed. Realistic relationships with the atmospheric
circulation, with some deficiencies in summer, are found. High-frequency co-variations with SSTs and NH temperatures
are too weak, but low-frequency co-variations with NH temperatures in winter are apparently too strong. The summer
cooling response to volcanic forcing is realistic, but the expected winter warming is absent. The simulated long-term
temperature evolution agrees broadly with proxy data. Combinations of several forcing factors can lead to decadal
and multidecadal anomalies from the centennial trends. Decreased solar forcing can account for cold intervals in both
summer and winter. A systematic negative North Atlantic Oscillation (NAO) phase can explain the coldest winter
temperatures during 1590-1650. Several strong volcanic forcing events can have contributed to a simultaneous summer

cooling. Proxy data also indicate cold summers and winters, and a negative NAO in winter, in the same period.

1. Introduction

Inspired by early studies, for example Walker and Bliss (1932)
and Bjerknes (1962), several later studies have documented
strong links between atmospheric circulation and sea surface
temperatures (SSTs) in the Atlantic sector and near-surface
temperatures in western and northern Europe. One prominent
example is the quasi-regular oscillation with slightly enhanced
power at 8—10 yr timescales associated with the North Atlantic
Oscillation (NAO), manifested by alternating deepening and
strengthening of the Icelandic Low and opposite changes of
the Azores High pressure system (Hurrell, 1995; Hurrell et
al., 2003). These variations imply alternating strengthening
and weakening of the westerly flow towards northern Europe,
leading to variations between warmer and colder winter
temperatures there. Oceanic processes in the North Atlantic
Ocean, and feedbacks between the atmosphere and the ocean
(Grotzner et al.,, 1998; Timmermann et al., 1998; Visbeck
et al., 2003), can lead to regional modes with slower variations

*Corresponding author.
e-mail: anders.moberg@natgeo.su.se
DOI: 10.1111/j.1600-0870.2006.00207.x

30

in the atmospheric circulation and thereby lead to low-frequency
variations of climate in northern Europe. Large-scale modes of
variability and recurrent climate regimes have been documented
for different timescales, particularly in winter (Raible et al.,
2001, 2005; Casty et al., 2005a, b).

Climate models, often analysed in parallel with climate re-
constructions from proxy data, have proven to be successful
in the above mentioned studies. On the proxy data side, re-
constructions of 500 hPa sea level pressures (SLPs) over the
North Atlantic/European sector (Luterbacher et al., 2002a) and
the NAO index (Luterbacher et al., 2002b) 500 yr back have
provided invaluable information of the past behaviour of the at-
mospheric circulation. Together with 500-yr long gridded tem-
perature (Luterbacher et al., 2004; Koplaki et al., 2005) and pre-
cipitation (Pauling et al., 2006) reconstructions for Europe, there
are today good possibilities to study relevant climatic processes
for several centuries, as demonstrated by for example Casty et al.
(2005a,b).

These various climate processes affect temperature variations
in Scandinavia at different timescales. Based on analyses of long
instrumental records, a number of studies have found significant
relationships between variations in temperature in Scandinavia
and the atmospheric circulation in winter (Chen and Hellstrom,
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1999; Chen, 2000; Jacobeit et al., 2001; Slonosky et al., 2001),
but only few studies (e.g. Moberg et al., 2003) have addressed the
summer season. Relationships are rather strong in both seasons.
Variability in the atmospheric circulation can account for 70% of
January temperature variability in southern Scandinavia (Chen,
2000). The NAO index alone can account for more than 60%
of the winter temperature variations (Jacobeit et al., 2001), but
the relationship is unstable and can be rather weak in some pe-
riods (Chen and Hellstrom 1999; Jacobeit et al., 2001; Slonosky
et al., 2001). In summer, atmospheric circulation, together with
associated changes in cloud amount, can explain 65% of local
temperature variations (Moberg et al., 2003).

Regional climate variations in Scandinavia are not only caused
by internal variability in the circulation systems. Changes in ra-
diative forcing caused by variations in greenhouse trace-gases,
solar irradiation and volcanic aerosols can also affect the regional
climate. Rather little is known in detail how these factors have
affected Scandinavian climate in the past, but the relative roles of
externally forced and internal climate variability on larger scales
have been analysed in coupled atmosphere-ocean general circu-
lation models (AOGCMs). Yoshimori et al. (2005) analysed these
relations for the Maunder Minimum period (1645-1715), which
is a period when the solar irradiance and greenhouse gas forcing
is supposed to have been weaker than presently. They found that
a mean cooling signal is masked by internal unforced variabil-
ity in northern Europe and some other regions in the Northern
Hemisphere (NH). The same authors also found a clear response
pattern to volcanic eruptions, where the volcanic forcing is pro-
jected onto the positive NAO pattern. This leads to a warming in
winters in Scandinavia in the first few winters after strong vol-
canic eruptions, in agreement with previous observational and
theoretical studies (e.g. Robock, 2000). Another model study by
Rind et al. (2004) shows that either the weakened solar forcing
during the Maunder Minimum, or lower greenhouse gas concen-
trations compared to the present, can produce a negative NAO
phase. This should lead to colder winter temperatures in Scandi-
navia. It follows that Scandinavian temperature variations can be
due to many different processes, which can interact in a complex
manner.

Here, we analyse temperature variations over the entire past
millennium for Scandinavia, focusing on the relationships to the
atmospheric circulation, SSTs and temperatures in the NH, as
simulated by an AOGCM driven by reconstructed time-varying
solar, volcanic and greenhouse gas forcings (Gonzélez-Rouco
et al., 2003; von Storch et al., 2004). This simulation has been
comparatively little evaluated previously, although control sim-
ulations with the same model have been rather thoroughly anal-
ysed (e.g. Raible et al., 2001; 2005; Min et al., 2005a,b). One aim
with our study is therefore to evaluate how well the forced model
simulates the Scandinavian climate. In addition to temperature-
circulation relationships in both summer and winter, we also
evaluate the model’s response to the volcanic forcing and we
compare the long-term evolution of simulated Scandinavian tem-
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peratures with temperature reconstructions based on proxy data.
Another aim is to investigate processes that are relevant for
Scandinavian temperature variability on interannual and decadal
timescales separately.

The paper is structured as follows. Details about the model
and a discussion of uncertainties in the forcings and the simu-
lation are presented in Section 2. The data analysed from the
simulation, from instrumental observations and from proxy ev-
idence are described in Section 3. The analysis methods are
presented in Section 4. Results are presented and discussed in
Section 5 in the following order: (i) temporal evolution of multi-
decadal temperature variability; (ii) comparison with proxy data
and long instrumental series; (iii) response to volcanic forcing
and (iv) relationships between near-surface temperatures and at-
mospheric circulation, SSTs and NH temperatures. An overall
discussion of causes for the simulated Scandinavian tempera-
ture variations is made in Section 6. Conclusions are drawn in
Section 7.

2. The model, the forcings and the simulation

2.1. The ECHO-G model

The AOGCM used here is ECHO-G (Legutke and Voss, 1999).
Its atmospheric component is ECHAM4 (Roeckner et al., 1996)
and the ocean model is HOPE-G (Wolff et al., 1997). ECHAM4
is a low-order spectral model, which has been used here with
a horizontal resolution of about 3.75° x 3.75° (triangular trun-
cation at T30) and 19 vertical levels. The ocean model has an
effective horizontal resolution of 2.8° x 2.8° (T42), with increas-
ing meridional resolution in the tropical regions reaching 0.5° at
the equator, and has 20 vertical levels. The coupled model has
been run with heat and freshwater flux corrections to avoid drift.
A more detailed description can be found, for example, in Min
et al. (2005a).

Min et al. (2005a) evaluated the internal variability in a
1000-yr control simulation with ECHO-G and followed up with
an analysis of the El Nifilo—Southern Oscillation (ENSO) and the
NAO in the same simulation (Min et al., 2005b). Simulated atmo-
spheric circulation patterns in two control simulations have also
been analysed by Raible et al. (2001; 2005). ECHO-G shows a
good skill, globally, in simulating the seasonal mean climatology
and interannual variability of near-surface temperatures, precipi-
tation and SLP. Local variability of temperature at interannual to
interdecadal timescales is reproduced realistically over the NH
continents. Simulated NH wintertime spatial SLP patterns, in
particular the NAO pattern, and their variability agree well with
observations. ECHO-G, however, shares some systematic errors
with other models, for example, a too regular ENSO. A prede-
cessor of ECHO-G, known as ECHO, has been used to study a
decadal climate cycle in the the North Atlantic Ocean (Grétzner
et al., 1998). This simulated decadal mode shares many features
with observed data, although the time period of oscillations is
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slightly longer in the model (17 yr) compared to observations
(12 yr).

