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Abstract

This article presents the current state of knowledge on climate change in Poland
over the last millennium. In so doing, it makes use of available reconstructions for the
pre-instrumental period in respect of air temperature and ground-surface temperature, as
well as precipitation. Available instrumental data are in turn used to address changes in
climate post 1800. This dual approach to the analysis of climate-change history in Po-
land over the last millennium alows for the identification of 3 characteristic periods long
since advocated in descriptions of the climate, i.e. the Mediaeval Warm Period (up to the
mid 15th century), the Little Ice Age (from the mid 16th century to the second half of the
19th century) and the Contemporary Warm Period. The latter period’s impact in Poland
has entailed climatic warming of about 1°C on average, as confirmed by thermometer
readings, but also visible in reconstructions using geothermal and dendrochronological
methods. The present warming has not yet been asscociated with significant changes in
seasonal or annual totals for precipitation.

Introduction Nevertheless, as palaeoclimatic stud-
ies make clear, changes in and variability

In recent years, the issues of climate to climate on all temporal and spatial
change and variability, and their conse- scales are a universal feature of the cli-
quences for the environment (be it natu- mate system. Indeed, they may regarded
ral or social) have become dominant as an inherent (immanent) property of
themes in research above all espoused by them. Why then has it only been in the
climatologists and meteorologists. The last 20-30 years that such an explosion
direct cause of this is global climatic of work on climate change has taken
warming observable since the second place? The reason, as studies (like the

half of the 1970s, and constituting the so- reports from the IPCC from 1990, 1996,
called second phase to contemporary 2001 and 2007) make clear, is that the
warming, the first having taken place in rate of change is far greater now than in
the years 1920-1940. the last several centuries, or even ten or
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more centuries. The climatic models
widely applied for several decades now
in simulating future climate change are
almost unanimous in stating that a further
rise in emissions of greenhouse gases
will intensify the rate of climate change,
with air temperature anticipated to have
been elevated by around 3°C [IPCC
2007] in a second half of 21st-century
world in which carbon dioxide concen-
trations are up to twice the historical
levels.

While palaeoclimatic research is car-
ried out for different geological epochs
and periods, both the assessment of the
causes of the contemporary climate
change referred to, and the formulation
of future climate scenarios (mainty for
the 21st century), are most dependent on
a detailed understanding of the climate
over the last millennium. This reflects the
need for the scope of the so-called “natu-
ral variability” of climate to be estab-
lished. And this of course requires cli-
matic information collected in the pre-
industrial period (from before 1850), the
influence of anthropogenic factors on the
climate back then being limited enough
to ignore.

A full familiarity with the climate in
recent centuries is also essential if climat-
ic models used most often in determining
future climate-change scenarios are to be
verified. If the model is well reconstruct-
ed in respect of the climate of past peri-
ods, there is a higher probability that
these will simulate the future climate
correctly.

How then to gain insights into past
climates when instrument-based observa-
tions of different meteorological ele-
ments only cover the globe satisfactorily
in the case of the last 100-200 years? In
general, widespread use has been made
of relationships between different natural
phenomena (systems) (e.g. annual incre-
ments in the girth of trees, stalagmites
and stalactites, as well as of coral reefs)
and climate, as well as an assumption
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regarding stationarity over longer periods
of time (via the so-called principle of
geological uniformitarianism).

As sources of “indirect data”, the nat-
ural systems referred to above have in-
scribed in them a “climatic signal” that
may be more or less distinct. The aim of
palaeoclimatological investigations lies
in the skillful uncovering of this signal,
most often by way of a process of cali-
bration (determination of the statistical
links between defined natural systems
and contemporary meteorological data)
and verification (checking if links estab-
lished by way of calibration allow for the
statistically precise reconstruction of
climatic data from a period of instrumen-
tal observation other than that used in
calibration). If the calibration and verifi-
cation processes point to the existence of
durable and statistically significant link-
age between a given natural system and
a defined meteorological element (e.g. air
temperature), then it is possible to apply
it to a period for which measurement-
based observations are not available,
while knowledge of the natural system
back then is adequate.

More details relating to the palaeo-
climatic methods that have gained appli-
cation are to be found in the book by
Bradley [1999], the review publication
by Brazdil et al. [2005], and also several
publications appearing at the Torufi cen-
tre [Majorowicz et al. 2001, 2004;
Przybylak et al. 2004, 2005].

When it comes to possibilities for re-
constructing climate over the last millen-
nium, Europe (including Poland) is in
aprivileged situation compared with
most other areas, due to the fact that
there are written sources relating to the
entire period, which are very much capa-
ble of being augmented by the climatic
information obtainable from so-called
“natural archives”. For this reason, we
now have at our disposal many recon-
structions of different climatic elements
(mainly air temperature, precipitation and
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atmospheric pressure), as well as ele-
ments of the atmospheric circulation for
Europe [e.g. Luterbacher er al. 2002,
2004; Brazdil et al. 2005; Pauling ef al.
2006; Casty et al. 2007, IPCC 2007,
Glaser 2008; Przybylak 2008; Dobro-
volny et al. 2009; Klimenko and Solomi-
na 2010; Majorowicz 2010]. Progress is
also clearly visible in the case of the
reconstruction of the Northern Hemi-
sphere climate, or indeed that of the
world as a whole [e.g. Mann et al. 1999,
2008; Jones et al. 2001; Moberg et al.
2005; IPCC 2007; Juckes et al. 2007].

For obvious reasons, knowledge on
climate change in Poland over the last
millennium is fullest in respect of the
period of instrumental observations. In
the last 20 years it has been possible for
various workers to compile, and then
engage in the homogenisation of, ten or
more air temperature series for Poland
[Goérski and Marciniak 1992; Mietus
1996, 1998; Trepinska 1997; Glowicki
1998; Lorenc 2000; Vizi et al. 2000,
2000/2001; Brys and Brys 2010]. The
most important of these are the longest
series, which relate to Warsaw (from
1779 on) and Cracow (from 1792). Fur-
thermore, high levels of correlation ob-
served for air temperatures across the
country allow for the use of these tem-
perature series in characterising thermal
conditions throughout Poland [Kozu-
chowski and Zmudzka 2003].

