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Preface

How unusual was the climate of the twentieth century? This question has domi-
nated research on climate variability in recent decades as scientists have tried
to assess the role of increased concentrations of greenhouse gases on the global
environment. From our understanding of the physics of the atmosphere, we
expect that the net effect will be warming, and this is confirmed by model simu-
lations of the climate system. But another line of evidence is to examine early
instrumental records, historical documents and proxy records of climate from
natural archives, to extend the overall record of climate further back in time. In
this way, recent observations can be placed in a long-term perspective, provid-
ing a third approach to evaluating the nature and significance of recent climate
changes.

For many regions of the world, instrumental records were obtained at the same
time that anthropogenic effects on the atmosphere were increasing, so “natural”
and human-induced factors affecting the climate system became progressively
more intertwined. Thus, distinguishing anthropogenic from natural climate vari-
ability is often problematical in recent decades. Long-term records, which extend
back before the industrial revolution, provide a picture of climate variability at a
time when greenhouse gases were much closer to their long-term background
level (~280 ppmv, versus 385 ppmv today). Europe has a wealth of such records.
Not only are there many long-term instrumental records, but also meticulously
kept written records from many locations that document past weather conditions.
Collectively, these invaluable sources enable a detailed picture of past climatic
conditions to be constructed, not just of average conditions, but also of the fre-
quency of extremes. In addition, many “natural archives” — physical or biological
phenomena that have in some way registered the climate in times past — are avail-
able to extend the paleoclimate perspective, both in time and space. This includes
tree rings, lake sediments, stalagmites and borehole temperatures. Poland is
particularly rich in such paleoclimatic resources, but too often the barrier of
language has limited the wider dissemination of information about such records.
This volume seeks to address that problem by making information about the long-
term climate of Poland and adjacent regions available to a larger audience. It begins
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with a broad European perspective on climate variability, then focuses on records
from Poland and other eastern European countries over recent centuries. It is
clear that such records can help us respond to the initial question posed above.
However, the answers are not always straightforward, revealing a complexity in
climate variability that will require much additional research before it can be
fully understood.

Raymond S. Bradley

Climate System Research Center
University of Massachusetts
Ambherst, MA, USA
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Editors’ Introduction

The study of the climate history of the past millennium is based on a variety of
instrumental, documentary and natural proxy data. These data have already been
used in numerous studies for climate reconstructions in different parts of the world,
and for the world as a whole. This has not only helped to advance our understand-
ing of long-term natural climate variability, but has also improved our ability to
evaluate the extent of climate warming well into the future. Such information
allows us to assess the potential contribution of natural forcings in these processes
in contrast to that of anthropogenic factors related mainly to an enhanced green-
house effect due to the emission of greenhouse gases to the atmosphere. Knowledge
of the range of natural climate variability is very important and it can be obtained
only through the analysis of information concerning the weather and climate from
the pre-industrial period.

The past is the key to the future. This is particularly true in climatology because
knowledge of past climates is important in the prediction of future climate scenar-
ios. Although such scenarios are based mainly on the projections of climate models,
empirical studies based on instrumental, documentary and natural proxy data can-
not be neglected. Moreover, a broader knowledge of climates of the past may help
to better validate climatic models. If they simulate past climates well, it is safer to
assume that simulations of future climates will also be more credible. On the other
hand, the climate, particularly in its extreme manifestations, exerts a considerable
influence on changes in both the natural and man-made environments (as recent
examples, one may recall the floods of July 1997 and August 2002 in Central
Europe or the extent of damage caused by tropical cyclones in New Orleans and
Florida in August 2005).

In recent decades our knowledge of the climate histories of several European
countries (including Poland) has increased considerably. This is also observable for
the pre-instrumental period, though very seldom does this knowledge go back fur-
ther than the past 500 years. With a view to encouraging Polish and international
researchers to undertake more investigations into this period, an international con-
ference The Climate of Poland in Historical Times in Relation to the Climate of
Europe was organised in Torun (Poland) from 11 to 13 October 2007. At present,
the international community of climatologists only have limited access to studies
on long-term climate changes in Poland owing to the language barrier, with most

xi
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of the research in this area being available only in Polish. Moreover, no synthesis
exists of climate changes in Poland in recent centuries, either in Polish or in any
other language. Taking these facts into account, the organisers of the conference
decided to prepare the present monograph to synthesise our current knowledge on
the history of Poland’s climate in past centuries, in the context of broader research
efforts directed towards providing a more general climate history of Europe.

The present monograph entitled The Polish Climate in the European Context: An
Historical Overview is a result of work undertaken by an international team of
scientists. Part 1 provides the background to climate change in the European con-
text and a summary of our knowledge of climate change and variability in Europe
mainly in the past 500 years. Different aspects of climate changes (including
extremes) are described for the whole of the continent, as well as in a more detailed
way for Central and Eastern Europe.

Part 2 describes the present state of knowledge concerning the history of Poland’s
climate in recent centuries. In the first Chapter, a synthesis of climate variability
during the instrumental period is given. We provide a short history of observations
of basic meteorological variables (temperature, precipitation, cloudiness, humidity,
etc.) as well as their long-term changes. In the following sections, syntheses of
current climate change histories in Poland based on three kinsds of proxy data
(documentary, dendrochronological and borehole data) are presented Chapters.

Part 3 presents new findings on different aspects of climate change and
variability on both continental and regional scales (i.e. for both Europe in general
and Poland in particular). The majority of the papers feature analyses of long-term
changes in selected meteorological variables (mainly air temperature and precipita-
tion) for individual sites or areas located in different regions of Poland or Central
Europe.

The Editors would like to thank all the contributing authors for their papers, as
well as the reviewers for their critical comments and suggestions which signifi-
cantly improved the quality of all contributions presented in this monograph. We
hope that this book will prove to be of value to everyone studying climate change
and variability during historical times.

The Editors
Torun, Poland, April 2009
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Chapter 1

Climate Change in Poland in the Past Centuries
and its Relationship to European Climate:
Evidence from Reconstructions and Coupled
Climate Models

Jiirg Luterbacher, Elena Xoplaki, Marcel Kiittel, Eduardo Zorita,
Jesus Fidel Gonzalez-Rouco, Phil D. Jones, Marco Stossel, This Rutishauser,
Heinz Wanner, Joanna Wibig, and Rajmund Przybylak
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4 J. Luterbacher et al.

Abbreviations

AD Anno Domini

AOGCM Atmosphere-Ocean General Circulation Model
CCA Canonical Correlation Analysis

Cc Centre of Low Pressure

CPC Climate Prediction Center

CRU Climatic Research Unit

Bce Cyclonic Trough

DJF December January February

EA/WRUS-I  East Atlantic/West Russia Index
EA/WRUS East Atlantic/West Russia pattern

EOF Empirical Orthogonal Function
EU2 Eurasia-2 pattern
GCM Global Circulation Model

ECHAM4 Model name composed from ECMWF and Hamburg
ECHO-G Model name composed from ECHAM4 and HOPE-G
HadCM3 Hadley Centre Coupled Model, version 3

HOPE-G Hamburg Ocean Primitive Equation model

IPCC Intergovernmental Panel on Climate Change
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction
NAO North Atlantic Oscillation

NAOI North Atlantic Oscillation Index

Nc North Cyclonic Situation

NEc Northeastern Cyclonic Situation

OASIS Ocean Atmosphere Sea Ice Soil (model coupling software)
OCCR Oeschger Centre for Climate Change Research
PC Principal Component