2.2. External forcings

The model is forced by different greenhouse gases, volcanic
eruptions and solar variability. Annual global concentrations of
CO, and CH4 (Fig. 1a) have been derived from air bubbles
trapped in polar ice cores (Etheridge et al., 1996, 1998). N,O
concentrations (not shown) were kept constant before 1860 at
276 ppb and after this date increasing exponentially up to 307
ppb at 1990 (von Storch et al., 2004). The volcanic radiative
forcing (Fig. 1b) is estimated from electrical conductivity and
sulphate measurements in ice cores, as described by Crowley
(2000). The solar radiative forcing history (Fig. 1c) has been es-
timated from concentrations of '°Be in ice cores and (after 1610)
from historical observations of sunspots, also as described by
Crowley (2000). The volcanic and solar forcings were aggre-
gated and rescaled to an effective solar constant used to drive the
model (Gonzilez-Rouco et al., 2003; von Storch et al., 2004).
For the solar forcing, the chosen rescaling corresponds to a
change of 0.3% between the mean during 1960-1990 and the
mean during 1680—1710. The radiative forcing due to volcanic
eruptions estimated by Crowley (2000) was multiplied by a fac-
tor of 4 to obtain the effective changes in the solar constant. No
changes in anthropogenic aerosols or land-use changes have been
considered.

There are uncertainties associated with all forcings. The green-
house gas forcings are the least uncertain. Glacial ice offers
a reliable method for determining past atmospheric concen-
trations of trace gases, but the method is not without prob-
lems (Etheridge et al., 1996; Robertson et al., 2001). Later es-
timates of CO, changes (Siegenthaler et al. 2005), however,
confirm that the CO, history used here is robust. Errors in
the CH, concentrations appear to be small (Etheridge et al.,
1998).

Uncertainties in the solar and volcanic forcings are substan-
tially larger. In both cases, the transformation of the proxy in-
formation in ice involves subjective decisions (Crowley, 2000;
Robertson et al., 2001). In the case of volcanic eruptions, the
forcing for specific events can differ by a factor of 4 between
reconstructions by different authors (Stendel et al., 2006). In re-
ality the volcanic dust ejected into the atmosphere can absorb and
reflect both long- and short-wave radiation, and thereby induce
complex dynamic interactions between the stratosphere and the
troposphere (Robock, 2000). This can in turn lead to regional
and seasonal effects on the near-surface temperatures. The way
the volcanic forcing is imposed on the model here is not fully
realistic, as it is treated only as a change in the effective so-
lar constant. Therefore, neither the regional effects of volcanic
aerosols in the long-wave range of the spectrum nor other scat-
tering processes of solar radiation are incorporated. From the
Scandinavian point of view, this may affect the model’s ability to

simulate the temperature response after large volcanic eruptions.
In particular, a number of investigations have revealed that win-
ter temperatures in parts of the NH extratropics can experience a
warming in two to three winters immediately after large tropical
eruptions (Robock and Mao, 1992, 1995; Robock, 2000, 2002;
Jones et al., 2003). This winter warming at the surface is hypoth-
esized to have a dynamical reason related to meridional tem-
perature gradients, either in the stratosphere or the troposphere
or both, which influence the state of the NAO. Previous obser-
vational (Kodera, 1994; Robock, 2000) and modelling studies
(Yoshimori et al., 2005; Jones et al., 2005) have found a re-
sponse of the NAO towards a more positive phase during two or
three winters after an eruption. The simulated Scandinavian tem-
perature response to large ‘volcanic eruptions’ in the ECHO-G
simulation are investigated here.

The amplitude of past variations in solar forcing is much de-
bated (see for instance, IPCC, 2001). It has been argued that
production of '°Be in the atmosphere is modulated, among other
factors, by variations in the solar magnetic field, which may be re-
lated to solar activity (Lean et al., 1995; Bard et al, 2000). Hence,
the '"Be concentration in glacial ice cores can be regarded as a
proxy for solar activity. High '°Be concentrations measured in
ice from the Maunder Minimum period (1645-1715) have been
interpreted as an indication of weak solar irradiance in this period
(Bard et al., 2000). There is, however, considerable uncertainty
concerning how measured °Be variations can be translated to so-
lar radiative forcing (Bard et al., 2000; Lean et al., 2002; Foukal
et al., 2004). Evidence has been found that secular changes in
the solar magnetic field, and therefore in '°Be production rates,
can occur in the absence of long-term solar irradiance changes
(Lean et al.,2002). The high amounts of '°Be during the Maunder
Minimum need thus not necessarily imply weak solar irradiation.
The irradiance variations over the 11-yr sunspot cycles are better
known, as they can be calibrated against satellite measurements
since 1979. It is estimated that the 11-yr solar irradiance varia-
tions have an amplitude of about 0.08% (Lean and Rind, 2001).
Foukal et al. (2004) argue that the long-term difference in so-
lar irradiance between the Maunder Minimum and the present
may not be larger. At the other extreme among opinions is an
estimate that the Maunder Minimum decrease in solar irradiance
was as large as 1% (Reid, 1991; see also discussion in Bard et al.,
2000). The corresponding estimate by Lean et al. (1995), which
is 0.24%, is sometimes used as a standard (Tett et al., 2006;
Stendel et al., 2006), but recent modelling studies have tended
to use slightly smaller values (e.g. 0.2% in Rind et al., 2004;
Stendel et al., 2006, and 0.14% in Yoshimori et al., 2005). The
choice used here, that is, 0.3%, is not exceptional (Bauer et al.,
2003) but may nevertheless be too large. Clearly, the choice of
scaling of the long-term solar forcing amplitude has an effect on
the amplitude of simulated low-frequency temperature variations
(Stendel et al., 2006).

Another issue worth pointing out is that the forcing history
does not include anthropogenic aerosols or land-use changes.
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Since the contribution from these factors in reality is likely
a negative trend in radiative forcing during the 20th century
(Taylor and Penner, 1994; Bertrand et al., 2002; Bauer et al.,
2003; Bellouin et al., 2005), their absence in the reconstructed
forcing history implies that the simulated 20th century tempera-
ture warming trend can be too large.

2.3. The forced simulation

Figure 1d—e shows 30-yr-smoothed summer and winter temper-
ature variations, averaged over both Scandinavia and the NH,
as simulated with ECHO-G driven by the forcings described
above. This simulation was first used by Gonzalez-Rouco et al.
(2003) to study the relation between simulated deep soil temper-
atures and near-surface air temperatures. The same simulation
has later been used to study variability of mid-latitude storm
activity on decadal to century timescales (Fischer-Bruns et al.,
2005) and recurrent winter climate regimes in 500 hPa geopo-
tential height fields over the North Atlantic and European sector
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(Casty et al., 2005a). Data from this simulation has also been
used to test statistical methods for temperature reconstruction
from proxy data (von Storch et al., 2004, 2006; Biirger et al.,
2006). A shorter, but similarly forced, simulation was used in
a study of global temperatures and the NAO, with particular
focus on the Maunder Minimum period (Zorita et al., 2004).
The latter study showed that the simulated NAO pattern, and
its fingerprint on temperature and precipitation fields, compares
well with observational data. However, a shift of the centres of
action of the NAO towards the European continent was noted.
Later, Gonzélez-Rouco et al. (2006) presented another 1000-yr-
long simulation with ECHO-G using the same forcings as above.
This new simulation started from colder initial conditions com-
pared to Gonzalez-Rouco et al. (2003). The impact of this dif-
ference is manifested in the near-surface temperature data. NH
mean temperatures are about 0.5° colder during 1000—1200 in the
new simulation, but the difference decreases until around 1550.
After about this time, NH temperatures in the two simulations
follow each other closely. This suggests that Gonzalez-Rouco

0
1000

1
1100

L 500

1 1 1 1 1
1200 1300 1400 1500 1600 1700 1800 1900 2000

b

W/m?

I

T 'l{

I ® | I 1

1200

1300

1400 2000

1368

1366

Wi

. . . 1364
Fig. 1. Forcings and simulated temperature

1362

L

time-series. Atmospheric concentrations of

1000
CO;, (solid line) and CH4 (dashed) (a),

1
1100

1 1 1
1200 1300 1400 1600

volcanic forcing (b) and solar forcing (c).
Simulated 30-yr low-pass filtered
temperature anomalies 1000-1990 in
Scandinavia (black) and the Northern
Hemisphere (grey) in summer (JJA) (d) and

T anomalies ( °C)

1 [ L

winter (DJF) (e) obtained with the ECHO-G
model driven by the forcings in (a—c).