In the last several decades there has
also been a marked increase in the level
of knowledge on the Polish climate from
the so-called pre-instrumental period.
Nonetheless, this does not extend back
before the start of the last millennium
[i.a. Maruszczak 1988, 1991; Sadowski
1991; Wéjcik et al. 2000; Bokwa et al.
2001; Limanowka 2001; Majorowicz et
al. 2001, 2004; Kotarba 2004; Niedz-
wiedZ 2004, 2010; Przybylak et al. 2004,
2005, 2008, 2010a; Filipiak 2007;
Przybylak 2007, Filipiak and Mietus
2010; Luterbacher et al. 2010; Majoro-
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wicz 2010; Przybylak and Marciniak
2010; Zielski et al. 2010].

Indirect data generally do not allow
for the reconstruction of all meteorologi-
cal elements typically used in describing
the climate of a given area. Overall, it is
possible to regenerate with almost full
continuity the main characteristics
(monthly, seasonal and annual means or
totals) for only (or as many as) three key
elements, i.e. air temperature and ground-
surface temperature and precipitation.
Information on the remaining elements
(e.g. on wind, cloud cover and atmos-
pheric phenomena) are only to be found
in historical sources, mostly just those
with entries concerning particular days.
There are unfortunately very few such
sources, and they mostly concern short
periods from the last millennium.

It is worth noting that the amount and
quality of information concerning the
aforementioned three first elements is
varied, which has the effect that the rec-
constructions obtained on the basis of
them also differ from one another. Den-
drochronological and historical data may
yield broad-spectrum information on air
temperature, but reconstruction of precip-
itation data using them is much more
difficult, or else simply impossible. In
turn, geothermal data allow for nothing
more than the reconstruction of ground-
surface temperatures, and since these are
correlated in a statistically significant
way with air temperatures, they can be
recreated by indirect means anyway. The
methods of reconstruction in the case of
these elements are described in detail in
more recent literature [Majorowicz et al.
2001, 2004; Przybylak et al. 2001, 2004,
2005], and so are not discussed more
fully here. :

Readers of this article should also re-
call that, the further back in time we go,
the lower the reliability of the presented
reconstructions of climate, and the more
generalised the reconstructions them-
selves (especially when based around
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historical and geothermal sources). This
remark is not true of reconstructions
based on dendrochronological data, how-
ever, assuming that there is stationarity in
the studied relationship between climatic
conditions and annual ring increments.

The main aim of this review article is
thus to sum up the current state of
knowledge on changes and variability in
Poland’s climate over the last millen-
nium.

Air temperature and ground-surface
temperature

Air temperature to 1800

In the temperate latitudes at which
Poland lies, air temperature is undoubted-
ly the most important meteorological
element conditioning the development of
the biosphere. It is thus no coincidence
that people since the earliest times have
noted different temperature situations,
but most often of all those departing
markedly from the norm, and hence ex-
erting a significant disruptive effect on
life. In Poland, therefore (as in many
other parts of the globe), there is most
information from historical sources re-
garding air temperature.

Nevertheless, even in regard to tem-
perature the amount of information is
highly inadequate when set against the
task of reconstructing courses over the
first 500 years of the last millennium
[Rojecki (ed.) 1965]. The reliability of
historical sources from this period is also
very limited, as was already being noted
as far back as in 1922 by Semkowicz,
and is confirmed by today’s historians
[Olinski, pers. comm.].

Equally, the dendrochronological data
collected thus far extend back to 1170 in
the case of northern Poland [Zielski
1997}, or to 1091 in the case of the south
[Szychowska-Krapiec 2010]. In any case,
these allow for nothing more than the
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reconstruction of mean values for air
temperature, specifically for the January-
April and February—March periods.

Thus in practice the number of indi-
rect data items concerning the climate in
the first two centuries of the millennium
is vanishingly small, this fact necessitat-
ing attempts to reconstruct the history of
changes in air temperature in Poland by
reference to available data for other areas
[Maruszczak 1991]. The reliability of
such analogies is limited, since work
relates to the UK, Greenland and Cali-
fornia, i.e. very distant areas that differ
from Poland in often showing different
rhythms to changes in air temperature
(see e.g. Fig. 34.2 in Bradley and Jones
(eds.) 1995, in which reconstructions of
air temperature for Europe and North
America are presented).

Also long known is the phenomenon
of the simultaneous occurrence of “posi-
tive and negative” anomalies of air tem-
perature (i.e. departures from norms)
across Europe (including Poland) and
over Greenland [Kosiba 1949}, especially
in winter. Contemporary climatology
explains such phenomena by reference to
a differential influence on thermal condi-
tions in Europe and Greenland due to
atmospheric circulation — as described
with the aid of the index for the North
Atlantic Oscillation (NAO) — [Hurrell
1995, 1996].

Bearing in mind the reservations re-
ferred to above, but not having other
reconstructions at our disposal, we cite
here the results of the work by
Maruszczak [1991]. According to him,
the 11th century was probably warmer
than the norm determined for the period
he studied, while the 12th century (espe-
cially the second half) was the warmest
of the entire millennium. The recon-
structed mean temperature for the months
from January to April was one of the
higher ones in the case of the years
1170-1200, albeit not the highest
(Fig. 1). In southern Poland, the tempera-
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ture in February and March was high at
the beginning and end of the 12th centu-
ry. In contrast, it was very low in mid-
century [Szychowska-Krapiec 2010].

For the period 1201-1500 we now
have slightly more information, thanks to
the availability of the work by Sadowski
{1991], albeit a study drawing on limited
and low-reliability historical sources. It
was within the framework of a research
project under the Ministry of Science and
Higher Education (N306 018 32/1027)
that a new reconstruction of air tempera-
ture for the 15th century (Fig. 2)
[Przybylak et al. 2010c] came into being,
if still with many gaps.

Thus, according to Maruszczak
[1991], mean annual values for air tem-
perature were above the norm in the 13®
century and first half of the 14th, only to
give way to around 100 years of cooling.
A warmer climate returned in the second
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half of the 15th century. According to the
research by Sadowski [1991], the 13th
century was a time of both the least se-
vere winters and the least hot summers to
a greater extent than at any other time
throughout the nearly 800-year period
under study. That would mean in turn
that the period was one of the greatest
oceanicity of climate (see Fig. 6 in Sa-
dowski 1991). As Fig. 1 shows, mean
January—April values of air temperature
were relativelzl high, and varied only
little in the 13" century, with only slight-
ly lowered values in the first half
A similar course was characteristic for
the 14™ century. Research by Sadowski
[1991] also gives no indication of greater
changes in air temperature during that
century. There is thus no confirmation of
the occurrence of the cooling of climate
in the second half of the 14th century that
Maruszczak [1991] wrote about.
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Fig. 1. A reconstruction of mean January—April air temperature in Poland for the period 1170-1994 using
a standardised chronology of tree-ring widths for Scots pine (Pinus sylvestris L.) (after Przybylak er al. 2001,
modified). Key: Rek-11, Rek-50 — 11- and 50-year running means; reconstruction using areally-averaged air
temperatures from Warsaw, Bydgoszcz and Gdansk for calibration, Obs — mean January—April areally-
averaged air temperature from Warsaw, Bydgoszcz and Gdarisk.