RR Precipitation

SCAND Scandinavian pattern

SCAND-I Scandinavian Index

SLP Sea Level Pressure

TT Temperature

UKMO United Kingdom Meteorological Office

1.1 Introduction

The knowledge of climate and its variability during the past centuries can
improve our understanding of natural climate variability and also help to address
the question of whether modern climate change is unprecedented in a long-term
context (Folland et al. 2001; Jansen et al. 2007; Hegerl et al. 2007; Mann et al.
2008 and references therein). The lack of widespread instrumental climate
records introduces the need for the use of natural climate archives from ‘proxy’
data such as tree-rings, corals, speleothems and ice cores, as well as documentary
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evidence to reconstruct climate in past centuries (see Jones et al. 2009 for a
review). The focus of many previous proxy data studies has been hemispheric or
global mean temperature (see Jansen et al. 2007; Mann et al. 2008 and references
therein), although some studies have also attempted to reconstruct the underlying
large-scale spatial patterns of past surface temperature and precipitation changes
at continental scales. The principal region where this has been analysed is Europe
(e.g. Kiittel et al. 2007; Mann et al. 2000; Luterbacher et al. 2004, 2007; Xoplaki
et al. 2005; Guiot et al. 2005; Pauling et al. 2006; Riedwyl et al. 2008). Studies
indicate that the late twentieth century European climate is very likely warmer
than that of any time during the past 500 years. This agrees with findings for the
entire Northern Hemisphere. Hemispheric temperature reconstructions do not
provide information about regional-scale temperature and precipitation variabil-
ity such as the intrinsic seasonal patterns of climate change as they have occurred
in Europe during the past centuries. High-resolution reconstructions also illumi-
nate key climatic features, such as regionally very mild/cold or wet/dry winters
that may be masked in a hemispheric reconstruction. Klimenko and Solomina
(2009, this book) present a compilation of climatic variations in the east European
plain during the last millennium using different climate proxies. Therefore,
regional studies and reconstructions of climate change are critically important
when climate impacts are evaluated.

In October 2007 an international conference entitled The Climate of Poland in
Historical Times in Relation to the Climate of Europe was held in Torun (Poland).
The main aim was to mobilise Polish and international researchers to undertake
investigations to improve knowledge about the history of climate in Poland during
the past centuries. The outcomes of other results from the conference are published
in Parts 2 and 3.

The climate history of Poland is rich and knowledge has increased considerably
over the last decades. Information about past weather conditions is found in the col-
lection of more or less systematically written notes about atmospheric phenomena.
Weather chronicles in Poland are original notes which have been kept by a number
of professors at Cracow University in the second half of the fifteenth century and
first half of the sixteenth century (Limanéwka 1996). They present visual meteoro-
logical observations, performed in most cases sporadically and regularly only in
short periods of 15271551 (Limanéwka 2000) and 1502-1540 (Limanéwka 2001).
The majority of notes concern the city of Cracow and places with high political,
economical, scientific or cultural importance. Bujak (1932) initiated studies related
to this topic. The first volume was published by Walawender (1932) and covered the
1450-1586 period. The successive studies of Walawender’s team focused on the
periods 1587-1647 (Werchracki 1938), 1648-1696 (Namaczynska 1937) and
1772-1848 (Szewczuk 1939). Publication of the volume covering 1697-1750 pre-
pared by Jukniewicz (1937) was interrupted by the war. As a result, part of the vol-
umes prepared by Werchracki (1938) and Jukniewicz (1937) remained only in the
form of short reports and the original volumes were not preserved. The fifteenth and
sixteenth centuries are rich with chronicles; in turn the seventeenth century is full of
diaries and letters (Limanéwka 2001). The different works contain many gaps,
which were partially completed by Rojecki (1965). The amount of meteorological
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information increases by the end of the seventeenth century, when first instrumental
observations became available (Hanik 1972). Long-term climate (mainly tempera-
ture and precipitation) reconstructions for the last centuries were presented by
Sadowski (1991), Limanéwka (1996, 2000, 2001), Trepinska (1997), Bokwa et al.
(2001), Majorowicz et al. (2001, 2004), Niedzwiedz (2004), Przybylak et al. (2004,
2005), Biintgen et al. (2007), Safanda and Majorowicz (2009, this issue) and
Majorowicz (2009, this issue). For more details, see Przybylak (2007) and Part 2.

Poland lies in the center of Europe and its climate represents roughly an
average climate of Europe (continental climate dominating in eastern Europe
and maritime climate occurring in western Europe). Winter temperature in
Poland correlates very well with most of Europe as the atmospheric circulation
is a main factor influencing climate variations in Poland (see results). The
local modifications are rather small because the country is relatively flat. Less
than 1% of the Polish area is above 1,000 m and the climatic impact of the
Baltic Sea is restricted to a relatively thin belt stretching 50 km along the coast
(Wos 1999).

Trenberth (1990) points to the fact that the atmospheric circulation is the main
forcing factor for the regional variability of temperature and precipitation.
Advective processes exerted by the atmospheric circulation are a crucial factor
controlling regional changes of temperature and precipitation. This influence is
stronger during winter due to the heat capacity of the underlying surface. Low- and
high-frequency variations in air temperatures (year-to-year, decade-to-decade) are
far from uniform but occur in distinctive large-scale patterns (Trenberth 1995).
Regional or local climate is generally much more variable than climate on a hemi-
spheric or global scale because variations in one region are partially balanced by
opposite variations elsewhere (e.g. Mann et al. 2000; Jones and Mann 2004).
Indeed a closer inspection of the spatial structure of climate variability, in particular
on seasonal and longer time scales, shows that it occurs predominantly in preferred
large-scale and geographically anchored spatial patterns (e.g. Baldini et al. 2008).
Such patterns result from interactions between the atmospheric circulation and the
land and ocean surfaces.

In the context of future climate change one question that is often not considered
is the amplitude of regional deviations from the global warming trend, which can
be caused by particular sensitivity of the region to external forcing or to internal
dynamics, and which can be seasonally dependent. In particular the comparison of
regional climate reconstructions and model simulations at regional scales can shed
light on the skill of the models to represent realistically the regional variability, and
therefore to estimate the amplitude of possible regional multidecadal deviations
against the backdrop of a global warming trend (see also Luterbacher et al. 2009;
Zorita et al. 2009).

This work attempts to better understand the interannual-to-interdecadal
Polish winter precipitation and temperature variability within the reconstruc-
tion/observation period in comparison with continental European climate varia-
tions covering the last centuries. We will compare the findings with outputs of
two GCMs (ECHO-G and HadCM3) and discuss the physical processes behind
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those variations. The role of the large-scale atmospheric circulation dynamics/
forcing connected with the observed winter temperature and precipitation
changes over Poland will be investigated both in the reconstructions and in the
model world.

Sections 1.2 and 1.3 briefly describe the datasets (instrumental, reconstructions,
GCMs) and the multivariate methods used for this study. The results Section 1.4.1
shows the winter temperature and precipitation evolution over Poland in compari-
son to Europe back to 1500 within the reconstructions and the ECHO-G and
HadCM3 simulations. Further, the relationship between important atmospheric
teleconnection patterns and the winter air temperature and precipitation variability
over Poland within the last approximately 60 years is investigated in Section 1.4.2.
This will provide a first impression on the role of simple circulation indices in driv-
ing climate variability over Poland and how the influence changes in space and
time. Section 1.4.3 expands on Section 1.4.2 and performs a canonical correlation
analysis (CCA) between a new gridded North Atlantic European sea level pressure
dataset and Polish winter temperature and precipitation over the 1750-1990 period
both using reconstruction/instrumental and model data (ECHO-G and HadCM3).
Thus, this part assesses the driving atmospheric large-scale patterns behind recent
and past climate anomalies in Poland. The conclusions are presented in
Section 1.5.

