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etal. 2002; Vinther et al. 2003), atmospheric circulation modes (Jacobeit et al. 2003) for each
month in the year were derived from sea-level pressure beld reconstructions (Luterbacher
et al. 1999, 2002b). Utilising reconstructions of the 500 hPa geopotential height belds for
the Atlantic-European region, Casty et al. (2005a) found that climate regimes, dePned by the
joint probability density function of the brst two leading Empirical Orthogonal Functions,
are not stable in time.

With a steadily growing data base, it is now possible to reconstruct climate variations from
small regions like the European Alps (Casty et al. 2005b; Frank and Esper 200tgeB -
et al. 2005). This could help to place extreme events, e.g., the hot European summer of 2003
(with its maximum deviation from the mean in central Europe and the Alps), in a longer-term
context (Luterbacher et al. 2004). Recently, regional modelling studies(®¢tlah 2004)
showed that in a scenario with increased atmospheric greenhouse-gas concentrations, future
European temperature variability may increase by up to 100%, with maximum changes in
central and eastern Europe. Such a change in variability would have a strong impact on not
only the environment, but also on the society and the economy in these regions.

The National Center of Competence in Research on Climate (NCCR Climate) in Switzer-
land provides a substantial variety of different spatio-temporal highly-resolved climate infor-
mation, ranging from natural and documentary proxy reconstructions, to high-quality instru-
mental measurements, to modeled data from state-of-the-art general circulation and regional
models for both present day climate conditions (Pxed to 1990 AD) as well as future scenarios.
The aim of this study is to combine the two major types of information in the archive b the
observations and reconstructions on the one hand, and the simulations for present day climate
conditions and future scenarios on the other hand. This set of data and simulations will form
the basis for the investigation of the atmospheric circulation and its links to the behaviour of
temperature and precipitation in the Atlantic-European and the Alpine regions on interannual
to decadal time scales. Additionally, changes in the annual cycle from 150002100 AD are
discussed.

The outline of this paper is as follows: In Section 2 the reconstructed and modeled data,
as well as some analysis techniques and depnitions, are introduced. Subsequent analysis
concentrates on the Atlantic-European (Section 3) and Alpine (Section 4) regions, illustrating
the relationship between large-scale Row regimes and temperature and precipitation. The
results are summarised and interpreted, in the context of published evidence, in Section 5.

2 Reconstructions, models, and analysis techniques

The study is based on a set of reconstructed and modeled data, which is introduced as follows.
We focus on winter (December to February, DJF) and summer (June to August, JJA) of the
Atlantic-European and the Alpine regions, respectively.

2.1 Reconstructions and models

Reconstructions of past pressure, temperature, and precipitation are performed through mul-
tivariate statistical climate belds reconstruction (CFR) approaches. CFR seeks to reconstruct
a large-scale beld by regressing a spatial network of proxy indicators (e.g., early instrumen-
tal, tree-ring data, and historical evidences) against instrumental beld information (Jones and
Mann 2004). During periods when both proxy and instrumental beld information (reanaly-
ses) are available, regression models are developed and fed with proxy data to reconstruct
past climate variables.
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For the Atlantic-European region reconstructions of seasonally resolved land surface air
temperature (Luterbacher et al. 2004, 2®40E and 35ND70N), precipitation (Paul-
ing et al. 2006, 10/D40E and 35ND70N), and 500 hPa geopotential height pelds
(Luterbacher et al. 2002b, 3/D40E and 30ND70N) are available back to 1500. In-
dependent reconstructions, i.e., sharing no common predictors, have been developed for
seasonal land surface air temperatures and precipitation belds for the European Alps since
1500 (Casty et al. 2005b, BD16E and 43ND48N). These CFRs are multi-proxy based.