Ryc. 1. Rekonstrukcja $redniej temperatury powietrza w okresie od stycznia do kwietnia w Polsce w latach
1170-1994 na podstawie standaryzowanej chronologii szerokosci pier§cieni drzew sosny zwyczajnej (Pinus
sylvestris L.) (Przybylak i in. 2001, zmienione). Objasnienia: Rek-11, Rek-50 — odpowiednio $rednie ruchome
11- i 50-letnie; rekonstrukcja oparta na kalibracji wykonanej na podstawie serii temperatury obszarowej obli-
czonej z danych z Warszawy, Bydgoszczy 1 Gdanska, Obs — $rednia temperatura obszarowa od stycznia do
kwietnia obliczona z danych z Warszawy, Bydgoszczy i Gdanska.
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Fig. 2. Reconstructions of mean 10-year air temperatures (°C) in Poland from 1401 to 1800: a) winter (DJF)
and b) summer (JJA). 1 and 2 — anomalies with respect to 1901-1960 and 17891850 means, respectively
[after Przybylak et al. 2010c].

Ryc. 2. Rekonstrukcje srednich sezonowych (DJF - zima, JJA — lato) dekadowych wartoéci temperatury
powietrza w Polsce w okresie 1401-1800. 1 i 2 ~ anomalie w stosunku do odpowiednich srednich z okreséw
1901-1960 i 1789-1850 [za Przybylak i in. 2010c].

In turn, the newest reconstructions of
mean temperature in late winter and early
spring (the February-March period)
show clearly how the whole 13th century
and beginning of the 14™ century were
cool, while a marked warming kicked in
from the 3™ decade onwards [Koprowski
et al. 2010; Szychowska-Krapiec 2010].
According to Sadowski, the 15th century
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was characterised by the greatest degree
of climatic continentality at any time in
the years 1201-1980. At this time, there
was an abrupt increase in the number of
severe winters to as many as 6 in the
decade 1451-1460. The same result was
also obtained by Przybylak ef al. [2010c].
Sadowski [1991] also reported the occur-
rence of a large number of hot summers
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(2-5 per decade) in the period from 1470.
In line with the results obtained from
historical sources [Maruszczak 1991;
Sadowski 1991; Przybylak et al. 2010c],
the last 30 years of the 15th century were
apparently either within — or rather
warmer than — the norm, most especially
in summer. On the other hand, recon-
structed mean values for air temperature
for the January—April period, as based on
the width of tree rings, point to the occur-
rence of a period of cooling at this time
(Fig. 1). More in line with the results of
the reconstruction based on historical
sources are the newest reconstructions of
mean temperatures in February and
March obtained on the basis of dendro-
chronological data from northern Poland
[Koprowski et al. 2010], as well as
southern Poland [Szychowska-Krapiec
2010].

As can be seen from this brief sum-
mary, the state of knowledge concerning
changes in air temperature in the period
1001-1500 is very limited indeed, exist-
ing reconstructions being very uncertain.
In some periods there are even cases in
which opposing trends for the course of
air temperature are presented.

Knowledge  concerning  climate
change in Poland is much fuller from the
16th century onwards, hence the several
successful attempts at the reconstruction
of air temperatures in this period carried
out on the basis of historical sources
brought together [Maruszczak 1991;
Sadowski 1991; Przybylak et al. 2004,
2005, 2010c], or else dendrochronologi-
cal data [e.g. Bednarz 1996; Wojcik ef al.
1999, 2000; Przybylak ef al. 2001, 2005;
Kaczka 2004; Niedzwiedz 2004;
Koprowski et al. 2010; Szychowska-
Krapiec 2010].

Certain reconstructions of air temper-
ature on the basis of historical sources
that are characterised by a higher (daily)
level of detail have also been generated,
though obviously these deal with shorter
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overall periods of just a couple of dec-
ades [e.g. Bokwa ef al. 2001; Limanowka
2001; Nowosad ef al. 2007; Niedzwiedz
2010; Pospieszyfiska and Przybylak
2010; Przybylak and Marciniak 2010;
Przybylak et al. 2010b; Przybylak and
Pospieszynska 2010].

In relation to the 18th, and additional-
ly also the 15th, centuries, the widening
of the historical databases in the context
of the study project referred to above has
markedly increased the level of com-
pleteness and reliability to reconstruc-
tions of air temperature in Poland. This
can be discerned when old reconstruc-
tions of air temperature [after Przybylak
et al. 2004, 2005] are compared with the
new ones presented in Fig. 2. The analy-
sis of these reveals that the coldest win-
ters in the period 1501-1800 (as judged
in terms of departures from the 1901—
—-1960 mean in the range —3.5 to -3.4°C)
occurred in the decades 1511-1520,
1541-1550, 1571-1580, 1701-1710 and
1741-1750. Other than in the decade
1521-1530, all of these runs of winters
were cooler than in the period 1901-1960
(black bars). On average, the coldest
winters were those of the 16th century
(an anomaly then of -2.4°C), while the
warmest characterised the 17th century
(anomaly —2.2°C). The differences be-
tween the secular means are thus very
small.

Within the period under study, win-
ters worthy of the description extremely
cold (being 2 standard deviations below
the long-term mean for the period 1901~
—~1960) occurred most often in the 16th
century (32 cases) and the 17th (21)
(Fig. 3). There were fewest of these (18)
in the 18th century. It was in the decade
1641-1650 that the greatest number of
very severe winters (6) was recorded
(these having indices of -2 and -3).
There were also a number of examples of
this category of winter (i.e. 5) in both the
1511-1520 and 1731-1740 periods.
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Fig. 3. Decadal frequencies of occurrence: a) of extreme cold and very cold winters (DJF, indices —3 and —2)
and b) of extreme warm and very warm summers (JJA, indices 3 and 2) [after Przybylak ef al. 2010c]. Key:
indices —3 and +3 denote that temperature in winter and summer, respectively is lower (higher) than 26 from
reference period 1901-1960 mean. Indices —2 and +2 denote smaller deviations varying between
1.41 and 2.0c.