1.2 Data

1.2.1 Instrumental and Reconstructed Data

Rather than using station data from Poland, we restricted our analysis to gridded
high spatial resolution data as this allows us for a better comparison with outputs
of GCMs. We used the European mean winter (DJF) surface air temperature recon-
structions over land on a 0.5° x 0.5° grid by Luterbacher et al. (2004, updated using
only long temperature series and temperature indices as predictors; Xoplaki et al.
2005; Luterbacher et al. 2007), which are calibrated against the CRU TS2.1
(Mitchell and Jones 2005). The reconstructions are seasonally resolved from 1500
to 1658, when only proxy data (tree-rings, ice cores, documentary-based tempera-
ture indices, sea ice information) are available. Thereafter, early instrumental data
are also used in the reconstruction approach and the fields are available on a
monthly resolution. After around 1760, the main information in these reconstruc-
tions comes from early instrumental data (see also Brdzdil and Dobrovolny 2009,
this issue; Dobrovolny et al. 2009). The reconstructions were used until 1900 and
substituted with observation-based data (Mitchell and Jones 2005) thereafter.
Similar as for temperature, seasonal European precipitation was reconstructed by
Pauling et al. (2006) back to 1500. Reconstructions are based on a large variety of
long instrumental precipitation series, precipitation indices based on documentary
evidence (e.g. Brazdil et al. 2005 for a review) and natural proxies that are sensitive
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to precipitation signals. The Mitchell and Jones (2005) data were used for calibration
and to extend the reconstructions from 1901 to 2002. For more information related
to the reconstruction technique and the data used, the reader is referred to the cor-
responding literature (Luterbacher et al. 2002, 2004; Pauling et al. 2006).

For our purposes we extracted temperature and precipitation for Poland
(14.25°E-24.25°E; 49.25°N-54.75°N) consisting of 252 grid points. The area of Poland
thus accounts to approximately 4% of all the grid cells of European land areas.
The reconstruction method is designed to capture continental-scale temperature and
precipitation fields (Luterbacher et al. 2004, 2007; Xoplaki et al. 2005; Pauling
et al. 2006). Small-scale variations are not resolved by definition. Therefore, care
should be given in the interpretation if a selection of grid points is used.

We used the new gridded 5° x 5° resolved seasonal sea level pressure (SLP) data
produced by Kiittel et al. (2009). For the first time terrestrial, instrumental station
pressure series and maritime wind information derived from ship log data were com-
bined and statistically extrapolated to a regular grid covering the North Atlantic,
Europe and the Mediterranean. This dataset proved to more adequately capture the
SLP variability over the North Atlantic than existing sea level pressure reconstruc-
tions (e.g. Luterbacher et al. 2002) before the first instrumental SLP measurements in
Iceland (Reykjavik in 1821) and Madeira (Funchal in 1850) became available.
Furthermore, the new SLP reconstruction does not share any common predictors with
reconstructed European temperature (Luterbacher et al. 2004, 2007; Xoplaki et al.
2005) and precipitation reconstructions (Pauling et al. 2006), thus it can be used
independently to assess the driving atmospheric patterns behind recent and past cli-
mate anomalies. In our analysis we relate this new SLP dataset (40°W-50°E;
20°N-70°N; total consisting of 209 grid points) to winter temperature and precipita-
tion over Poland for the last approximately 250 years using Canonical Correlation
Analysis (CCA).

In order to get a first insight on the connection between the atmospheric circulation
and the winter (DJF) air temperature and precipitation variability over Poland (using
CRU TS3.0 which is an updated version of Mitchell and Jones 2005), a simple cor-
relation (Spearman) analysis of important teleconnection patterns of the Northern
Hemisphere is performed. Three anomaly patterns were considered, namely the
North Atlantic Oscillation (NAQO; Barnston and Livezey 1987), the East Atlantic/
Western Russia pattern (EA/WRUS referred to as the Eurasia-2, EU2, pattern by
Barnston and Livezey 1987) and the Scandinavian pattern (SCAND; Barnston and
Livezey 1987), which are expected to exert an influence on Polish climate.

1.2.1.1 North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO) is the most important large-scale mode of
climate variability in the Northern Hemisphere. The NAO describes a large-scale
meridional vacillation in atmospheric mass between the North Atlantic regions of
the subtropical anticyclone near the Azores and the subpolar low pressure system
near Iceland (e.g. Wanner et al. 2001 and references therein). Synchronous
strengthening (positive NAO phase) and weakening (negative NAO phase) have
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been shown to result in distinct, dipole-like climate anomaly patterns between
western Greenland/Mediterranean and northern Europe/northeast US/Scandinavia.
The monthly derived index (NAOI) is taken from the Climate Prediction Center
(CPC) at: http:/www.cpc.ncep.noaa.gov/data/teledoc/telecontents.html.

1.2.1.2 East Atlantic/Western Russia Pattern (EA/WRUS)

The East Atlantic/Western Russia (EA/WRUS) pattern is one of the two prominent
patterns that affect Eurasia during most of the year. This pattern is prominent in all
months except June—August, and has been referred to as the Eurasia-2 (EU2) pattern
by Barnston and Livezey (1987). In winter, two main anomaly centres, located over the
Caspian Sea and western Europe, comprise the EA/WRUS pattern. A three-celled
pattern is then evident in the spring and autumn seasons, with two main anomaly
centres of opposite sign located over western-northwestern Russia and over
northwestern Europe. The third centre, having the same sign as the Russia
centre, is located off the Portuguese coast in spring. The monthly derived index
(EA/WRUS-]) is taken from the Climate Prediction Center (CPC) at: http:/www.
cpc.ncep.noaa.gov/data/teledoc/telecontents.html.

1.2.1.3 Scandinavian Pattern (SCAND)

The Scandinavian (SCAND) pattern consists of a primary circulation centre,
which spans Scandinavia and large portions of the Arctic Ocean north of Siberia. Two
additional weaker centres with opposite sign to the Scandinavia centre are located
over western Europe and over the Mongolia/western China sector. The SCAND
pattern is a prominent mode in all months except June and July and has been
previously referred to as the Eurasia-1 pattern by Barnston and Livezey (1987).
The positive phase of this pattern is associated with positive height anomalies,
sometimes reflecting major blocking anticyclones, over Scandinavia and western
Russia, and negative anomalies over the Iberian Peninsula and northwestern Africa.
The SCAND pattern plays a considerable role in precipitation variability over
Europe (Wibig 1999). The corresponding monthly index (SCAND-I) stems from
the CPC at: http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.html.