The period from 1500 to the late 17th century comprises entirely documentary and natural
proxies; the period from 1659 to around 1750 includes a mix of documentary, natural proxies
as well as a few early instrumental data. The reconstructions for the last 250 years are entirely
based on instrumental time series, the number of those increasing steadily over time. A com-
pilation of all proxies and instrumental data used for those 500 year climate reconstructions
is given in Luterbacher et al. (2004), Casty et al. (2005b), and Pauling et al. (2006). The
spatial resolution for the temperature and precipitation reconstructions i§¢ 068 km x

60 km) similar to the instrumental Peld information for the 190192000 period: Instrumental
data from New et al. (2000) were used by Luterbacher et al. (2004); data from Mitchell et al.
(2004) were used by Casty et al. (2005b) and Pauling et al. (2006). The 500 hPa belds are
resolved on a 2.5grid similar to the NCEP Reanalysis data (Kalnay et al. 1996; Kistler et al.
2001). For further details about reconstruction methods, proxy information, veribcation, and
uncertainty estimates, the reader is referred to Luterbacher et al. (2002b, 2004), Casty et al.
(2005b), and Pauling et al. (2006).

A new millennial-long tree-ring reconstruction utilising 1527 ring width measurement

seriesfrom living and relictlarch and pine samples from the Swiss and Austrian Alpsid5.5
47 N and 7.5ND11.5E) is applied for further comparison and validatioru(®gen et al.
2005). This record was detrended using the Regional Curve Standardisation (RCS) method
(Briffaetal. 1992), and calibrated and veribed against high elevation station temperature data
(Behm et al. 2001) over the 18642002 period. Note that this reconstruction is independent
from Casty et al. (2005b).

Two different ocean-atmosphere general circulation models (OA-GCMs) are used in this
study. The prst model is the Max Planck Institute for Meteorology global coupled model,
ECHAMS5/MPI-OM. The resolution of the atmospheric component, ECHAMS5 (Roeckner
et al. 2003, version 5.0), is 19 levels in the vertical dimension and T42 in spectral space,
which corresponds to a horizontal resolution of aba8t & 2.8 . The oceanic component,
MPI-OM (Marsland et al. 2003), is based on a Arakawa C-grid (Arakawa and Lamb 1981)
version of the HOPE ocean model (Wolff et al. 1997). It is run on a curvilinear grid with
equatorial rePnement and includes 20 vertical levels. A dynamic/thermodynamic sea ice
model (Marsland et al. 2003) and a hydrological discharge model (Hagemann and Duemenil-
Gates 2001) are included. The atmospheric and oceanic components are connected with the
OASIS coupler (Terray et al. 1998). The model does not employ Bux adjustment or any other
corrections. Initial ocean conditions are taken from a 500-yr control integration. The model is
forced from stable conditions with a 1% G{crease per year from 1990 (348 ppm) to 2100
(1039 ppm). Hereafter, this experiment is denoted as ECHAMS 1% THRis forcing is a
commonly used scenario to intercompare the sensitivity of different coupled climate models
to increased greenhouse gases.

The second setup is the Climate Community System Model (CCSM), version!2.0.1,
developed by the National Center for Atmospheric Research (NCAR) (Kiehl et al. 1998;

1 http:/iwww.ccsm.ucar.edu/models/
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to the low number of degrees of freedom OextremesO are not well reconstructed. Over the
last 200 years, when widespread instrumental precipitation data become available, the un-
certainties in terms of unresolved variance within the 20th century calibration period, de-
crease and more accurate reconstructions are obtained. The interannual variability is further
reduced in the scenario simulations (ECHAMS and CCSM 1%Gmpared with the

CCSM 1990 particularly in summer despite the fact that each model has its own climate
sensitivity.

Switching to low-frequency variability, emphasised by a 31-yr triangular Plter, the tem-
perature reconstructions show several distinct cold phases, namely during the late 16th, late
17th and late 19th centuries (Figure 3a). Interestingly, the cold winter conditions during
the last decades of the 17th century correspond to a period of low solar activity known as
the Maunder Minimum. Comparing the CCSM 1990 with the reconstructed temperature,
the low-frequency variability diverges, showing colder temperatures for the reconstructions
in both seasons. This is not surprising since the radiative forcing of the simulation is set to
Pxed 1990 conditions (solar and greenhouse gas concentrations), whereas the observed mean
radiative forcing over the past 500 years is lower than the 1990 value. However, the range
of decadal variations is similar for the CCSM 1990 and the reconstruction from 150001900
leading to a signal detection problem as mentioned by Yoshimori et al. (2005). They showed
in a modelling study of the Maunder Minimum that temperature variation on a hemispheric
scale could be partly traced back to changes in the external forcing. On a regional scale this is
more difbcult, particularly in areas where the internal variability is high, e.g., the exit regions
of the midlatitude storm tracks (Alaska, Atlantic-European area). As expected, the scenario
simulations show for both seasons a strong temperature increase towards 2100. This increase
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Fig. 3 Filtered time series of European temperature and precipitation for (a,c) DJF, (b,d) JJA. The time series
are adjusted to the period 199092000 (denoted by the black dot). A 31-yr triangular Plter is used emphasising
the low-frequency variability in the time series. The multi-proxy reconstructions are based on Luterbacher
et al. (2004) for temperature and Pauling et al. (2006) for precipitation (unit: mm per 3 months). Note also
that the CCSM 1990 simulation is for perpetual 1990 conditions, thus the topaues shows model years
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is unprecedented compared with increases in the CCSM 1990 or the reconstruction prior to
1900.