Ryc. 3. Czgsto$¢ wystgpowania (n — liczba przypadkéw na 10 lat) skrajnie chiodnych i bardzo chiodnych zim
(DJF, indeksy —3 i -2) i skrajnie cieptych i bardzo cieptych sezon6éw letnich (JJA, indeksy +3 i +2) [za Przyby-
lak i in. 2010c]. Objasnienia: indeksy —3 i +3 oznaczaja, iz temperatura odpowiednio w zimie i w lecie jest
nizsza (wyzsza) niz 2o od $redniej wieloletniej z okresu 1901-1960. Indeksy ~2 i +2 s3 zastosowane do mniej-
szych odchylen wahajacych si¢ w przedziale 1,41-2,0c.

Very warm winters were also noted
most often (8 times) in the 16th century,
while they were not noted at all in the
18th. The reliability of this assessment is
much lower, however, on account of the
fact that those keeping notes always paid
greater attention to severe winters than to
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mild ones or very warm ones that were
less burdensome.

Comparison of the reconstruction for
temperatures in winter (Fig. 2) with that
involving temperature in the Jan—Apr
period (Fig. 1) indicates rather good
concordance in the 18th century, as well
as disparities in the 16th and 17th. Ac-
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cording to Przybylak et al. [2004], the
probable reason for the lack of accord in
the results obtained may be: not fully-
comparable data (mean temperature for
different periods of the year overlapping
only partly), as well as imperfections in
the reconstructed air temperature values.

Fig. 1.3 in the work by Luterbacher et
al. [2010] reveals the existence of
a strong correlation for the period of the
last 500 years between averaged tem-
perature in winter from the area of Po-
land and the temperatures in almost all
regions of Europe. At the same time, the
coefficient for the correlation between
reconstructed values for air temperature
in winter in the Czech Republic [Przy-
bylak et al. 2004, 2005] and in Poland
(Fig. 2) in the 1501-1800 study period
has a value of zero. Particular sub-
periods do in fact display weak or mod-
erate correlations, but these change sign.
In the 16th century, a strong positive
correlation (r = 0.58) was obtained, while
in the 17th and 18th centuries, the corre-
lations were inverse (respective r values
of —0.27 and —0.43). It is this radical
change in the nature of the link (which
most probably arose in the late 16th and
early 17th centuries) that is responsible
for the lack of correlation in the period as
a whole.

For the above reason, the correlations
calculated for particular centuries would
seem to be more reliable, even if they are
not statistically significant. Certain dis-
parities between the studied reconstruc-
tions of winter temperatures for the
Czech Republic and Poland may also
result from different methods applied in
the reconstruction. These include:

1. availability of historical source materi-
als, greater for the Czech Republic, and
allowing for a thermal (indexing) as-
sessment of different months, as opposed
to seasons only in the case of Poland,;

2. rather different selections of years
included within decades (e.g. Czech
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Republic 1501-
-1510).

The greater concordance and stability
to the courses for the two air temperature
series in the summer months probably
result from the far lesser variability from
day to day and year to year than is to be
found for winter temperatures. This
should favour the making of fewer errors
in the course of the reconstruction of air
temperatures for summer as opposed to
winter, even where the number of indi-
rect data is much smaller.

Comparisons between reconstructed
thermal conditions for Poland in the
winter period and analogous ones for
Latvia [Jevrejeva 2001] and Estonia
[Tarand and Nordli 2001] point to weak-
er connections than in the case of the
Czech lands. However, it should be re-
called that recreations of air temperature
in the Baltic States have made use of
long-term observations of the ice cover at
the ports of Riga and Tallinn, this giving
good insight into the severity of winters,
but obviously offering lesser comparabil-
ity.

The reconstruction of air temperature
for the summer season on the basis of
historical data is mardkedly less com-
plete than that for winter (Fig. 2). This is
linked to the fact that less information is
accessible, but it does not prevent general
outlines from looking quite legible. The
summers in the studied period of several
centuries extending from 1501 to 1800
were primarily warmer than in the refer-
ence period (Fig. 2). However, the posi-
tive departures are markedly smaller than
the negative ones characterising winter.
The greatest mean decadal values for
these, not exceeding 1°C, were mainly
reported in the second half of the 16th
century. The coolest summers (0.5°C
down on the mean for 1901-1960, on
average) were noted in the decade 1731
—1740. Moreover, in periods of study
involving five different decades (1521-
—1530, 1591-1600, 1671-1680, 1691-

1500-1509, Poland
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—~1700 and 1761-1770), they were slight-
ly (on average 0.1°C) cooler than con-
temporary ones. The centuries’ mean
departures noted for temperature were
always somewhat positive, ranging from
0.1°C in the 18th century to 0.3°C in the
16th.

During the summers, in turn, it was
far more usual for hot (often also very
dry) summers to be noted, than cool and
wet ones. Very hot or extremely hot
summers were most often noted in the
17th century (15 cases) and the 16th (14
cases) (Fig. 3). In turn, there were far
fewer of them in the 18th century. Very
cool or extremely cool summers were not
noted more than 3 times in any century.

The above reconstruction of mean
temperatures in the summer season is in
essence concerned with lowland Poland.
However, NiedZzwiedz [2004] recently
reconstructed mean summer-season tem-
peratures for the Tatra Mountains in the
post-1550 period (Fig. 4), identifying two
warm phases (1550-1575 and 1676—
—1792), two cool phases (1576-1675 and
1793-1895), as well as a (more) contem-
porary period extending from 1896 to
2004 and characterised pre-1990 by
a decided prevalence of negative anoma-
lies.

Under the latter reconstruction, the
warmest summer seasons are seen to
have arisen in the period 1676-1688,
with a culmination in 1687 (2.1°C above
the long-term norm from 1927-2004). It
was only warmer than that in 1992, when
the anomaly was of +2.4°C. In contrast,
the coolest summer seasons in the Tatra
Mountains were those occurring in the
periods 1580-1595, 1830-1850, 1910-
—-1925 and 1970-1985. The coolest
summer of all came in 1913, when the
mean temperature was 2.5°C below the
long-term norm.