1
1100

1 1
1200 1300 1400 1600 1700 1800 1900 2000

Temperatures are given as anomalies from
the mean over the entire period. Volcanic
forcing is given as its contribution to the
effective solar constant. The 10 largest
eruptions are denoted by black dots. The

T anomalies ( °C)

i

long-term mean of solar forcing is indicated
with a dashed horizontal line.

Tellus 59A (2007), 1

i
1100

i h i i
1500 1600 1700 1900

Year AD

i i
1200 1400

1300

1800



34 I. GOUIRAND ET AL.

et al. (2003) used a too short spin-up time, such that the model
was not in equilibrium with the forcings in the early part of the
simulation (Goosse et al., 2005; Osborn et al., 2006). Osborn
et al. (2006) also demonstrated, by comparing ECHO-G with a
simpler model, that the NH warming in the late part of the simu-
lation is anomalously large due to the omission of anthropogenic
aerosol forcing.

2.4. Can simulated Scandinavian temperatures be
assessed through comparison with proxy data?

One aspect of interest is whether the temporal evolution of
simulated Scandinavian near-surface temperatures over the full
millennium shows a reasonably good fit with temperatures re-
constructed from proxy data. A direct model versus proxy-data
comparison for any specific region is, however, complicated for
a number of reasons. One reason is that the true climate history
represents only one possible realization out of a myriad equally
possible ones given the actual forcing history (Yoshimori et al.,
2005; and references therein). Similarly, a single model simula-
tion gives just one realization among many possible temperature
evolutions given the specific forcing time-series that drive the
model. On a regional scale, particularly in the mid-latitudes, cli-
mate variations on interannual to decadal timescales are to a
large extent due to random variations in the circulation systems.
The signal-to-noise ratio for the regional temperature response
to external radiative forcings is therefore rather weak. Hence,
even if the reconstructed forcing history would be nearly perfect,
a good fit between the time evolution of simulated and recon-
structed temperatures can mainly be expected at relatively long
timescales, probably longer than decadal scales. A good fit may
also be expected for specific years with strong volcanic forcing—
provided that the model has a realistic response. Evaluation of
the long-term evolution of simulated Scandinavian temperatures
is hampered also because very few proxy-based temperature re-
constructions with annual resolution are available for the entire
millennium, and also because they reflect only a fraction of the
true climate variations only for certain parts of the year.

3. Data

We use 2 m temperatures, SSTs and SLPs for the period 1000—
1990 from the simulation by Gonzélez-Rouco et al. (2003). To
compare the modelled data with observations, monthly 5° x
5° gridded data sets for SLP, SST and near-surface tempera-
tures are used. SLP data are taken from the GMSLP2 data set
(Basnett and Parker, 1997). Data covering a North Atlantic and
European region have been extracted. Missing values are re-
placed by the seasonal mean. Near-surface temperature data
are taken from the HadCRUT2v data set (Jones and Moberg,
2003). SST data are taken from Kaplan Extended SST V2
(Kaplan et al., 1998). In all cases, observational data are used
for the period 1874-1996.

We also use temperature data from the station with the longest
instrumental record in Scandinavia. This station is Uppsala, lo-
cated in southern Sweden [17.63°E; 59.87°N], which has arecord
that extends back to 1722. This temperature series has been
homogenized to correct for changes in observation conditions,
station relocations and urban warming effects (Bergstrom and
Moberg, 2002; Moberg et al., 2003, 2005). The earliest data,
however, are uncertain in winter (Bergstrom and Moberg, 2002).
Therefore, we do not use winter data before 1750. Data after 1990
are not used because the ECHO-G simulation ends in this year.

To evaluate the temporal evolution of simulated tempera-
tures for periods as long as possible, we employ two tem-
perature proxy series. One is an April-August temperature
reconstruction for northern Fennoscandia. The other series
is a December—March temperature reconstruction for Tallinn,
Estonia.

The April-August temperature reconstruction is based on tree-
ring records from Northern Fennoscandia since AD 500 (Briffa
et al., 1992). This reconstruction uses the regional curve stan-
dardization method to give a good estimation of the amplitude
of the reconstructed long-term variations. Temperatures are es-
timated using regression equations, which relate variations in
both density and widths of annual rings in northern Swedish
Scots pines with mean temperatures for April-August in north-
ern Fennoscandia (Briffa et al., 1992; the calibration period was
1876-1975). Here, data are used for the period 1000—1980.

The December—March temperature reconstruction (Tarand
and Nordli, 2001) is a combination of instrumental tempera-
ture observations in Tallinn (with gaps filled-in using data from
Stockholm and St Petersburg) for the period 1757-1997 and doc-
umentary evidence of the date of ice break-up each year in the
Tallinn harbour during the period 1500-1756. The ice break-up
dates have been translated to December—March temperatures us-
ing statistical relationships obtained for periods when both types
of information exist (Tarand and Nordli, 2001) (these authors did
not state which calibration period they used). We use data for the
period 1500-1990. Unfortunately, it is not possible to evaluate
the simulated winter temperatures before 1500, because no such
long winter temperature reconstructions exist for the Scandina-
vian region.

We should mention that we also considered using a Scandina-
vian subset from the gridded European temperature reconstruc-
tion by Luterbacher et al. (2004), which goes 500 yr back with
at least a seasonal resolution. We decided, however, not to use
this reconstruction because its underlying data set contains very
scarce information from Scandinavia.

4. Methods

4.1. Data pre-processing

To begin, suitable data subsets from the simulation and ob-
servations were selected and pre-processed. A Scandinavian
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temperature index (Tscan) is created by averaging gridded data
within the region [2.5°-27.5°E; 57.5°N—67.5°N]. This index is
the primary focus in this study. We also calculate the NH mean
temperatures, denoted as Tnh. SLP data are selected for the re-
gion [90°W-55°E; 20°N-70°N]. Three circulation indices, rel-
evant for Scandinavia, are derived from these data (see Sec-
tion 4.2). SST data for the North Atlantic Ocean are extracted,
and and index for SSTs in the Norwegian Sea [7.5°E-7.5°W;
57.5°N-72.5°N], labelled SSTnor, is defined. The model data
were interpolated to the same 5° x 5° grids as for the observa-
tions before the indices were calculated. In all cases, averages
for the June—August and December—February seasons are used.
For comparison with temperature proxy data, however, we use
simulated April-August and December—March temperatures.

All data are subject to time-series filtering using a Butterworth
filter (Raymond and Garder, 1991). For the comparison with
proxy data and to study the long-term evolution of Tscan, a cut-
off at 30 yr is used (Fig. 1d—e). For other analyses, the cut-off is
at 10 yr. Figure 2 shows the resulting high- and low-frequency
variations in Tscan, for both the model and observations. It can
be seen that the amplitudes of simulated and observed Tscan are
similar.

4.2. Correlation analyses

To analyse the relationship between Tscan and the atmospheric
circulation patterns, SSTs and Tnh, a simple linear correlation
analysis is used. Correlations are calculated separately for the
unfiltered data and for data filtered to show timescales shorter
and longer than 10 yr, respectively.

Correlations are calculated between Tscan and each grid point
in the selected SLP and North Atlantic SST fields. Correlations
are also calculated between Tscan and three indices representa-
tive for the atmospheric circulation over the Scandinavian area.
These indices are chosen to be similar to those used by Tuomen-
virta et al. (2000) and Moberg et al. (2005), who studied rela-
tionships between Scandinavian temperatures and atmospheric
circulation in observational data. These authors defined a zonal
index (west—east wind flow), a meridional index (south—north
wind flow) and an average pressure index (anticyclonic wind
flow) by using SLP data from four stations. We choose SLP data
from four grid points that correspond as closely as possible to the
four stations. The four points are (clockwise, starting from the
southernmost point): [15°E; 55°N], [5°E; 60°N], [15°E; 65°N],
[25°E; 60°N]. The three indices are labelled SLPz (zonal), SLPm
(meridional) and SLPa (average), where SLPz (SLPm) is the
pressure difference between the southernmost and northermost
(easternmost and westernmost) grid points. SLPa is the average
for the four grid points.