1.2.2 Model Data

1.2.2.1 ECHO-G Temperature and Precipitation Data

ECHO-G is a coupled atmosphere-ocean general circulation model (AOGCM),
consisting of the ECHAM4 atmospheric general circulation model and the Hamburg
Ocean Primitive Equation model HOPE-G, which includes a dynamic-thermodynamic
sea-ice model with snow cover. Both components were developed at the Max-Planck
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Institute for Meteorology in Hamburg and coupled with the OASIS-Software.
The atmospheric component ECHAM4 has a horizontal resolution of T30 (approx.
3.75° x 3.75° longitude/latitude) and 19 levels along the vertical direction, five of them
located above 200 hPa, the highest being 10 hPa, thus having a rather coarse resolution
of the stratosphere. The oceanic component HOPE-G has a resolution of approx.
2.8° x 2.8° longitude/latitude, with a decrease in meridional grid point separation
towards the equator to a value of 0.5°. This enables a more realistic representation
of equatorial ocean currents. HOPE-G has 20 levels along the vertical direction. Due
to the interactive coupling between ocean and atmosphere and the coarse model
resolution, ECHO-G needs a constant mean flux adjustment to avoid a significant
climate drift. Thus additional fluxes of heat and freshwater are applied to the ocean.
This flux adjustment is constant in time and its global integral vanishes. In this
comparison, the ‘Erik-the-Red’ run of ECHO-G is used (von Storch et al. 2004;
Gonzalez-Rouco et al. 2006). This simulation includes natural (solar irradi-
ance and the radiative effect of volcanic eruptions) and anthropogenic (greenhouse
gases) forcing over the period 1000-1990.

For the CCA (see below) between the large-scale winter atmospheric circulation
and Polish winter temperature and precipitation variability back to 1750 we used
the same spatial area as for the reconstructions/instrumental data set. For SLP we
selected 350 grid points representing the area 40°W-50°E; 25°N-70°N while for
temperature and precipitation only six grid points representing Poland were chosen.

1.2.2.2 HadCM3 Temperature and Precipitation Data

As ECHO-G, HadCM3 is a state-of-the-art AOGCM. Unlike ECHO-G, no flux
adjustment to prevent large climate drifts is applied in the model HadCM3. However,
a small long-term climate drift is still present, the magnitude of which is estimated
from a long control run. This drift is then corrected from the temperature data of the
present simulation (Tett et al. 2007). The atmospheric component HadAM3 is a ver-
sion of the United Kingdom Meteorological Office (UKMO) unified forecast and
climate model with a horizontal grid spacing of 2.5° (latitude) x 3.75° (longitude)
[the T-resolutions apply only to spectral models]. HadAM3 is a finite-difference
model and has 19 levels along the vertical direction. The ocean component has 20
levels with a spatial resolution of 1.25° x 1.25° degrees thus resulting in six ocean
grid cells to one atmosphere grid cell. The resolution is higher near the ocean sur-
face, making it therefore possible to represent important details in oceanic current
structures. The sea ice model uses a simple thermodynamic scheme including leads
and snow-cover. In this study, two HadCM3 runs were merged: a natural-forcings
run from 1500 to 1749 and an all-forcings run spanning the period 1750-1999. The
natural-forcings run is driven by prescribed changes in volcanic forcing, solar irradi-
ance and orbital forcing, while anthropogenic forcing factors were fixed at estimated
pre-industrial values. The all-forcings run on the other hand is driven by prescribed
changes in volcanic forcing, solar irradiance, orbital forcing, greenhouse gases, tro-
pospheric sulphate aerosol, stratospheric ozone and land-use/land-cover.
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For the CCA between the large-scale winter atmospheric circulation and Polish
winter temperature and precipitation variability back to 1750 we used the same
spatial area as for the reconstructions/instrumental data set. For SLP we selected 525
grid points whereas for temperature and precipitation nine grid points representing
Poland were extracted.

There are relevant differences in the implementation of some of the external
forcings in both models. The most important comprise the volcanic forcing. Whereas
in ECHO-G the overall radiative effects of the volcanic aerosols on the radiation
balance is implemented as a global change in the effective solar constant, in
HadCM3 the prescribed radiative properties of the volcanic aerosols are explicitly
represented for several latitudinal bands. Also, in HadCM3 the effect of aerosols
in the short-wave and infrared spectral bands is treated separately, whereas in
ECHO-G only the integrated change in the radiative forcing is parameterised within
the solar forcing. The amplitude of the past changes of solar irradiance is also
slightly different in both model simulations. In the ECHO-G simulation the changes
between present and the Late Maunder Minimum amount to 0.3% of the total solar
constant, whereas in the HadCM3 simulation the solar irradiance is assumed to
have changed by 0.25% (Tett et al. 2007) between these two periods.

Another difference is that the HadCM3 simulation is also driven by tropospheric
aerosols in the twentieth century. Its radiative forcing is most strongly felt in
Northern summer in the twentieth century. The ECHO-G simulation does not
include tropospheric aerosols.

Finally, the forcings in the HadCM3 simulation include changes in the land-use,
which in Europe have been especially large in the past centuries. The increasing
surface albedo associated with deforestation and expanding agricultural lands leads
to more shortwave radiation being reflected back to space and, other factors
remaining unchanged, to lower surface temperatures. This effect is missing in the
ECHO-G simulation, which does not consider past land-use changes.

In general, the implementation of some of the forcings in the HadCM3 runs,
specially volcanic and tropospheric aerosols, is a priori more realistic than in the
ECHO-G runs.

1.3 Methods

1.3.1 Canonical Correlation Analysis (CCA)

To assess the connection between the new gridded large-scale SLP data of Kiittel
et al. (2009) and Polish winter temperature and precipitation both in the recon-
struction/instrumental and model world, we calibrated a downscaling model using
CCA in the empirical orthogonal function (EOF) space and subsequently validated
this model by means of cross-validation (e.g. Michaelson 1987). To be consistent
with the length of the three different data sets, we applied CCA over the common
period 1750-1990. Only a short overview of the methods used is provided here, for
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a detailed description of the methodology the reader is referred to Barnett and
Preisendorfer (1987), Wilks (1995) and von Storch and Zwiers (1999). Before
performing the CCA, the original data were projected onto their EOFs retaining only
a limited number of them, accounting for most of the total variance in the datasets.
As a preliminary step to the calculation of EOFs, the annual cycle was removed
from all station and grid point time series by subtracting from each winter value
the 1750-1990 long-term mean. The gridded predictor data were then weighted
by multiplying with the square root of the cosine of latitude to account for the
latitudinal variation of the grid area (North et al. 1982; Livezey and Smith 1999).
A further step to ensure the stationarity of the variables needed for the calculation
of EOFs and CCA was to detrend the time series. A standard linear least square fit
method has been used as described for example by Edwards (1984). After the
diagonalisation of the covariance and cross-correlation matrices during the EOF
and CCA processes, the long-term trends were recovered by regressing the original
datasets onto their EOFs or canonical vectors as in Busuioc and von Storch (1996).
This provides estimations of the principal components and canonical series with
long-term variability and trends. We have used five EOFs of Polish temperature and
Polish precipitation as well as of large-scale SLP for the reconstructions and the
model data. To calculate the statistical models during cross-validation in all exercises
we used all five canonical vectors. The cross-validation was applied by discarding
one winter from the data set in each step and then predicting them, based on the
remaining data. This process was repeated for each winter in the 1750-1990 record
(e.g. von Storch and Zwiers 1999). The performance of the statistical model was
evaluated by calculating the correlation between the predicted and the raw data.
The correlation provides a measure of time concordance in the series.