When comparing the reconstruction
for summer-season air temperatures in
the Tatra Mountains (Fig. 4) with those
presented previously for lowland Poland
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(Fig. 2) and the Czech Republic
[Przybylak er al. 2004], it is necessary to
note (perhaps not surprisingly) the great-
er concordance with the Czech series.
The coefficient of correlation (r) for the
reconstructed values for summer-season
temperature in the Czech lands (1500-
—1799) as opposed to lowland Poland
(1501-1800, new reconstruction) as-
sumes a value of 0.29. The lowest value
is that for 17th-century data (r = 0.27),
and the highest for the 18th century
(r = 0.66). Nevertheless, in no period are
the links between the series analysed
statistically sgnificant.

In summarising, it needs to be noted
how our knowledge of Poland’s climate
over the 300-year period analysed has
increased greatly in the last few years,
albeit still being very limited, especially
when it comes to summer. However, the
quality is sufficient to support the conten-
tion that the period 1501-1800 saw Po-
land’s climate subject to greater thermal
continentality than is noted these days.
The result of that was far colder winters
and rather warmer summers than could
be noted in the years 1901-1960.

Post-1800 air temperatures

Recently, Przybylak [2010] offered
a synthetic presentation of existing
knowledge on changes in Poland’s air
temperature in the period over which
observations using instruments have been
possible, and carried out. For this reason,
the present sub-chapter deals only with
the key results concerning mean annual
and seasonal values for air temperature.
The mean annual temperatures in War-
saw and in Cracow rose between 1801 to
almost the end of the 20th century ~ by
more than 1°C (Fig. 5). The trends to
changes in air temperature are upward at
a rate in excess of 0.5°C per 100 years,
and are statistically sgnificant [Trepifiska
and Kowanetz 1997; Lorenc 2000]. Such
significant increases also characterise the
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Fig. 4. Mean summer (Jun—Aug) temperature variations in the Tatra Mountains (Hala Gasienicowa, 1520 m
a.s.l.) from 1550 to 2004 (after Niedzwiedz 2004). Key: z — standardised values, average = 0.0, standard devia-
tion = 1.0; solid line — year-on-year course, heavy line — 11-year running means.

Ryc. 4. Zmiennos¢ temperatury powietrza w sezonie letnim (VI-VIII) w Tatrach (Hala Ggsienicowa 1520 m
n.p.m.) w latach 15502004 (warto$ci standaryzowane ,,z”: §rednia = 0,0; odchylenie standardowe = 1,0)
(Niedzwiedz 2004).

series for the Baltic coast involving the
period 1836-1990 [Migtus 1996], as well
as that for Poland as a whole extending
between 1901 and 2000 [Kozuchowski
and Zmudzka 2003] (Fig. 5).

It has emerged that the areally aver-
aged temperature for Poland as a whole
is exceptionally strongly correlated with
temperatures noted for Cracow and War-
saw, with the effect that the thermal
series of the two stations may indeed be
used to characterise this element of the
country’s climate in relation to the whole
of Poland, of course leaving aside the
distinctive mountain areas of the far
south.

In line with expectations, the greatest
increases in air temperature are those
reported for winter, which exceed 2 °C in
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relation to Cracow, Warsaw and the
Baltic coast [Fig. 5.6 in Przybylak 2010].
Indeed, all four studied seasons of the
year feature a distinct increase in air
temperature over the last 200 years. Fur-
thermore, most of the trends for air tem-
perature are statistically signficiant —
other than those for the summer in Kra-
kow, Warsaw and the Batltic coast, as
well as winter temperatures for Poland as
a whole.

Ground-surface temperature

Climatic studies first turned to the recon-
struction of mean annual temperatures of
the ground surface in the work of
Cermak [1971], and later Lachenbruch
and Marshall [1986]. Elsewhere in the
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Fig. 5. Long-term courses of 11-year running mean annual air temperatures in Poland during the period of
instrument-based observation [after Przybylak 2010, modified]. Key: Data for Cracow after Trepiniska [1971]
and Matuszko [2007, ed.], for Warsaw after Lorenc [2000], for the Baltic coast after Migtus [1996],
and for Poland as a whole after Zmudzka [2008].

Ryc. 5. Wieloletni przebieg 11-letnich ruchomych srednich rocznych warto$ci temperatury powietrza w okre-
sie obserwacji instrumentalnych [za Przybylak 2010, zmienione]. Objasnienia: Dane z Krakowa za Trepifiska
[1971] i Matuszko [2007, red.], z Warszawy za Lorenc [2000], z wybrzeza Baltyku za Migtus [1996]
oraz z Polski [za Zmudzka 2008].

world, such data only began to become
used more widely in the 1990s, in which
period a number of reconstructions of
temperature of this kind appeared around
the world [e.g. Shen and Beck 1991;
Shen et al. 1995; Majorowicz 1996;
Safanda et al. 1997, Majorowicz and
Safanda 1998; Huang et al. 2000; Pollack
and Huang 2000].

In Poland, it was thanks to a research
project supported by the Committee for
Scientific Research (KBN) that work of
the above kind came to be undertaken,
under the heading of: Reconstruction of
climate in the Polish lands in the 16th—
19th century period, on the basis of his-
torical, dendroclimatological, geophysi-
cal and instrumental sources. This pro-
ject got underway in 1999, and that same
year brought the first reconstruction of
temperatures at the land surface over the
last 500 years in south-west Poland
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[Wojcik et al. 1999]. In subsequent
years, further such reconstructions arose,
albeit using varying methodologies, i.a.
for northern Poland [Wojcik et al. 2000]
and finally for the country as a whole
beyond the mountains [Majorowicz et al.
2001, 2004; Przybylak et al. 2005].

The works in question dealt with the
geothermal reconstruction methods in
detail, as well as application of the re-
search results. Thus the present study
only addresses selected, most important
results from the earlier research.

Fig. 6 presents four reconstructions
(curves 1-3 and 5) for changes over time
in mean annual ground-surface tempera-
tures in Poland, as obtained using the
functional space inversion methodology
proposed by Shen and Beck [1991]. The-
se are shown against the background of
the course obtained for Warsaw mean
temperatures (curve 4); and the courses
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Fig. 6. Reconstructions of the ground-surface temperature history in Poland (curves 1-3) and their comparison
with the analogical reconstruction (curve 5) based on the deepest point temperature profile with depth in the
Grodziec borehole, as well as with air temperature (curve 4) [after Majorowicz et al. 2001].

Key: curve 1 —reconstruction from the continuous temperature logs which indicate minor ground-surface
temperature warming, curve 2 — reconstruction derived from continuous temperature logs indicative of major
warming, curve 3 — average based on the above two groups, curve 4 — homogeneous air temperature series
from Warsaw (11—year running mean) [Lorenc 2000].