We perform also the correlation analysis between Tscan and
SSTnor and Tnh. Correlations between Tscan and SSTnor re-
veal the strength of the relationship between Scandinavian tem-
peratures and SSTs in an ocean region which is of importance
for the Scandinavian climate. The correlations with Tnh have
less obvious interpretations. Tnh may be thought of as an index
containing information on the hemispheric integrated temper-
ature response to external forcings (solar, volcanic and green-
house gases), although it is also integrating all local and regional
random temperature variations due to various circulation phe-
nomena that are not related to the forcings. A strong correlation
between Tscan and Tnh could thus indicate that Scandinavian
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temperatures respond to the forcings in a similar manner as the
entire NH. A strong correlation could also be expected if (forced
or unforced) regional variability in the North Atlantic/North Eu-
ropean sector (including Scandinavia) dominates the NH average
temperatures. A weak correlation between Tscan and Tnh could
indicate a strong role of area-restricted regional internal variabil-
ity. It could, however, also be due to non-linear responses to the
radiative forcings having a regional imprint that differs from the
NH average response. An example is the observed and theorized
effect from volcanic eruptions on the NAO, which lead to winter
warming in Scandinavia but cooling in many other parts of the
NH. Even if the interpretation of the Tscan/Tnh correlation is
not straightforward, it may be argued that it can anyway be used
for model evaluation. If the model behaves realistically, the same
strength of correlation should be seen in the simulation as in the
observations.

For the observational data, correlations between Tscan and the
other variables are calculated over the 123 yr period 1874—1996.
For the simulation, correlations are calculated for 10 century-
long periods (1000-1099, 1100-1199, ..., 1800-1899, 1900-
1990) and for the entire period 1000—1990. The correlation anal-
ysis for the 10 periods indicates how much the relationships can
vary with time in the model, for periods of about the same length
as the instrumental record. As regards low-frequency variability
(>10 yr scales), the century long periods are very short and cor-
relations are based on an effective number of degrees of freedom,
that is, at most, only about 10. Therefore, low-frequency correla-
tions can vary substantially between different periods. Similarly,
the correlations obtained for the observational data are uncertain
for the low-pass filtered data. The low-frequency correlation is
much more reliable for the entire model simulation, which in-
cludes 991 yr of data.

The statistical significance of correlations is assessed with a
Monte Carlo method suggested by Ebisuzaki (1997). With this
method, a large number of time-series with the same spectral
properties as the original ones are generated randomly. The sig-
nificance level corresponds to the percentage of randomly gen-
erated correlations that are above (below) the observed positive
(negative) correlations. For the SLP and SST fields, correlations
are assessed by performing the significance test for each grid
point. Significant correlations at the 0.1 level are shaded on the
maps.

4.3. Response to volcanic forcing

To investigate the simulated temperature response in Scandi-
navia to the volcanic forcing, we use a compositing technique
that is sometimes called superposed epoch analysis. The idea be-
hind this method is to highlight the common response during the
few years after selected large eruptions. Jones et al. (2003) dis-
cuss different variants of this technique, and references therein
give examples of how the technique has been used. As suggested
by Jones et al. (2003), we use high-pass filtered (>30 yr vari-

ability removed) and normalized monthly temperatures (their
method 4). The response to the 10 strongest volcanic forcing
events is studied. For each of the selected 10 eruption years, the
120 months of Tscan data centred on the January of the eruption
year are extracted. Each month in each 120 month sequence is
then expressed as a departure from the average of the appropriate
pre-eruption months. The composite response is obtained from
the average 10 yr sequence. The statistical significance of the
composite response is determined using a Monte Carlo proce-
dure, where the 0.05 significance level is determined from 20
000 randomly selected sets of ten 10 yr sequences in the Tscan
series. This large number of realizations gives a robust test.

5. Results

5.1. Temporal evolution of multidecadal temperature
variability

Figure 1d—e compares 30-yr-smoothed time-series for simulated
Tscan and Tnh in summer (JJA) and winter (DJF), respectively.
In both seasons the two series show a similar evolution, with
warm conditions in the 12th century followed by a cooling trend
to the 17th century and then a warming to the end of the simu-
lation. This evolution is reminiscent of the concepts of a ‘Me-
dieval Warm Period’ and a ‘Little Ice Age’ period deduced from
analyses of various climate proxy data (see e.g. Brazdil et al.,
2005; Matthews and Briffa, 2005; Osborn and Briffa, 2006). As
the low-frequency evolution of the simulated Tscan so closely
follows Tnh at these timescales, it seems that simulated Scandi-
navian low-frequency temperature variability largely responds
to slow changes in radiative forcing in a manner similar to hemi-
spheric temperatures. A part of the simulated cooling—warming
secular trends over the millennium may also be due to a slow
early adjustment of the model, from its supposed initial non-
equilibrium with radiative forcing, in combination with the ab-
sence of anthropogenic aerosol forcing (see Section 2.3). Sim-
ulated temperatures in Scandinavia show a stronger variability
compared to the NH (as expected because the Scandinavian re-
gion is much smaller), with notable multidecadal fluctuations
between 1100-1300, 1600-1700 and 1800-1900. This suggests
that regional processes related to circulation changes are impor-
tant for the simulated Tscan variability.

5.2. Comparison with proxy data and long instrumental
series

Figure 3a compares the evolution of the 30-yr-smoothed simu-
lated April-August Tscan with the corresponding temperatures
reconstructed for Northern Fennoscandia from tree rings and,
after 1722, with instrumental temperatures for Uppsala. The
simulated temperature evolution resembles rather well the re-
construction at multidecadal timescales from 1450 onward.
Before this year there are clear discrepancies. The correlation
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Temperature anomalies (°C)

Fig. 3. Low-pass filtered (>30 yr scales)

I I I I

temperatures from the simulation (black), 18000
from reconstructions based on proxy data
(grey) and instrumental data (dashed) for
April-August (a) and December—March (b).
The reconstruction in (a) is based on
tree-ring width and densities from northern
Fennoscandia. The reconstruction in (b) is a
combination of documentary evidence for
ice break-up dates and instrumental
observations from Tallinn, Estonia. The
instrumental data are from Uppsala, southern
Sweden. All series are given as anomalies
from their respective long-term means.

for smoothed data over the full period is 0.47, which is signifi-
cant at the 0.05 level according to a Monte Carlo test. At higher
frequencies the correlation is zero, as expected because the year-
to-year variability is largely random variability. Comparison with
Uppsala instrumental temperatures reveals some similarities in
temporal evolution and amplitude of variations after the 1720s.
There are, however, too cold simulated temperatures around 1700
(compared to tree-ring data) and during 1750-1780 (compared
to Uppsala) and too high simulated temperatures in much of the
20th century (compared to both other series).

It should be noted that the three series represent different ar-
eas. However, this is not regarded as very serious as multidecadal
variability should behave similarly within the rather small Scan-
dinavian region. The poorer agreement between the tree-ring
reconstruction and the simulation before around 1450 could be
related to the fact that the reconstruction is based on fewer trees
in its earlier part (Briffa et al., 1992), but it could also mean that
the evolution of the simulated temperatures does not represent
the real temperature evolution. The similarities after 1450 are
nevertheless encouraging and the overall appearance in both the
simulation and the tree-ring record, with a cooling trend from the
11th century to a minimum around 1600 followed by a warming,
is in remarkable agreement.

The 30-yr-smoothed simulated December—March Tscan and
the corresponding temperatures reconstructed for Tallinn based
on ice-break up dates and instrumental data show an overall
warming from around 1600 to the 20th century (Fig. 3b). The
warming has similar magnitude in both series and the smoothed
curves have about 40% common variance. Discrepancies appear
mainly between 1690 and 1800 and near the beginning and end
of the series. The latter discrepancies should not be overinter-
preted, as low-pass filtered values are uncertain near the end
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points. The simulated temperatures from 1680 to 1730 are too
cold compared to Tallinn data [and, by the way, too cold com-
pared also to Scandinavian December—March temperatures in
the reconstructions by Luterbacher et al. (2004) and Xoplaki
et al. (2005); Jiirg Luterbacher, personal communication, 2006].
Uppsala instrumental data after 1750 indicate that both the sim-
ulated Tscan and the observed Tallinn temperatures warm too
much after the mid-19th century. The exaggerated recent warm-
ing in the Tallinn series could possibly be due to an insufficient
correction of local urban warming.

Overall, the time evolution of the simulated Scandinavian win-
ter temperatures appears to be rather realistic in winter during
1500-1990 as concerns low-frequency variability, although tem-
poral details do not really match the empirical and instrumental
evidence. This mismatch can reflect, for example, a dominance
of internal regional temperature variability over the influence
of external radiative forcings, or possibly be to an unrealistic
response of simulated regional climate to the volcanic forcing,
perhaps due to its crude representation in the model. The next
section focusses on the simulated response to volcanic forcing.