1.4 Results and Discussions

1.4.1 Comparing Winter Temperature and Precipitation
Over Poland and European Land Areas in Reconstructions
and in the Model World

This section characterises the seasonal temperature and precipitation evolution of
Poland extracted from Luterbacher et al. (2004) and Pauling et al. (2006) covering
the past 500 years. It highlights the relation between the temperature/precipitation
evolution over Poland compared to the European average. This will shed light on the
importance of that part of Europe in explaining seasonal temperature and precipita-
tion changes at continental scales and how stable those connections are through
time. Apart from multiproxy temperature and precipitation reconstructions updated
with new gridded instrumental data (Mitchell and Jones 2005), we also use simulation
data from the coupled global climate models ECHO-G (von Storch et al. 2004;
Gonzalez-Rouco et al. 2006) and HadCM3 (Tett et al. 2007). The rationale behind
this comparison is on the one hand to test the realism of the models in simulating
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the subcontinental regional variability at multidecadal time scales. On the other
hand, this analysis will help to support specific aspects of the reconstructions with
model results that may possibly be uncertain, as for instance the robustness of the
large- to regional-scale links found in the instrumental period and their stability
with time in a multicentennial context.

Figure 1.1 shows the standardized winter (DJF) temperature evolution of Poland
and European land areas (excluding Poland) over the past 500 years presented by
Luterbacher et al. (2004) and as simulated by the ECHO-G and HadCM3 models.

The correlation (at interannual and multidecadal time scales) between recon-
structed Poland and European mean temperatures (excluding the grid points repre-
senting Poland) over the full 500 year period is 0.96 (Fig. 1.1 top row). Similar high
values are found if only twentieth century instrumental data are used. It shows the
generally below normal winter conditions through a large part of the so-called ‘Little
Ice Age’ with lowest values within the Late Maunder Minimum period (late seven-
teenth/early eighteenth century), a short warming period until the late 1730s (see
Luterbacher et al. 2004, 2007; Jones and Briffa 2006), followed by colder conditions
again. The twentieth century instrumental period is characterised by a temperature
increase with the very likely highest values at the turn of the twenty first century (see
also Luterbacher et al. 2004, 2007 for details). The very strong relationship between
Polish winter and European temperatures both at interannual and interdecadal time
scale is of major interest since some of the longest temperature proxy information
stem from Poland (e.g. Sadowski 1991; Trepiriska 1997; Bokwa et al. 2001;
Majorowicz et al. 2004; Przybylak et al. 2005; Biintgen et al. 2007; Safanda and
Majorowicz 2009; Majorowicz 2009; see also Parts 2 and 3 of this book) which can
improve European seasonal mean temperature reconstructions significantly.

Figure 1.2 presents decadally averaged winter (DJF) air temperature anomalies
for the last 500 years for Poland with respect to the 1901-1960 reference period
(Przybylak et al. 2005). Reconstructed 10-year mean winter air temperatures for parts
of Poland based on documentary sources (that have not been used by Luterbacher
et al. 2004, thus can be considered as independent) covering the period from 1501
to 1840 (Przybylak et al. 2005) were generally lower than the air temperatures
occurring in the twentieth century (see detailed description and presentation of
available long-term climate time series from Poland presented in Part 2 on Chapter
5, Przybylak 2009). The coldest winters, on average, occurred in the decade 1741—
1750 (anomaly —3.7°C with respect to the 1901-1960 reference period). The warm
period in the 1730s shown in Fig. 1.1 (see also Jones and Briffa 2006) is not present
in Poland’s temperature reconstruction (Fig. 1.2). According to Przybylak et al.
(2005), winters in this decade were colder by about 2°C. In Czech Lands (Brazdil
1996) they were near the long-term average.

Large negative anomalies were observed in the following decades: 1541-1550,
1571-1580, 1591-1600, 1641-1650, 1651-1660 and 1771-1780. On the other hand,
warm winters, on average, occurred in the first and third decades of the sixteenth
century, and in the seventeenth century, except for the periods from 1630 to 1660
and from 1680 to 1700. A visual comparison of these results with the Luterbacher
et al. (2004) European mean reconstruction (see Fig. 1.1, top panel) indicates that
there is generally good agreement mainly for the first approximately 200 years with
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Fig. 1.1 Standardized winter mean temperatures of Poland (black line) and European land areas
(excluding Poland, red line) 1500-2000 as reconstructed by Luterbacher et al. (2004, top panel),
simulated by ECHO-G (von Storch et al. 2004; Gonzélez-Rouco et al. 2006, middle panel) and
HadCM3 (Tett et al. 2007, bottom panel). The thick lines denote the 30-yr running means
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Fig. 1.2 Decadally averaged winter (DJF) air temperature anomalies for Poland with respect to the
1901-1960 reference period. Dark red bars present reconstructions based on documentary evidence
(Przybylak et al. 2005), Orange bars (observation from Warsaw) are taken from Lorenc (2000)

below normal conditions. However, differences are found for instance at times
when the lowest and highest winter temperatures occurred: documentary evidence
from Poland indicates that in the seventeenth century the coldest winters occurred
rather in the first half of the Late Maunder Minimum (Przybylak et al. 2005).
A major difference is also the European winter warming trend starting in the late
seventeenth century until the first decades of the eighteenth century (Fig. 1.1, top
panel) (Luterbacher et al. 2004, 2007) which is not supported by the study of
Przybylak et al. (2005) which either has gaps in the series or points to colder condi-
tions. Despite these differences the estimated winter temperatures lay both within
the uncertainty ranges of each other (not shown).

The match between the grid points representing Poland and Europe mean winter
temperature in the model (in the corresponding model grid-cells) is similar to the
reconstructions (Fig. 1.1). The correlations at interannual to multidecadal time
scales are highly significant for ECHO-G and HadCM3, indicating that the correla-
tion across space is in agreement in the models and the reconstructions. The
ECHO-G winter temperature for Europe and Poland points to a slight overall
warming from 1500 to the late 20th century, with minima around the end of the
seventeenth and the beginning of the nineteenth centuries. There is a discernible
acceleration of the warming trend within the twentieth century that leads to the
highest temperatures at the end of the century. The overall long-term trend appears
somewhat larger than in the reconstructions. The European/Poland winter tempera-
ture evolution within the HadCM3 model does not indicate an overall trend within
the last half millennium and the warming in the twentieth century seems to be
smaller than in ECHO-G and in the reconstruction/observations. The HadCM3
simulation does not display distinctive minima around the Late Maunder Minimum
period. Concerning the interannual variability, the reconstructions display larger
variations than in both simulations, in particular for the European average
temperatures.

One reason for the stronger coherency in the reconstructions/instrumental data
could be the inclusion of land and ocean grid points in the model simulations.
Considering Fig. 1.3 (see below), both models and the instrumental data yield a
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very similar spatial correlation pattern between Polish mean temperature and the
European field, whereas the reconstructions display longer spatial coherence, in
particular in the zonal direction (in the meridional direction all four data sets seem
quite similar). One speculation could be that in the reconstructions the variations in
the zonal circulation have been more effective in modulating the winter temperature
over the continent, whereas in the model it seems not to be so much the case.
Possibly, this is linked with the inability of both models to produce warm episodes
such as in 1730 (Jones and Briffa 2006; Zorita et al. 2009), and with the inability
of models in general to reproduce the low-frequency variability of the NAO in the
twentieth century (Osborn 2004). In summary the model swings of the NAO would
be too short-lived and too weak, and this reflects in lower spatial temperature
coherence, in particular in the zonal direction. It might be worth exploring this in
more detail in future studies.