Ryc. 6. Rekonstrukcje historii zmian temperatury powierzchni gruntu dla Polski (krzywe 1-3 ) i ich poréwna-
nie z analogiczng rekonstrukcja (krzywa S) oparta na najglebszym punktowym profilowaniu temperatury
w otworze Grodziec oraz z temperaturag powietrza (krzywa 4) [Majorowicz i in. 2001].
Objasnienia: krzywa 1 — rekonstrukcja na podstawie ciggtych profilowan temperatury, ktére wykazuja mate
ocieplenie, krzywa 2 — rekonstrukcja na podstawie cigglych profilowan temperatury, ktére wykazujg duze
ocieplenie, krzywa 3 — $rednia dla otworéw z obu powyzszych grup, krzywa 4 — homogeniczna seria tempera-
tury powietrza z Warszawy (11-letnie ruchome érednie roczne) [Lorenc 2000].

of all curves make clear the existence of the assumed level of conductivity, the
a period of cooling from 1700, with error for the reconstruction adopted, and
a minimum being reached in the early the groups of boreholes chosen for analy-
19th century. Warming commenced from sis. Most reconstructions from deep-
around the 18001850 period, this lasting drilled sites with measurements main-
up to the beginning of the second half of tained at constant depths also point to
the 20th century, with only a slight cool- alocal maximum around 1700-1720,
ing in that second half, prior to a return to preceding a 19th-century minimum.
an upward trend. The increase in temper- A similar course to ground-surface tem-
ature over the last 500 years in Poland is peratures was infer alia reported from

in the range 0.5-0.95°C, depending on central Czech Republic [Safanda ef al.,
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1997] as well as western Canada and the
USA [Skinner and Majorowicz, 1999].
The amplitude to the changes in Poland
is nevertheless seen to be smaller than in
the North American case.

Majorowicz et al. [2001] showed how
reconstructed ground-surface temperature
values for Poland are highly correlated
with the mean annual values for air tem-
perature that have been obtained for
Warsaw. The coefficient for the correla-
tion between the series obtained from
boreholes (all holes; curve 3 — Fig. 6) and
the aforementioned Warsaw series (curve
4 — Fig. 6) is of r = 0.79. A still stronger
correlation occurred between the series
obtained from inversion of thermal pro-
filing with holes showing marked near-
surface warming on measuring curves
(Fig. 6 — curve 2) and the instrument-
based Warsaw series (r = 0.89). It is
worth adding that such values for correla-
tion coefficients obtained are markedly
higher than those calculated between
series for annual tree growth and air
temperature.

Harris and Chapman [1998] modified
the method of functional space inversion,
bearing in mind the most realistic possi-
bility of it being applied to establish the
mean ground-surface temperature within
the time interval preceding instrumental
data. The result is the POM (preobserva-
tional mean temperature) approach. The
model the authors referred to adopted
proceeds on the assumption that — in the
period of instrumental measurements —
the reconstructed ground-surface temper-
ature is the same as the air temperature
measured at a standard meteorological
station.

On the other hand, in the period prior
to the first measurement in a measured
air temperature series, what is sought is
the mean temperature value that bests
approximates the course to anomalies of
temperature of rocks, together with the
depth denotes for thermal profiles ob-
tained in the case of holes. Using this
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method, Przybylak et al. (2001) calculat-
ed that the increase in the ground-surface
temperature between the pre-instrumental
and current periods was of ¢. 1.5°C, and
hence 0.5-0.6°C more than was calculat-
ed with the aid of the first method. In
their view, one of the reasons for dispari-
ties in the results obtained may lie with
differences in the assumptions underpin-
ning the two methods.

Precipitation
The 1001-1800 period

The reconstruction of atmospheric
precipitation has met with far greater
problems than in the case of air tempera-
ture, this mainly reflecting the more
limited influence of the former on natural
phenomena [e.g. tree rings, Zielski
1997], as well as on the life and activity
of people in the temperate zone (hence
the far fewer references in historical
sources to precipitation conditions as
opposed to thermal conditions). It is also
for this reason that work to describe
precipitation in Poland in the pre-
instrumental period is a rarity. There are
two studies [Matuszczak 1991; Przyby-
lak et al. 2004] in which this issue is
addressed in the case of periods lasting
several hundred years, along with several
[Bokwa et al. 2001; Limandéwka 2001;
Nowosad et al. 2007, Filipiak 2007;
Przybylak et al. 2008; Przybylak and
Marciniak 2010] that only address peri-
ods of 10-20 years or else a couple of
decades.

Another significant hindrance met
with in the reconstruction of precipitation
is the fact that this is the most temporally
and spatially variable of all the climatic
elements. Maruszczak [1991] offers only
very general information on (what the
author judges to be) average annual hu-
midity conditions — in a period the work
does not define precisely, these being
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understood to be precipitation conditions.
These were average in the 11th century,
while the 12th century was the wettest at
any point in the whole millennium. The
beginning of the 13th century was
marked by a decline in precipitation, to
the point where this was below the norm
in that century’s second half. In the 14th
century, quantities of precipitation in-
creased, to the point where they were
variable but close to the norm from the
middle part of the 14th century through
to the mid 15th century. In the subse-
quent 100 years there were considerable
changes in humidity relations, though the
author does not indicate in what direc-
tion. However, it can be judged from the
context that the climate became wetter, in
the years 1480—1520 at least. A hypothe-
sis of this kind is supported in data pub-
lished by Przybylak et al. [2004] (see
Fig. 7).

In contrast, on the basis of an analysis
of numbers of days with precipitation,
Limanéwka [2001] declared that the first
half of the 16th century had far less pre-
cipitation than do contemporary times.
However, it would seem that the notes
compiled by the Professors of the Cra-
cow University did not take account of
the lightest precipitation, which they may
well have missed altogether. A similar
problem for the first two years of Chra-
powicki’s diaries (i.e. 1656 and 1657)
was reported by Nowosad et al. {2007]. It
therefore seems likely that the number of
days with precipitation given by Lima-
néwka [2001] should also be increased
by a similar error.

The years from the mid 16th to mid
17" centuries brought a preponderance of
average conditions where humidity was
concerned [Maruszczak 1991]. Similar
results were also obtained by Przybylak
et al. [2004] (i.a. see Fig. 7).