5.3. Response to volcanic forcing

The simulated response of Tscan to the 10 strongest volcanic
eruptions in the applied volcanic forcing history is analysed.
These 10 events (Fig. 1b) occur in 1058, 1175, 1229, 1259,
1460, 1601, 1641, 1809, 1815 and 1831. Figure 4 shows, for
each individual case and for the composite, the time sequence
of normalized monthly temperature anomalies, starting with the
January 5 yr before the eruption year (month —59) and ending
with December in the fourth year after the eruption year (month
60). The January in the eruption year is assigned to month 1.
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All monthly values are expressed as anomalies from the corre-
sponding averages for the 5 pre-eruption years.

Individual eruptions show no clear response pattern if studied
separately. In the composite, a clear organized response emerges
with a cooling in the summer of the eruption year and in the
three following summers. This response is significant at the 0.05
level. The magnitude of the simulated average cooling in summer
is similar to that seen in instrumental temperature data from
Scandinavia, after eight large tropical eruptions in the period
since 1781 (Jones et al., 2003; their Fig. 4). In the instrumental
record, however, a statistically significant summer cooling is
seen only in year two and three after the eruptions. The absence
of cooling in the first summer for the observational data is likely
because some eruptions occurred too late in the year for an effect
to be seen in the first summer, whereas in the model the volcanic
forcing is always imposed from January. The agreement in the

nevertheless remarkable, considering the crude parametrization
of the volcanic forcing and the coarse horizontal resolution of
the model.

In winter, we find no significant volcanic response of Scandi-
navian temperatures. In particular, we find no trace of the warm-
ing response that has been suggested from both theoretical and
empirical viewpoints (Robock and Mao, 1992, 1995; Robock,
2000). Jones et al. (2003) found a warming of Scandinavian win-
ter temperatures in the first, second and the fourth winter after
large tropical eruptions (but a cooling in the third winter). How-
ever, the winter warming is not statistically significant in the
observations (Jones et al., 2003). In the ECHO-G simulation of
Scandinavian temperatures, only one single winter month nearly
reaches the upper significance threshold in the composite, but this
could be just a random occurrence. Several winter months in the
few years after eruptions actually show insignificant negative

magnitude of the simulated and observed summer cooling is deviations.
4 4
1058 1175
2 2
0 0
-2 -2
-4 -4
-59-47-35-23-11 1 13 25 37 49 -59-47-35-23-11 13 25 37 49
4 4
1229 1259
2 2
0 0
-2 -2
-4 -4
-59-47-35-23-11 1 13 25 37 49 -59-47-35-23-11 13 25 37 49
4 4
1460 1601
2 2
0 0
-2 -2
-4 -4
-59-47-35-23-11 1 13 25 37 49 -59-47-35-23-11 13 25 37 49
4 4
1641 1809
2 2
0 0
-2 -2
s 4 4
© — . . . .
£ -59-47-35-23-11 1 13 25 37 49 ~59-47 -35-23-11 13 25 37 49 Fig. 4. Response of simulated Scandinavian
& 4 4 temperatures to the 10 strongest volcanic
[ . .
5 1815 1831 forcing events. The response is shown for
T 2 2 S .
g each individual event and for the composite
5 0 0 average. Bars show standardized monthly
Q - - emperature anomalies expressed as the
8- 2 temperat I p d as th
8 4 4 deviation from the monthly anomalies in the
® -59-47-35-23-11 1 13 25 37 49 -59-47-35-23-11 13 25 37 49 5 bef he ¢ . > The ti
g yr betore the “eruption year’. The time
é‘: . Composite sequence goes from January 5 yr before the
S eruption year (month —59) to December 4 yr
o o, .
z %WW after the eruption year (month 60). Month 1
is January in the eruption year. The
LI : horizontal black lines in the composite show

-59-47-35-23-11

1 13 25 37 49

Month

response thresholds at the 0.05 significance
level.

Tellus 59A (2007), 1



CLIMATE VARIABILITY IN SCANDINAVIA 39

In summary, the simulated average response of Tscan to large
volcanic forcing events shows a similar cooling as seen in ob-
servations in the first few summers after the forcing events, but
there is no trace of the observed warming response in winter.
One may ask how these results are affected by the fact that, in
some of the 10 cases, there occurs more than one strong negative
forcing event within a 10 yr sequence. In particular, the event
in 1809 (the fifth strongest forcing event) should influence tem-
peratures in the 5 yr period before the event in 1815 (the third
strongest). Therefore, we repeated the analysis with the 10 yr
sequence centred on 1815 being replaced with the correspond-
ing sequence for 1587 (the 11th strongest event). This change
has a negligible effect on the results. To go one step further, we
additionally replaced the sequence centred on 1460 (the nineth
strongest event) with the sequence centred on 1453 (the 13th
strongest). Also this replacement of data has negligible effects
on the result. We conclude that the composite result in Fig. 4 is
robust.

Yoshimori et al. (2005) used a similar representation of vol-
canic forcing in a simulation of the Maunder Minimum climate
with the Community Climate System Model. They found a sig-
nificant response of the NH atmospheric circulation towards an
enhanced NAO pattern in the first two winters after volcanic forc-
ing events. They also found an associated small winter warming
in Scandinavia. This warming was, however, not significant at the
0.1 level, except for a small area that includes the southernmost
tip of Scandinavia where significant warming was seen only in
the second winter. Their result (winter warming in Scandinavia,
but not significant) is thus in better agreement with results from
instrumental data (Jones et al., 2003). The lack of a clear signal
in our simulation may be due to a different response of our model
to the same type of forcing. It is known that the NAO response
to increases of greenhouse gas concentrations in simulations of
the 21st century is strongly model dependent (Stephenson et al.,
2006). It is therefore not unexpected to find model-related dif-
ferences also in response to the crude effective volcanic forcing.
Another possibility is that the response of the atmospheric cir-
culation in our model may be geographically slightly shifted
and does not directly affect the regional temperature index used
here.

5.4. Relationships between Scandinavian temperatures
and atmospheric circulation, SSTs and NH
temperatures

Here, results are presented for instrumental and simulated data at
both high and low frequencies (<10 yr and > 10 yr variability) as
well as for unfiltered data. To the extent practically possible, each
partial result is first presented for observational data, followed
by a comparison with simulated data. Then, the behaviour of the
simulation is further reported and discussed.

54.1. Summer. Correlations, based on non-filtered observa-
tional data, between Tscan and the SLP field in summer (JJA)
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show a quadripolar pattern (Fig. 5a). One dipole is located over
the Atlantic Ocean, with negative (positive) correlations north
(south) of 50°N. The other dipole is located over Europe, with the
largest positive correlations over northern Fennoscandia (+0.4)
and negative correlations (—0.4) over the Black Sea. Correlations
are significant at the 0.1 level over much of Fennoscandia and the
eastern Mediterranean region. The strongest correlations in the
western dipole are also significant. The western dipole (reminis-
cent of a positive NAO-phase) is considered to be less directly
relevant for influencing Scandinavian temperatures, as it reflects
an air flow pattern at a relatively long distance from Scandinavia.
Previous results by, forexample, Moberg et al. (2003; 2005) show

Fig. 5. Correlations in observational data between summer (JJA)
temperatures in Scandinavia and SLPs over the North Atlantic and
European sector. Correlations are calculated for 1874—1996 using
unfiltered data (a), high-pass filtered data (timescales <10 yr) (b) and
low-pass filtered data (timescales > 10 yr) (c). Contour interval is 0.1.
Shading indicates significance at the 0.1 level.
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that warm summer temperatures over Scandinavia are associated
with anticyclonic conditions, and conversely, cold temperatures
with cyclonic conditions. The eastern dipole, in particular its
northern part, is thus more directly relevant for this region. The
correlations between Tscan and SLP are, however, rather weak
(r = 0.4, i.e., only about 16% common variance).

Similar analyses are also made separately for high- and low-
frequency observational data. In both cases, the correlations
(Fig. 5b—) are overall similar in both pattern and strength to
those for unfiltered data (Fig. 5a). This suggests that, in real-
ity, about the same rather weak relationship between summer
temperature and atmospheric circulation occurs at high and low
frequencies. At low frequencies, however, correlations are not

significant due to fewer degrees of freedom. For simulated data,
correlations between non-filtered Tscan and the SLP field is
shown in Fig. 6 for each of the 10 centuries. Patterns with sig-
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nificant correlations similar to those in the observations occur
in the eastern half of the domain, where an eastern dipole is
seen in all 10 periods. A western dipole appears very weakly in
only one of the 10 periods (1800-1899). Over Scandinavia, the
maximum positive correlations vary between 0.1 and 0.5 among
periods. Three of the periods have maximum correlations around
0.4 over northern Fennoscandia, that is, similar to the observa-
tions. We conclude that, over Scandinavia, the model quite well
reproduces the observed relationships between temperatures and
SLP in summer, but the relation with circulation over the western
part of the study domain is not well reproduced.