The low-frequency behaviour of precipitation (Figure 3c,d) also shows remarkable vari-
ations in the last centuries, but is reduced in the CCSM 1990 simulation compared with
the reconstruction. The standard deviation of the bltered time series is reduced from 3.4 to
2.7 mm per three months in winter and from 3.5 to 2.1 mm per three months in summer,
respectively. The scenario simulations show a decrease of precipitation mainly in summer.

To investigate seasonality in more detail, the difference between JJA and DJF is compared
for temperature and precipitation (Figure 4) as suggested by Jones et al. (2003). However, a
part of this difference may be due to the lack of variability in volcanic and solar forcing in the
simulation (Hansen et al. 1992). Clearly the range of variation of the temperature difference
(Figure 4a) is stronger in the reconstructions than in the model simulations resembling the
results of Jones et al. (2003). Moreover, a negative trend from the 19th century to the 20th
century is evident in the reconstructions. This decrease of summer to winter temperatures
may also continue in the future as the CCSM 1%,@®comparison to the CCSM 1990
suggests. Again, one has to be cautious as the other scenario does not show such a decrease.

For the precipitation difference, the range of variation is again stronger in the reconstruc-
tions than in the model simulations (Figure 4b). One scenario simulation (ECHAM5 1%
C0O,) shows a decrease in precipitation seasonality. Notable is an increased seasonality in
precipitation after the Late Maunder Minimum {720) which goes along with a strong
decrease of temperature difference. However, due to increased uncertainties prior to the 18th
century the seasonality changes of the reconstruction have to be interpreted with caution.

The low-frequency changes of temperature and precipitation as well as their changes
in seasonality may be related to low-frequency changes of the atmospheric Bow-regime.
Therefore, the temporal teleconnection behaviour illustrated by the teleconnectivity of the
500 hPa geopotential height is shown for the reconstructions (Luterbacher et al. 2002b;
Casty et al. 2005a, Figure 5). In winter two direction axes are frequently revisited (Figure 5a,
bottom panel): a north-south axis, denoting an anomalous (stronger or weaker) westerly Row
towards Europe, and a northwest-southeast axis exhibiting an anomalous meridional 3ow
towards Europe. Temporally these patterns are stable for several decades (Figure 5a, top
panel). The 16th century indicated by (i) is dominated by the anomalous meridional Row
pattern, switching to the westerly pattern fron1600 to 1650 (ii in Figure 5a, top panel).

Note that this westerly pattern is mainly in its negative phase, so continuing an anomalous
meridional Bow. For the Late Maunder Minimum period1(680 to 1715, iii) the axis turns

again towards the northwest-southeast orientation and the position of the northwestern center
moves from Iceland to the British Islands. For the 20th century the axis shows again a north-
south orientation.

During summer a different picture with a northwest-southeast and a southwest-northeast
orientation of the axis of teleconnectivity is captured (Figure 5b, bottom panel). A west-east
orientation can also be found, but this is a rare event and therefore not of primary consid-
eration. For the northwest-southeast orientation, main air masses stem from western Russia
(positive phase) or the southern Atlantic (negative phase). The southwest-northeast corre-
sponds to a Row regime from Greenland (positive phase) or North Africa (negative phase).
Temporally the southwest-northeast orientation, corresponding to an anomalous stronger or
weaker north-south Bow, was mainly found in the 17th century, which was dominated by the
Maunder Minimum (Figure 5b, top panel). From 1720 onwards the climate system stays in
the northwest-southeast mode. The anticorrelations are less pronounced in summer compared
to winter (not shown).
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