In general the HadCM3 simulation displays less long-term variability than the
ECHO-G simulation, but there are also clear differences between both simulations
and the reconstructions. The differences between model simulations can be due to
the different magnitude of the changes in past solar forcing that are smaller in the
HadCM3 simulations than in the ECHO-G simulation. However, it is difficult to
explain some of these differences by invoking the external forcing alone. In the case
of ECHO-G the total external forcing may be overestimated, due to the missing
cooling effect of tropospheric aerosols in the twentieth century and the coarse
representation of the volcanic forcing (in the model it can only induce cooling,
whereas in reality tropical volcanic eruptions may induce a transient winter warming
at middle and high latitudes due to atmospheric circulation anomalies, (Stenchikov
et al. 2006). Also the magnitude of the long-term past solar changes is uncertain.
One difference between the simulations and the reconstruction that is not likely to be
dependent on the prescribed forcing is the level of interannual variability, which is
larger in the reconstructions. A possible reason is that the reconstructed data
are basically the result of a linear combination of a limited number of local proxy
and documentary records, whereas in the models, the grid-cell values represent
spatial averages over the whole grid-cell. This sampling effect alone would cause
higher interannual variations in the reconstructions, although it is difficult to
quantify whether or not it can completely explain the gap between simulations and
reconstructions.

Figure 1.3 presents the spatial Pearson correlation maps between the average
winter temperature of Poland (14.25°E-24.25°E; 49.25°N-54.75°N) and
European land areas for the past 500 years (400 years reconstructions, the last
100 years gridded CRU data) and for the two GCMs. Approximately, 20 Polish
station series are included in the gridded CRU TS3.0 dataset.

Except for the Icelandic area and the very southeast, the correlation between
Poland winter temperature and European grid cells is highly significant. Thus,
Fig. 1.3 underlines the strong connection between the area of Poland and most
European areas (Poland excluded, Fig. 1.1) and the strong consistency between
reconstructions/instrumental and model data.
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This result supports the ability of models to represent the regional climate
variations in the frame of the European scale. The similar correlation patterns
obtained from model and reconstructed and instrumental data indicates that the
spatial correlation structure of the temperature field is well captured by the models.
In addition, some minor features found in the reconstruction and in observations
such as the smaller areas of negative correlations over Iceland and the eastern
Mediterranean are also supported by both models at multicentennial time scales.

Precipitation is spatially and temporally more variable than temperature. However,
the reconstructed winter precipitation over Poland (Pauling et al. 2006) also agrees
very well with the entirety of Europe (Poland excluded; Fig. 1.4, top panel).
The correlation at interannual and multidecadal time scales accounts for 70% of the
total variance. The agreement is smaller in the model world (ECHO-G: interannual
winter 0.19; multidecadal 0.41; HadCM3 interannual winter 0.04; multidecadal
0.39). One reason for the differences between reconstructions and models may be
that in the mean model precipitation the whole Mediterranean Sea is included that
returns negative correlations with Polish precipitation, whereas the average mean in
the reconstruction only includes land areas. Another reason might be due to the
reduced number of PCs reconstructed. The principal component regression used for
the reconstructions may impose a spatial homogeneity upon the reconstructed data
that is not so strongly present in the instrumental data. Very likely this effect is
stronger for precipitation where the EOF filtering would be relatively stronger
because of the noisy character of precipitation.

There is no overall trend visible in the precipitation reconstructions (Fig. 1.4).
The discrepancies between Poland and Europe (excluding Poland) can be found in the
early twentieth century with wetter (drier) conditions in Poland (Europe). The end of
the twentieth century is characterised by wetter overall European winter conditions
but lower values in Poland.

The model simulations do not display clear long-term trends for winter precipi-
tation either. Only the ECHO-G simulation shows a small non-significant trend
along the 500 year period towards wetter conditions. The low-frequency variability
in the model simulations is comparable to the one in the reconstructions, but the
interannual variability is larger in both simulations, in particular in the early two
centuries. The reconstructed interannual variability increases along the 500 year
period, but this could be due to missing information in the proxy and documentary
records in the early period. In general, the model simulation indicates quite stable
precipitation conditions over the full half millennium. Precipitation is known to be
a variable with a high level of internal variations, and more so at regional scales,
and it is more difficult to detect the influence of external forcing. This happens also
in simulations for future climate with larger variations in the external forcing than
in the past millennium (Barnett et al. 2004).

Figure 1.5 presents the spatial Spearman correlation maps between the average
winter precipitation of Poland and European land areas for the past 500 years
(Pauling et al. 2006), the last 100 years of gridded CRU TS3.0 data and within the
two GCMs. The spatial correlation patterns are less homogenous compared to win-
ter temperature conditions (Fig. 1.3) but generally indicate similar results. As in the
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case of winter temperature the spatial patterns of the reconstructions/last 100 year
instrumental data and GCMs are consistent with significant positive correlations
generally over northern and eastern Europe and negative correlations in the
Mediterranean area. The signal is weaker than temperature but still large parts of
Europe show coherence with mean Polish winter precipitation.

The spatial coherency of precipitation in the models seems more similar to
the observations, whereas the reconstructions display high correlations over
longer distances. This could be due to the PC basis of the reconstructions (see
above).

The next section sheds some light on the relation between selected atmospheric
teleconnection indices and Polish winter temperature and precipitation.

1.4.2 Spatial Correlation Analysis Between Polish Winter
Precipitation and Temperature with Teleconnection
Indices

For the period 1950-2006 correlations between the Polish winter temperature and
precipitation (using CRU TS 3.0, of gridded CRU TS3.0 data) and the NAOI (e.g.
Barnston and Livezey 1987), SCAND-I (Barnston and Livezey 1987) and the EA/
WRUS-I (Barnston and Livezey 1987) were calculated (Fig. 1.6).

The spatial correlation pattern demonstrates that winter temperature over Poland
is significantly positively correlated with the North Atlantic Oscillation Index (NAOI,
p<0.05). More than 50% of the winter temperature variations can be accounted for
by the influence of this index. For the longer period (1780-1990) Przybylak et al.
(2003) found approximately a twice as small influence of the NAO on winter tem-
perature in Warsaw. The spatial correlation map between the winter NAO and winter
precipitation over Poland reveals a dipole pattern with positive (negative) correlations
in the north (south). The NAO explains approximately 25-30% of the winter precipi-
tation variations in the northwest and southeast of Poland (Fig. 1.5 bottom). Winter
precipitation in Poland was also analysed in relation to circulation patterns at 500 hPa
level by Wibig (1999). Monthly precipitation totals from 12 Polish stations from the
period 1951-1990 were correlated with circulation patterns defined as rotated princi-
pal components of the 500 hPa geopotential heights in the Euro-Atlantic sector and
generally agree with the findings in Fig. 1.6.

The spatial correlation can be explained by typical and dominant winter circulation
patterns in Europe. The highly correlated areas (see also Figs. 1.3 and 1.5) indicate
a clear influence of zonal circulation conditions, either through a westerly component
related to mild and wet air masses from the Atlantic or through cold and mostly dry
continental air from east (negative phase of the NAO or strong western Russian or
Baltic high pressure system). This zonal pattern indicates a strong influence
of the NAO (see also Fig. 1.6) on the European continent in winter with above
normal precipitation between the British Isles and eastern Europe in positive phases
(e.g. Hurrell 1995; Jones et al. 2003; Baldini et al. 2008). In periods of a negative
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NAOI, more moisture is conveyed to the western Mediterranean whereas weaker
westerly winds allow a stronger influence of cold and dry continental air masses
in central and eastern Europe, including Poland. The congruence of precipitation
amounts between Poland and the area between the English Channel and Russia
could also be demonstrated in Stossel (2008), where the area between France and
the Baltic Sea was calculated to be the most representative for explaining European
winter precipitation.