Correlations calculated separately for high- and low-
frequency data for the entire simulated period (maps not shown)
indicate that the correlation pattern for the unfiltered simulated
data (Fig. 6) is mainly associated with interannual variability, as
the low-frequency correlation is close to zero all over the study

Fig. 6. Correlations in simulated data
between summer (JJA) temperatures in
Scandinavia and SLPs over the North
Atlantic and European sector. Correlations
are calculated for 10 century-long periods
using unfiltered data. Contour interval is 0.1.

o, Shading indicates significance at the 0.1

level.
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Table 1.

Correlations (x 100) between Scandinavian summer (JJA) temperatures and five other indices. SLPz : zonal air flow, SLPm: meridional air

flow, SLPa: average pressure, SSTnor: sea surface temperatures in the Norwegian Sea, Tnh: NH mean temperatures. Correlations are given for
simulated and observational data at high and low frequencies (<10 yr and >10 yr timescales). For the simulation, correlations are given for the

entire period 1000-1990 together with the minimum and maximum values among the 10 centuries. Correlations in observational data are calculated

over 1874-1996. Asterisks denote significance at the 0.05 level.

Simulated data

High frequency Low frequency Observed data
Index (JJA) 1000-1990 Minimum Maximum 1000-1990 Minimum Maximum High frequency Low frequency
SLPz —48* —61* —33* —26* —61* 0 —34* —36*
SLPm 3 0 27* 7 —18 27 24* 22
SLPa 28* 9 41* —6 —34* 36" 23 37*
SSTnor 47* 40* 53* 67* 32* 84* 76* 80*
Tnh 24* 15 34* 69* 26 71* 41* 57*

area. This suggests that there is no relationship between simu-
lated summer Tscan and SLP at decadal and longer timescales,
in opposite to the findings for observational data.

Asregards correlations between observed Tscan and the North
Atlantic SST field (maps not shown), we find that positive tem-
perature anomalies in Scandinavia are associated with positive
SST anomalies over the entire Atlantic Ocean. The strongest cor-
relations (+0.6) occur over the Norwegian Sea. The correspond-
ing simulated spatial pattern of correlations (also not shown) is
quite similar to the observations, indicating a degree of realism
in the simulation in this respect.

Table 1 gives the correlations between Tscan and the three
circulation indices and SSTnor and Tnh for summer. At high
frequency, correlations with the circulation indices are overall
rather weak, but yet significant (at the 0.05 level) in some cases.
In the observations, they are significant for SLPz (—0.34) and
SLPm (40.24). For SLPa the correlation is +0.23, but not sig-
nificant.

In the model, high-frequency Tscan correlations with SLPz
for the entire period (—0.48) is stronger than in the instrumental
data. The SLPz correlation for the observations (—0.34) is near
the ‘weak’ end of the range of corresponding century period
values for the model (—0.33 to —0.61). For SLPm and SLPa, the
ranges of simulated high-frequency correlations envelope the
corresponding values from observational data, but in both cases
the minimum correlations are very small and insignificant. For all
three circulation indices, the difference between the maximum
and minium correlations among century periods is about 0.3,
indicating time-varying relationships.

High-frequency correlations between Tscan and SSTnor and
Tnh are significant in the observational data (+0.76 and 4-0.41,
respectively). The model data show significant correlations for
these variables in the entire period, but they are weaker than in
the observations and the maximum correlations among periods
are weaker than for the observations in both cases. Neverthe-
less, even the minimum correlation between simulated Tscan and
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SSTnor is significant, indicating that there is always an associ-
ation between these variables. For Tnh, however, the minimum
correlation in the simulation is only +0.15 and not significant.

To summarize, for the high-frequency data, the model simu-
lates quite realistic relationships between Tscan and the atmo-
spheric circulation in summer. In the observations, Norwegian
Sea SSTs show much stronger correlations than the circulation
indices with Scandinavian temperatures, suggesting a major in-
fluence of the SST on the latter. The corresponding simulated
relationship is too weak, but yet highly significant.

For the low-frequency observational data, we find about the
same correlations as in the high-frequency data for all five in-
dices. This suggests that, in the real world, the relationships are
similar at high and low frequencies. This is not the case for
the model data. In the entire simulation period, the associations
with the circulation indices SLPz and SLPa are stronger for high
frequencies than for low frequencies, whereas the correlations
with SSTnor and Tnh are stronger for the low frequencies. These
model results reveal that different factors influence the simulated
Scandinavian summer temperatures at short and long timescales.
At short timescales, variability in the atmospheric circulation is
important although not determinant, whereas for long timescales
this factor is rather unimportant. At long timescales, simulated
summer Tscan is instead strongly correlated with SSTnor and
Tnh. The strong low-frequency correlations with SSTnor and
Tnh in the entire simulation period appear to be quite realistic,
as they are rather similar to those for the observations. The range
of low-frequency correlations among the 10 periods, however,
is large due to the few degrees of freedom.

We conclude that the low-frequency evolution of simulated
Scandinavian summer temperatures to a large extent follows the
temperature evolution of the entire hemisphere (in agreement
with the findings in Fig. 1d) and in the Norwegian Sea. This
indicates that external forcing, or large-scale internal variability
related to circulation processes in the North Atlantic Ocean, or
a combination of these, are important factors for determining
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simulated Scandinavian low-frequency temperature variability
in summer. Atmospheric circulation processes appear to be less
important.

5.4.2. Winter. In winter (DJF) correlations between unfil-
tered observed Tscan and the SLP field show a broad dipolar
structure stretching over the North Atlantic and European area
with negative (positive) values north (south) of about 52°-56°N
(Fig. 7a). This is similar to the winter NAO pattern (Hurrell,
1995; Hurrell et al., 2003). Warm Scandinavian winters are thus
related to a stronger than normal SLP gradient over the North
Atlantic, bringing more maritime and mild air over much of Scan-
dinavia. The correlations in winter are stronger (—0.6 over the
northern Norwegian Sea and 4-0.5 over the Mediterranean) than
in summer. Correlations at high and low frequencies (Fig. 7b—
c) show very similar dipole patterns (but mostly insignificant
at low-frequencies), suggesting an influence of the atmospheric

S o

Fig. 7. As Fig. 5, but for winter (DJF).

circulation on temperature variability at both high and low fre-
quencies in winter.

In the simulation, the correlation patterns for all 10 periods
(Fig. 8) are similar to the observed NAO-like pattern, with similar
strengths and significant correlations. The ECHO-G model thus
captures well the observed relationship between Scandinavian
temperatures and SLP in winter. The main discrepancies between
the 10 maps in Fig. 8 are seen south of 54°N. On some maps
(1100-1199, 1200-1299, 1500-1599, 1600—1699) there are two
regions with high positive correlations (one over the western
Atlantic and one over the Mediterranean), whereas there is only
one region with clear maximum correlations (in most cases over
the Mediterranean) on the other maps. Such differences between
periods are in broad agreement with changes in atmospheric
regimes, as found by Casty et al. (2005a,b) in reconstructed 500
hPa pressure fields.

Correlations between the simulated Tscan and SLP field calcu-
lated separately for high and low frequencies (maps not shown)
reveal patterns that are very similar to those for the unfiltered
data. Thus the influence of the atmospheric circulation on sim-
ulated Scandinavian winter temperatures is almost the same for
short and long timescales. This result clearly differs from the
summer season, where the correlations are near zero for simu-
lated low-frequency variability.

High-frequency correlations between Tscan and North
Atlantic SSTs (not shown) are relatively weak in winter, except
over the Norwegian Sea (4-0.5) in both observed and simulated
data. The relationships between Tscan and SSTs is much weaker
in winter than in summer.

Correlations between winter Tscan and the other indices
(SLPz, SLPm, SLPa, SSTnor and Tnh) are listed in Table 2.
For high frequency, correlations in the observational data are
significant for all indices except SLPm. It is particularly strong
for SLPz (+0.74). For SLPa the correlation is much weaker and
negative (—0.21), indicating only a weak association, where an-
ticyclonic conditions correspond to cold Scandinavian winter
temperatures.