The second half of the 17th century
was, according to the reconstruction by
Maruszczak [1991] a time of below-
average precipitation. However, it is
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probable that the first two decades of the
period had annual precipitation within
the norm, albeit with more summer rain
than now, but also more limited winter
precipitation (Fig. 8). High precipitation
totals for June and July in this period are
also documented by the reconstruction
performed on the basis of dendrochrono-
logical data [see Fig. 2 in Przybylak et al.
2001]. This is also confirmed by an anal-
ysis of the number of days with precipita-
tion in the years 1656-1685 [Przybylak
and Marciniak 2010]. From Fig. 21.10
presented in this work, it can be conclud-
ed that the period 1677-1685 was also
humid.

From the 18th century onwards there
was a prevalence of within-the-norm
precipitation, except in the late 18th and
early 19th-century periods, when there
was less [Matuszczak 1991]. In principle,
the results obtained by Przybylak et al.
[2004] confirm this, with the possible
exception of the 1731-1750 period,
which was most likely wetter than the
norm (Fig. 7).

Reconstructions of summer and win-
ter precipitation totals from the area of
the Czech Republic [see for example Fig.
2 in Brazdil 1994] are similar to those
obtained for Poland (see Table 1 and Fig.
4 in Przybylak et al. 2004). The most
reliable results on precipitation amount
over a major part of that century (years
1739-1770) come from direct measure-
ment made in Gdansk [Filipiak 2007].
This reveals that the first years of the
period (up to 1750) were wetter, as is
confirmed by results Przybylak et al
[2004] were able to compile for Poland
as a whole. Between 1751 and 1766 there
was in turn a dry period with annual
precipitation in 13 years below the long-
term norm calculated for the study period
as a whole. However, it is noteworthy
that it was at this time that there occurred
the year (1755) that is considered to have
been the wettest in the entire analysed
period, with annual precipitation at 140%
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Fig. 7. Decadal frequencies of occurrence of summers (JJA) that were: a) extremely wet and very wet (indices
3 and 2) and b) extremely dry and very dry (indices —3 and -2) in Poland between 1501 and 1840
[after Przybylak et al. 2004).

Ryc. 7. Czgstos¢ wystgpowania (n — liczba przypadkéw na 10 lat) sezonéw letnich (VI-VIII): a) skrajnie

wilgotnych i bardzo wilgotnych (indeksy 3 i 2) i b) skrajnie suchych i bardzo suchych (indeksy -3 i —2)
w Polsce w okresie 1501-1840 [Przybylak i in. 2004].

of the norm. Interestingly, the driest year The post-1800 period

of all came in 1762, reporting just 63%

of the norm). Przybylak [2010] summarised the state of
knowledge of courses for precipitation in
Poland during the instrumental-obser-
vation period. Thus, all that are present-
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Fig. 8. Differences in numbers of days with precipitation (a) and with snowfall (b) in Poland between periods
that are historical (1657-1667, J.A. Chrapowicki’s diary) and modern (1961-1990, selected meteorological
stations) [after Nowosad ef al. 2007].

Ryc. 8. Roznice liczby dni z opadami (a) i ze $niegiem (b) w Polsce migdzy okresami: historycznym
(1656-1667, diariusz J. A. Chrapowickiego) i wspolczesnym (1961-1990, wybrane stacje meteorologiczne)
[Nowosad i in. 2007].

ed here in this sub-chapter are selected Trepinska 1969; Hohendorf 1970; Kozu-
most important results from that earlier chowski 1985; Twardosz 1999, 2007;

work. Most publications concerning Twardosz and Niedzwiedz 2001]. A large
variability to precipitation in Poland number of studies also discuss variability
relate to small areas only, or even to using data from across Poland, or certain

asingle station [e.g. Gorczynski 1912; regions thereof [e.g. Kaczorowska 1962;
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Kozuchowski 1985; Mietus 1996; Kozu-
chowski and Zmudzka 2003; Twardosz
and Cebulska 2010].

Thus far, the longest series of meas-
ured precipitation totals is that available
for Cracow (post 1812). That for Warsaw
is just slightly shorter, having begun in
1813 (Fig. 9). Przybylak [2010] in turn
stated that the precipitation totals for the
years to the end of the 1820s are of lim-
ited reliability, reconstructed as they
were on the basis of numbers of days
with precipitation. If these are excluded
from the analyses then the annual pre-
cipitation totals for Cracow do not show
any more major changes over the two-
century study period. It is nevertheless
possible to distinguish wetter times like
1830-1860, 1900-1920 and 19601972,
as well as the years since 1996 (Fig. 9;
Twardosz 2007). The trend for annual
totals in Cracow in the years 1812-2007

800

has been up by 23 mm per 100 years, but
this does not attain statistical signifi-
cance. Similarly non-significant changes
over the years 1867-2007 characterise
seasonal totals, other than for winters, in
which the increase in the amount of pre-
cipitation has been signficant [Przybylak
2010; Twardosz, Cebulska 2010].
Courses for total precipitation similar
to those recorded for Cracow are present
in other precipitation series presented in
Fig. 9. Particular good concordance is
present between the Cracow series and
the averaged series obtained for the Bal-
tic coast, or for Poland as a whole.
A good spatial correlation for precipita-
tion in Poland was noted by Kozu-
chowski and Zmudzka [2003], on the
basis of data for 1951-2000 (coefficients
for the correlation between the averaged
precipitation series for Poland and the
series from particular stations assume

700
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Fig. 9. Long-term courses of 11-year running mean annual precipitation in Poland during the period of instru-
mental observations (after Przybylak 2010, modified). Key: Data for Warsaw after Kozuchowski (ed.) (1990),
for Cracow after Twardosz (1999, updated), for the Baltic coast after Migtus (1996), and for Poland
[after Kozuchowski and Zmudzka 2003].

Ryc. 9. Wieloletni przebieg srednich 11-letnich ruchomych sum rocznych opadéw atmosferycznych w okresie

obserwacji instrumentalnych (za Przybylak 2010, zmienione). Objasnienia: Dane z Warszawy za Kozuchowski

(1990. red.), z Krakowa za Twardosz (1999, uaktualnione), z wybrzeza Baltyku za Migtus (1996) oraz z Polski
[za Kozuchowski i Zmudzka 2003].
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values ranging from 0.6 do 0.8). The
research done by many Polish climatolo-
gists also reveals that precipitation in
Poland displays short-period oscillations
over intervals of 24 years [Kozu-
chowski 1985; Mietus 1996; Kozu-
chowski and Zmudzka 2003].