The correlation between SCAND-I and Polish temperature in winter is generally
negative, though significant (p<0.1) only in the central and northern parts. In case
of a positive SCAND-I, a strong positive pressure anomaly is centred over
Scandinavia and western Russia and negative anomalies over the Iberian Peninsula
connected with anomalous easterlies and thus cold and dry airflow over the area of
interest. Positive (negative) SCAND-I go along with negative (positive) winter pre-
cipitation anomalies in the northern parts of the country. SCAND explains around
25-30% of the winter precipitation variations in the northern parts of the country,
while only 5-10% of winter temperature variations can be related to the SCAND
pattern. The mountainous southern part returns mostly non-significant results.

The EA/WRUS pattern does not seem to exert any significant influence on
Polish winter temperature (Fig. 1.6 top). Concerning precipitation, a significant
contribution of the EA/WRUS influence on Polish winter precipitation can be
found in the southeastern parts of the country (Fig. 1.6 bottom).

Wibig (2009) has shown that mean winter minimum, maximum and average
daily temperature calculated from of station data (23 stations from Poland) as well
as numbers of frost days in winter (days with minimum temperature equal or below
0°C) and ice days (days with maximum temperature equal or below 0°C) correlate
positively with the NAO and EA indices and negatively with the SCAND-I.

Differences of sea level pressure (based on CRU grid point pressure data) and
500 hPa levels (taken from NCEP/NCAR dataset) between the 10 wettest and the
10 driest, as well as between the 10 hottest and the 10 coldest months were also
analysed (Wibig 2004). During wet periods the pressure gradient over Europe was
stronger and the storm tracks over the North Sea and northern Scandinavia were
more frequent than during the dry ones, when the blocking situations over central
Europe occurred more often. The deep Icelandic Low accompanied the inflow of
warm air from the west during warmer winters. DegirmendZi¢ et al. (2004) ana-
lyzed the sensitivity of air temperature and precipitation variations to circulation
variations described by sea-level pressure in the centre of Poland (52.5°N, 20°E)
and geostrophic wind calculated from meridians 45°N and 65°N and the latitudes
at 10°E and 30°E. By using multiple regression it was shown that these three factors
(SLP at selected grid point and both components of geostrophic wind) explain up
to 77% and 44% of temperature and precipitation variability respectively. Twardosz
and Niedzwiedz (2001) have shown that high precipitation events in Poland are
most frequent during the northeastern cyclonic situation (NEc), north cyclonic situ-
ation (Nc), cyclonic trough (Bc) and centre of low pressure (Cc) according to typol-
ogy by Niedzwiedz (1992, 2004).

Rosenzweig et al. (2008) showed that changes in biological and physical
systems consistently occur in regions of observed temperature increase that itself
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cannot be explained by natural climate variations alone. Long-term, regional-scale
dynamical analyses of temperature and precipitation variability are essential for the
detection of impacts and adaption of ecosystems (Ahas et al. 2002; Menzel et al.
2006; Rutishauser et al. 2008). Often the regional impacts are related to atmospheric
circulation patterns such as the NAO (Scheifinger et al. 2002; Aasa et al. 2004;
Bednorz 2004; Menzel et al. 2005; Sinelschikova et al. 2007). In years with
strong positive NAOI in both winter and spring, the latitudinal gradients of spring
phases are smaller making the spatial pattern more uniform (Menzel et al. 2005).
There is a large body of evidence that changes in general circulation impact
regional temperature patterns in Poland and this, in turn, will induce changes in
the timing of ecosystem processes (Bednorz 2004; Aasa et al. 2004; Menzel et al.
2005, 2006). Changes in snow cover, plant vegetation activity onset and changes
in bird migration and pollen season are a few indications of climate change impact
evidence. Fourteen out of 16 migratory bird species in western Poland tend to
arrive earlier in the 1990s than in the 1910s (Tryjanowski et al. 2002). Tryjanowski
and Sparks (2008) showed that the arrival time of white stork (Ciconia ciconia)
in Poland during the period 1983-2003 had an impact on the duration of occupied
nests and thus greater productivity. Stach et al. (2008) suggest that the severity of
the birch pollen season in Poland is related to the NAOI for the period 1995-2005.
However, the more remote site from the Baltic Sea, Cracow, showed only a very
limited correlation with the NAO. These examples show the overall impact of climate
change on regional ecosystems and human health (Stach et al. 2008) but also highlight
the strong local modifications by causes not related to climate.

1.4.3 CCA Between Winter Large-Scale Atmospheric Circulation
and Winter Climate Variability in Poland Back to 1750
Using Reconstructions/Instrumental Data and GCMs

1.4.3.1 CCA SLP-Polish Winter Temperature

The interannual to interdecadal covariability between Polish winter temperature
and large-scale atmospheric circulation during the period 1750-1990 is presented
using canonical patterns for the reconstructions/instrumental data and for the
two GCMs. The results focus on the first CCA mode, since it captures most of the
Polish temperature variability. Spatial patterns and expansion coefficients of
the modes are presented in Figs. 1.7, 1.8 and 1.9. The variance that is explained
by the first CCA pattern (Fig. 1.7) is approximately 35% for SLP and 89% of
Polish winter temperature. This pair exhibits a canonical correlation of 0.79 for
the unfiltered data.

The first canonical map of SLP shows the well-known dipole pattern with
positive values (related to positive normalised time components in Fig. 1.7
bottom left) south of approximately 50°N and negative SLP anomalies north of it.
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The anomalous strong westerly flow is responsible for the positive temperature
anomalies all over Poland. The normalised time components in Fig. 1.7 (bottom
left) do not give any indication about long-term trends. However, distinctive dec-
adal to interdecadal variations are visible. Figure 1.7 (bottom right) shows the
spatial distribution of skill (spatial correlation) using SLP as predictor for Polish
winter temperature over the last 241 years. The correlations indicate a uniform
spatial structure with high values all over the country, thus the statistical downscal-
ing model performs very well all over the grid.

Figure 1.8 shows the first CCA pattern for the HadCM3 model. The SLP
anomaly plot is very similar to the one presented in Fig. 1.7 for the reconstructions/
instrumental period, both in terms of location of the anomalies as well as the
pressure gradients. The corresponding anomalous temperature pattern over Poland
represented by only nine grid cells support the findings from the reconstruction
period with distinctly overall positive anomalies. The explained variances in the
SLP and temperature fields are comparable with Fig. 1.7, though slightly lower.
As for the reconstructions/instrumental CCA, there is no evidence of any trends in
the normalised time components. The cross-validation results clearly indicate that
the statistical downscaling model performs very well over the nine grid points.

Figure 1.9 shows the first CCA pattern for the ECHO-G model. The SLP anomaly
map reveals strong resemblance to the one presented in Fig. 1.8 for the HadCM3
model and thus also for the reconstruction/instrumental period. Four out of six grid
points show above normal temperature conditions. The explained variances in the
SLP and temperature fields are comparable with findings from the HadCM3 and
also for the reconstructions/instrumental period. As for HadCM3, there is no overall
trend detectable in the normalised time components and the cross-validation results
indicate very good performance over the six grid points.

Figures 1.7-1.9 reveal consistency in identifying both in the reconstructions and
in the simulations the most important driving pattern of atmospheric circulation
accounting for winter temperature variability over Poland. The simple mechanism
behind this link highlights advection of moist mild air masses that induce higher
temperatures over the study area. This atmospheric structure of low pressures over
Poland also causes cloudier skies and hinders the drop of temperature that would
be caused by radiative loss at night times, thus contributing to warmer winter
months. The opposite can be said if the reversed sign of the pattern is considered,
thus favouring continental cold air over Poland, clear skies and nocturnal radiative
loss in winter.