In the simulation, high-frequency correlations for the entire
period are rather similar to those in the observations, except for
Tnh where the simulated relationship is near zero. This reveals
that simulated high-frequency winter Tscan variations are de-
coupled from the Tnh variations in an unrealistic way (the corre-
lation is 4+0.57 for observational data). Moreover, the simulated
relation between Tscan and SSTnor appears to be slightly too
weak. The simulated high-frequency relationships with the cir-
culation indices show a range of 0.25-0.4 between the minimum
and maximum correlations in the 10 centuries. Such variability in
the relation between Scandinavian winter temperatures and cir-
culation indices is in accord with unstable similar relationships
seen in observational data (Chen and Hellstrom, 1999; Jacobeit
et al., 2001; Slonosky et al., 2001), as well as with changes in
the atmospheric regimes over Europe in winter (Casty et al.,
2005a,b).
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Fig. 8. As Fig. 6, but for winter (DJF).

The simulated low-frequency Tscan variability is significantly
correlated with all five indices when the entire period is anal-
ysed. It is most strongly related to SLPz (+0.75), and somewhat
weaker to Tnh (40.62) and SSTnor (40.55). The associations

1001 -1099

with SLPm and SLPa are much weaker. Low-frequency corre-
lations with both SSTnor and Tnh are clearly stronger than their
high-frequency counterparts. The observed low-frequency cor-
relations lie within in the range enveloped by the 10 periods in the

Table 2. As Table 1, but for winter (DJF)
Simulated data
High frequency Low frequency Observed data

Index (DJF) 1000-1990 Minimum Maximum 1000-1990 Minimum Maximum High frequency Low frequency
SLPz 75* 64* 81* 75% 38* 90* 74* 68*
SLPm —-17 -31 0 —28* —63* 36* -8 34*
SLPa —33* —47* -10 —26* —65* 20 —21* —23*
SSTnor 33 12 47* 55% 0 68* 43* 47*
Tnh 9 0 19 62* 20 75* 57* 18*
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simulation for all indices except for Tnh. The ranges of simulated
low-frequency correlations are, however, very large. Hence, with
the exception of Tnh, it is nearly impossible to evaluate whether
the simulated low-frequency relations are realistic by compari-
son with instrumental data. For Tnh it is tempting to conclude
that the model overestimates the strength of the relationship,
with a reservation for the uncertainty due to the shortness of the
instrumental record.

For the three circulation indices, the low-frequency correla-
tions in the entire simulation are quite similar to those at high
frequencies, indicating that similar simulated circulation ver-
sus temperature relationships exist at high and low frequencies.
This is supported by the fact that the simulated NAO index has
a spectrum that is essentially white, when calculated for the en-
tire simulation and for the 10-century-long independent periods.
[The NAO spectrum is not shown, but Fig. 9b in the next section
shows the simulated NAO pattern for December—March, defined
as the leading Empirical Orthogonal Function (EOF) of the SLP
field.] The simulated white noise spectrum for NAO is not in en-
tire agreement with observations, as the observed NAO spectrum
is slightly red (Hurrell et al., 2003).

Fig. 9. Analysis of simulated SLPs for December—March over the
North Atlantic and European sector. The map in (a) shows average
anomalies for 1590-1650. Negative (positive) anomalies from the
entire period 1000—1990 are represented by dashed (solid) lines.
Contour interval is 0.2 hPa. Grey shading indicates significant
anomalies at the 0.1 level. The map in (b) shows the leading EOF,
which explains 37% variance, calculated for the period 1000-1990.

Overall, the relationships between Scandinavian winter tem-
peratures and the atmospheric circulation pattern obtained for
the ECHO-G model agree well with analyses of observational
data (e.g. Hurrell, 1995; Chen and Hellstrom, 1999; Jacobeit
etal., 2001; Marshall et al., 2001; Moberg et al., 2005). Accord-
ing to our correlation analysis, simulated Scandinavian winter
temperatures are strongly related to the strength of the westerly
wind flow at both high and low frequencies. A strong simu-
lated association with SSTs in the Norwegian Sea and the NH
mean temperatures, however, is seen only at low frequencies. The
simulated low-frequency association with Tnh appears to be too
strong, whereas the high-frequency associations with both Tnh
and SSTnor are too weak.

6. Discussion

An evaluation of Scandinvian climate variability in a forced
1000 yrear simulation with ECHO-G has revealed both strong
and weak points of the model. Observed relationships between
Scandinavian temperature variations and atmospheric circula-
tion patterns are overall well reproduced, particularly in winter.
In summer, there appears to be too weak relationships between
Scandinavian temperatures and large-scale atmospheric circu-
lation patterns at longer than decadal timescales, but they are
rather well simulated at shorter timescales.

The model exhibits some discrepancies from the observed co-
variations of Scandinavian temperatures with those of the entire
NH and SSTs in the Norwegian Sea. In winter, at interdecadal
timescales, simulated Scandinavian temperatures appears to co-
vary too strongly with NH temperatures. Due to the shortness of
the instrumental record, however, it is not really possible judge
whether these simulated strong co-variations are unrealistic. In
summer, at shorter timescales, the simulated co-variations with
SSTs appears to be too weak. These properties have implica-
tions for the interpretation of both paleoclimate simulations and
future climate scenarios derived from the model. For example,
future scenarios of Scandinavian winter temperatures may pos-
sibly follow the NH temperature too strongly under the influence
by slowly increasing greenhouse gas forcing, such that regional
internal variations are suppressed. The model deficiencies found
in our analysis also add further complexities to those discussed
in Section 2.4, when comparison is made with proxy data. Defi-
ciences like those observed here are likely common problems for
many climate models (AchutaRao et al., 2004), but not unique
to ECHO-G.

Bearing this in mind, some notable features of the simulated,
and reconstructed, past Scandinavian temperatures are never-
theless worth a further discussion. The long-term evolution of
the simulated Scandinavian temperatures, with cooling the the
first half of the millennium and warming in the second half,
goes much in parallel with the NH temperatures. Because these
secular changes for the NH are certainly related to the long-
term changes in external forcings, it is likely that much of the
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simulated secular trends for Scandinavia have the same cause.
The cooling in the early part is broadly in line with overall slowly
decreasing solar forcing. However, a part of the early cooling can
be explained by a slow adjustment of the model from an initial
disequilibrium (Goosse et al., 2005; Osborn et al., 2006). The
warming in the late part of the millennium can be explained
by a combination of generally increasing solar forcing and, in
particular after around 1850, the increasing greenhouse gas forc-
ing. We note that warm-season northern Fennoscandian temper-
atures reconstructed from tree-ring data (Briffaetal., 1992) agree
quite well with simulated temperatures in the last five centuries
(Fig. 3a). Moreover, local proxy data for winter temperatures
in the last five centuries (Tarand and Nordli, 2001) also agree
with simulated temperatures (Fig. 3b). Due to these similarities,
it is tempting to conclude that, in reality, a combination of ex-
ternal radiative forcings have determined much of the long-term
evolution of past Scandinavian temperatures.

For the regional climate, it is of interest to understand the
causes for the deviations from the long-term slow changes. The
simulated Scandinavian temperatures (Fig. 1d—e) show a number
of decadal and multidecadal warm and cold excursions from the
long-term trends. We address some potential causes for some of
the cold excursions.

The 30-yr-smoothed winter and summer temperatures
(Fig. 1d—e) have prounced local minima around 1690, 1810—
1820 and 1890. These correspond quite well with local minima
in solar forcing, suggesting a trace of solar forcing influence
on interdecadal temperature variations. However, the time point
for the weakest solar forcing, around 1460, is not matched by
any marked simulated temperature minimum. Furthermore, the
absolute minimum of the simulated temperatures, near 1600,
coincides with solar forcing being near its long-term average, it
even shows a local maximum. Weakened solar forcing alone is
thus not sufficient to explain pronounced regional cold intervals.

It has been noted previously, in studies of simpler climate
models, (e.g. Bauer et al., 2003) that simulated large negative
NH temperature anomalies occur when insolation minima coin-
cide with large volcanic eruptions. Such models can, however,
not take into account any complex dynamic response of the atmo-
sphere to external forcings. As noted in the introduction, there is
evidence from advanced models that volcanic eruptions can lead
to a positive NAO phase (Yoshimori et al., 2005), while reduced
solar forcing may trigger a negative NAO phase (Rind et al.,
2004). Thus, these two effects may partly cancel each other in
periods when volcanic eruptions coincide with solar minima. The
resulting effect on Scandinavian temperatures would be difficult
to predict. We note that, in our simulation, some local temper-
ature minima coincide with periods of both volcanic eruptions
and weak solar forcing—both for NH and Scandinavian temper-
atures. In particular, this happens for the simulated temperature
minima around 1690 and 1810-1820. Hence, it appears that vol-
canic forcing can have contributed in this simulation with addi-
tional cooling to the weakened solar forcing—but this effect is
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only expected to take place in summer. Remember that the anal-
ysis of the simulated temperature response to volcanic forcing
(Fig. 4) shows that only summer temperatures respond to this
forcing. Furthermore, as discussed in Section 2.2 (e.g. Yoshi-
mori et al., 2005), there is evidence that a warming of Scandina-
vian winters would be expected after large volcanic eruptions.
Hence, cold winter spells in Scandinavia, both those simulated
here and those in reality, are unlikely to be caused by volcanic
forcing.

A candidate for causes of simulated cold spells in winter is
internally generated circulation changes. The model evaluation
revealed that simulated Scandinavian winter temperature vari-
ations are strongly associated, in a realistic way, with changes
in zonal air flow both at short and long timescales. This factor
could provide a potential explanation for cold intervals, as for
example, the absolute minimum of the simulated Scandinavian
winter temperatures. This minimum occurs just after 1600 in
the 30-yr-smoothed series (Fig. 1e). The 10-yr-smoothed winter
temperatures are systematically cold from around 1590 to 1650
(Fig. 2c¢). It is interesting to note that also winter temperatures
reconstructed from proxy data (Fig. 3b) indicate cold conditions
in reality in the same period. One may question whether the cold
simulated—and real—Scandinavian winter temperatures during
1590-1650 could be due to an extended period with the NAO be-
ing largely in its negative phase, that is, with a weakened westerly
wind flow towards Scandinavia?

In order to answer this question, we analyse the simulated
mean December—March SLP field for the 1590-1650 period ex-
pressed as anomalies from its long-term mean. Figure 9a reveals
a pattern that strongly resembles a negative NAO phase, with
statistically significant weakenings of the Icelandic low and the
Azores high pressure systems. These pressure anomalies indi-
cate a weakening of the westerly flow to Scandinavia, leading
to colder winter temperatures. In Fig. 9b we verify, by showing
the leading EOF for the same data, that the pattern in Fig. 9a
is indeed an NAO pattern. The first EOF explains 37% of the
SLP variability, which is well in line with previous observational
and model studies of the NAO (e.g. Luterbacher et al., 2002a;
Hurrell et al., 2003; Min et al., 2005b). We conclude that the pe-
riod 1590-1650 in the simulation is characterized by an average
negative NAO phase, and that this can explain the simultaneous
cold simulated winter conditions in Scandinavia.

It is noteworthy that also the winter NAO reconstruction by
Luterbacher et al. (2002b) shows an average negative NAO phase
during this period. However, this coincidence may be due to
chance, since the relationship between the NAO phase and total
external forcing in reality is not well established yet. Neverthe-
less, there is evidence for an important role of the atmospheric
circulation on the Scandinavian cooling during 1590-1650 in
both the simulation and the real world. A similar mechanism
may also explain other cold intervals in winter. For example,
Casty et al. (2005), based on an analysis of reconstructed 500 hPa
fields (Luterbacher et al., 2002a), found a persistent occurrence
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of blocking situations connected with colder temperatures in the
period 1670-1700.

It is more difficult to explain the simulated cold summer
temperatures that also occur in the period around 1590-1650
(Fig. 1d). We have not made any serious efforts to analyse the
causes for this summer coldness. We note, however, that several
large volcanic forcing events occur in this period (Fig. 1b). The
temperature response to two of the strongest events, in 1601 and
1641, are shown in Fig. 4. A detailed inspection reveals that neg-
ative temperature anomalies in summer months occur up to 5 yr
after both these eruptions. Inspection of the 10 yr low-pass fil-
tered summer temperatures (Fig. 2a) shows that these two events
are associated with strong cold summer temperature anomalies.
Three less strong forcing events in the 1590-1650 period may
have similar, but probably weaker, effects. The combined cool-
ing effect from a sequence of five large volcanic forcing events
during a few decades may thus have contributed to the simulated
cold summer temperatures.

Another potential cause for cold simulated summers during
1590-1650 would be that the negative NAO phase in winter
lead to colder winter SSTs over the north-eastern part of the
North Atlantic Ocean and that this lead to cold temperatures
in the following summers due to the large heat capacity of
the ocean. We have not investigated this possible mechanism,
but an analysis (not shown) of the lagged correlation between
SSTs over the North Atlantic Ocean in observational data for
May and Scandinavian temperatures in JJA reveals a relatively
strong correlation (+0.5). This suggests that SSTs earlier in
the year could modulate summer temperatures in Scandinavia.
Moreover, as mentioned in the introduction, ocean dynamics
can have an imprint on SST on longer timescales and therefore
on the atmospheric circulation (e.g. Grotzner et al., 1998; Tim-
mermann et al., 1998). Such mechanisms may have contributed
to the cold simulated Scandinavian summer temperatures dur-
ing 1590-1650. The fact that cold simulated summer tempera-
tures in this period coincide with cold temperatures reconstructed
from tree-ring data (Fig. 3a) encourages further studies in this
respect.

Further model studies, combined with analyses of climate
proxy data, can shed more light on the causes for past regional cli-
mate variations. Such studies should preferrably be made with
ensembles of several simulations (Yoshimori et al., 2005). To
achieve this, there is a need for more forced long AOGCM runs
with different models—and also for more high-quality and high-
resolution climate proxy data records.

7. Conclusions

The ECHO-G model, run with reconstructed solar, volcanic and
greenhouse gas forcings for the last millennium, has been demon-
strated to simulate quite realistically the observed relationships
between atmospheric circulation and temperatures in Scandi-
navia for both summer and winter. Separate analyses of variabil-

ity at timescales shorter and longer than 10 yr reveal that some,
but not all, simulated relationships at the longer timescales are
weaker than in instrumental observations in summer. In winter,
the simulated relationships appear to be realistic at both short
and long timescales.

Simulated relationships between Scandinavian summer tem-
perature low-frequency variations and those of SSTs in the Norg-
wegian Sea and NH average temperatures are quite strong in both
winter and summer. They are much weaker for high-frequency
variations. Comparison with instrumental data reveal some un-
realistic model behaviour, with a tendency of too weak high-
frequency co-variations. Low-frequency co-variations with NH
winter temperatures appear to be too strong.

The simulated Scandinavian temperatures show a realistic
cooling response to volcanic forcing in the first few summers
after strong forcing events, but there is no trace of the warming
response in winter that has been found in observational data and
other modelling studies. The lack of winter warming response
in ECHO-G could be related to the crude representation of the
volcanic forcing, which is imposed only as a change in effective
solar radiation.

The time evolution of simulated Scandinavian April-August
temperatures broadly follows the corresponding temperatures re-
constructed from tree-ring data in northern Fennoscandia. This
includes a cooling in the first half of the millennium and a
warming in the second half. The overall temperature evolu-
tion in winter is similar, but comparison with winter temper-
ature proxy data can only be made for the last 500 yr, when
proxy data are in agreement concerning an overall warming
trend. The secular cooling—warming behaviour can largely be
explained by slow changes radiative forcings, but the amplitude
is likely somewhat too large due to too cold initial tempera-
tures and the omission of anthropogenic aerosol forcing in the
simulation.

Decadal and multidecadal deviations from the centennial
cooling—warming pattern seem to be the result of a mixture of
causes. Temporary decreases in solar radiation can explain some
cold intervals in both winter and summer. Sequences with strong
volcanic forcing events can also contribute in summer. The cold-
est period in the simulation occurs between 1590 and 1650 in
both winter and summer. In winter this cold period is associated
with an average negative NAO phase in the simulation. This can
explain the systematically low winter temperatures, through a
weakened westerly flow of mild air. It is more difficult to ex-
plain why simulated summer temperatures are also at their min-
imum in the same period. Several strong volcanic forcing events
between 1590 and 1650 seem to have contributed to the cold
summers. We also speculate that cold summer temperatures in
this period can be connected to the NAO-related winter cold-
ness, which, in combination with the large heat capacity of the
neighbouring ocean, could help keep the Scandinavian summer
temperatures rather low. It is noteworthy that cold conditions in
this period are also recorded in Scandinavian proxy data for both
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winter and summer and, moreover, that other proxy data suggest
an average negative NAO phase in winters in the same period.
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