1.4.3.2 CCA SLP-Polish Winter Precipitation

The first CCA mode (Fig. 1.10, 0.66 correlation) between observed and recon-
structed Polish winter precipitation and SLP (Kiittel et al. 2009) during the period
1750-1990 explains around 17% of the SLP variance and more than half of the
Polish winter precipitation variability. The pattern of the SLP field indicates a
half-meridional positive anomaly covering large parts of the continent with the centre
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over southern Scandinavia. The corresponding anomalous precipitation pattern
shows a monopole pattern with negative anomalies all over the country. In winters
with positive normalised time components, anomalous dry air is advected from an
easterly direction towards Poland. This joint pattern shows a positive trend from
1750 to the late nineteenth century (Fig. 1.10 bottom left). Within the twentieth
century, the normalised time components show strong interdecadal variability with a
tendency towards more anomalous low pressure conditions over northeastern
Europe connected with anomalous advection of wetter conditions from the
west/northwest towards Poland, in agreement with findings from Fig. 1.4. A similar
analysis to that of Fig. 1.10 applied only to the 1900—1990 period leads to virtually
identical results (not shown), thus suggesting that this large- to regional-scale link
is stable in time.

The correlation skill score (Fig. 1.10 bottom right) generally shows higher values
in the eastern part of Poland. The downscaling model performs less well in the
western and southern areas.

Figure 1.11 shows the first CCA pattern between winter SLP and winter
precipitation for the HadCM3 model. The SLP anomaly plot is similar to the one
presented in Fig. 1.10, though with a stronger negative anomaly shifted towards
the northeast. The explained variance in terms of SLP is higher than for the
reconstructions/instrumental data but is smaller for the precipitation anomalies.
The precipitation pattern over Poland represented by only nine grid cells connected
with the dipole SLP pattern also reveals overall drier conditions (in case of positive
normalised time components). No statistical long-term trend is discernible in the
normalised time components, in agreement with Fig. 1.4. The cross-validation
results (Fig. 1.11 bottom right) show an overall good performance of the statistical
downscaling model.

Figure 1.12 presents the first CCA pattern between winter SLP and winter
precipitation for the ECHO-G model. Compared to Figs. 1.10 and 1.11, the
SLP anomaly pattern is more zonal with positive anomalies in the north and
negative anomalies in the south (in case of positive normalised time components).
The explained variances are comparable to the reconstructions/instrumental CCA
(Fig. 1.10). The anomalous easterly flow connected to the positive anomaly in the
north is connected with below normal precipitation over the area of Poland
(Fig. 1.12 top right). There is resemblance with the overall trend of the SLP and
precipitation normalised time components in Fig. 1.10, indicating an upward trend
within the first 150 years approximately followed by a negative trend towards more
anomalous cyclonic conditions and thus more precipitation over Poland in recent
decades. The cross-validation results (Fig. 1.12 bottom right) indicate overall good
performance of the statistical downscaling model.

Thus, both models show an anomalous low over the Iberian Peninsula and a
relative high over Scandinavia. The impact of these simulated large-scale patterns
is comparable to that found in the reconstruction where the large-scale anomaly
pattern provided deficit of precipitation in the area of interest. However, the
structure of the large-scale SLP pattern is somewhat different in the models and the
reconstruction.
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1.5 Discussions and Conclusions

We investigated the winter temperature and precipitation evolution over Poland
over the last 500 years in comparison with the European average (excluding Poland)
both in reconstructions/instrumental data and in the ECHO-G and HadCM3 models.
Results indicate very good agreement between European land and Polish winter
temperatures (at interannual and interdecadal time scales) both in reconstructions
and in the models. In Poland, generally colder winter conditions were found within the
‘Little Ice Age’ and temperature values at the turn of the twenty first century are very
likely the warmest in the context of the past half millennium. The strong agreement
between Polish winter temperature and European average conditions is of major
interest since some of the longest temperature proxy information stems from Poland
and therefore can improve European temperature reconstructions significantly.

Precipitation is spatially and temporally more variable than temperature. However,
results indicate that reconstructed winter precipitation over Poland agrees well with
those of the rest of Europe. The agreement is smaller between the reconstruction
and the two models. Neither the reconstructions nor the models point to significant
long-term trends within the last half millennium. The low-frequency variability in
the model simulations is comparable to the reconstructions, though the interannual
variability is larger in both models.

The most important atmospheric circulation pattern for Polish winter temperature
variability is the NAO. SCAND and to a lesser degree also the NAO and EA/WRUS
are of relevance accounting for a significant amount of winter precipitation variations
in Poland.

Finally, the role of the large-scale atmospheric circulation dynamics/forcing
back to 1750 in explaining Polish winter temperature and precipitation variations
was investigated both in the reconstructions and in the model world. CCA results
show that the leading SLP modes responsible for dry/wet Polish winter conditions
are in good agreement in the reconstructions and model world.

One aspect of the climate model simulations that has not received much attention
so far is the amplitude of regional variations and its connections with the large-scale
climate. The future global warming trend will be superimposed on multidecadal
regional variability, which may be itself caused by a response to the external forcing
or by the internal dynamics. An example of the first case can be illustrated by
certain atmospheric circulation patterns that change with increasing concentrations
of atmospheric greenhouse gases. The analyses of the model simulations indicate
that the models are able to produce a quite realistic picture of the regional variability
of temperature and precipitation and its connection to the continental-scale variability
in this region of the midlatitudes, despite their relatively coarse resolution. The modes
of atmospheric circulation relevant for regional temperature and precipitation
variability are to some extent well represented in the model simulations. A stricter
test on regions with more complex topography would probably be more demanding
for the models, but future, higher resolutions models should be increasingly capable
of producing realistic simulations of regional climate variability.
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Another issue that is worth highlighting is the agreement among the CCA results
between the SLP field and Polish temperature in the model simulations and in the
reconstruction with those of the instrumental dataset in the twentieth century
(not shown). These results suggest both that the model is able to reproduce the links
observed in instrumental and proxy data and also that the large- to regional-scale
relationships found in the instrumental data are robust during the last centuries of
both reconstructed and simulated climate. The stability of the large- to regional-scale
links is relevant not only in the context of downscaling approaches but also regarding
the large-scale palaeoclimate reconstruction exercises, where the robustness of the
link between a local proxy and large-scale climate is a conditional hypothesis for the
reconstruction. It could be argued that since the reconstruction used herein includes
the information of several modes of variability that are found in the instrumental
period and used in the application of the principal component regression approach
to reconstruct European past climate (e.g. Luterbacher et al. 2004; Xoplaki et al.
2005; Pauling et al. 2006), it is not surprising that the CCA analysis delivers this
stable behaviour along the period of study. However, the good match with the
model simulations within the multicentennial period studied suggests that the
dominant mode found in the twentieth century data and in the reconstruction is also
stable in the model world over the simulated period and produces similar impacts
in Polish temperature.

In the case of precipitation this agreement also holds in the analysis performed
on the reconstruction and on the instrumental data. As for the model, the large-scale
structure found to be relevant for Polish precipitation exhibits positive pressure
anomalies over Poland associated to a deficit of precipitation, as in the case of
reconstruction; over southern Europe however the model suggests negative SLP
anomalies, the reasons for this different behaviour remaining so far unknown.
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