In conclusion, it should be noted that,
over the last 200 years, Poland has not
witnessed any more significant change in
amounts of precipitation.

Conclusions and final remarks

1. The existing incomplete and not fully
reliable reconstructions of climate in
Poland over the last millennium indicate
that the first 500-year period was warmer
than the second (especially as regards the
first 300 years). It was mainly the warm-
er winters that gave this effect, since
summers could even be cooler at times, if
the index adopted here is the frequency
of occurrence of hot summers [see Fig. 1
in Sadowski, 1991]. This was thus
a period of major (and according to Sa-
dowski [1991] even the greatest) ocean-
icity of the Polish climate. Thus, the
history of Poland’s climate needs to
recognise the so-called Mediaeval Warm
Period, most probably persisting through
to the early 14th century [according to
data from Maruszczak 1991] or the be-
ginning of the 15th century [according to
data from Sadowski 1991]. The mean air
temperature then was probably higher by
0.5-1.0°C than what we experience now.

2. Beginning with the 15th century, the
continentality of climate was maintained
at a high level, and this continued
through to the early the 19th century. As
a result, this period brought winters that
were markedly cooler (by c. 1.5-3.0°C in
comparison with the 1901-1960 period),
but also summers that were warmer (by
¢. 0.5°C on average). Mean annual values
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for air and ground-surface temperatures
were most probably lower than current
ones by some 0.9-1.5°C. At this point it
is possible to distinguish the so-called
Little Ice Age, which began more dis-
tinctly around the middle of the 16th
century and most probably ended in the
second half of the 19th century.

3. The reconstruction of precipitation (the
most temporally and spatially variable of
the meteorological elements) is burdened
with much greater uncertainty than the
process involving air temperature. More
precipitation than average was probably
present in the 12th century (especially its
second half), in the first half of the 16th
century, and in the first half of the 18th
century. In turn, precipitation below the
norm probably characterised the second
half of the 13th century and the first half
of the 19th century, while remaining
periods probably had conditions close to
average.

4. The short presented synthesis of
knowledge on Poland’s climate over the
last millennium reveals that — despite the
considerable progress made with research
over the last 20-30 years — the situation
remains inadequate and by no means
fully certain.

Acknowledgments

Work was done within the framework
of implemented research projects: PSPB-
086/2010 (“Climate of northern Poland
during the last 1000 years: constraining
the future with the past (CLIMPOL)), as
well as N N108 078340 (“Disasters relat-
ing to the elements in the Polish lands in
the 19th and 20th centuries”). I am grate-
ful to the anonymous reviewer for his/her
incisive remarks and helpful suggestions.



R. Przybylak

References

Bednarz Z., 1996, June — July tempera-
ture variation for the Babia Géra Na-
tional Park, Southern Poland, for the
period 1650-1910, Zeszyty Naukowe
Uniwersytetu Jagiellonskiego, Prace
Geograficzne, 102, pp. 523-529.

Bokwa A., Limanéwka D., Wibig J.,
2001, Pre-instrumental weather ob-
servations in Poland in the 16th and
17th centuries, [in:] P.D. Jones,
AEJ. Ogilvie, T.D. Davies, K.R.
Briffa (eds.), History and Climate.
Memories of the Future?, Kluwer
Academic/Plenum Publishers, Dor-
drecht-Boston-London, pp. 9-27.

Bradley R.S., 1999, Paleoclimatology:
Reconstructing climates of the qua-
ternary. Academic Press, San Diego.

Bradley R.S., Jones P.D. (red.), 1995,
Climate Since A.D. 1500, Routledge,
London.

Brazdil R., 1994, Climatic fluctuation in
the Czech Lands during the last Mil-
lennium, GeoJournal, 32.3, pp. 199-
205.

Brazdil R., Pfister C.H., Wanner H., Von
Storch H., Luterbacher J., 2005. His-
torical climatology in Europe — The
state of the art, Climatic Change, 70,
pp- 363-430.

Brys K., Brys T., 2010, Reconstruction of
the 217-year (1791-2007) Wroclaw
air temperature and precipitation ser-
ies, Bulletin of Geography: Physical
Geography Series, 3, pp. 121-171.

Casty C., Raible CH. C., Stocker T.F.,
Wanner H., Luterbacher J., 2007,
A European  pattern  climatology
1766-2000, Climate Dynamics, 29,
pp- 791-805.

Cermak V., 1971, Underground tempera-
ture and inferred climatic temperature
of the past millennium, Paleogeogr.,
Paleoclimatol., Paleoecol., 10, pp.
1-19.

42

Dobrovolny P., Brazdil R., Valasek H.,
Kotyza O., Mackova J., Hali¢kova
M., 2009, A standard paleo-
climatological approach to tem-
perature reconstruction in historical
climatology: an example from the
Czech Republic, AD 1718-2007, Int.
J. Climatol., 29, 10, pp. 1478-1492.

Filipiak J., 2007, Obserwacje i pomiary
opadow atmosferycznych w Gdansku
w XVIII wieku, [in:] K. Piotrowicz,
R. Twardosz (eds.), Wahania klimatu
wroznych skalach przestrzennych
i czasowych, Instytut Geografii i Go-
spodarki Przestrzennej UJ, Krakow,
pp- 365-373.

Filipiak J., Migtus M., 2010, History of
the Gdarisk Pre-Instrumental and In-
strumental Record of Meteorological
Observations NS Analysis of Selected
Air Pressure Observations, {in:] R.
Przybylak, J. Majorowicz, R. Brazdil,
M. Kejna. (eds.), The Polish Climate
in the European Context: An Histori-
cal Overview, Springer, Berlin Hei-
delberg New York, pp. 267-293.

Glaser R., 2008, Klimageschichte Mittel-
europas. 1200 Jahre Wetter, Klima,
Katastrophen. Primus Verlag, Darm-
stadt.

Glowicki B., 1998, Wieloletnia seria
ppmiaréw temperatury powietrza na
Sniezce, [in:] Mat. sesji nauk. ,,Geo-
ekologiczne problemy Karkonoszy”,
1, Przysiek, Wyd. Acarus, Poznan,
pp. 117-123.

Gorezynski Wi, 1912, Materyaly do
poznania opadéw w Krolestwie Pol-
skim. Czegsé VI: Opady w Warszawie
(1803-1910). Warszawa, Nakladem
Towarzystwa Naukowego Warszaw-
skiego, pp. 133—151.

Gorski T., Marciniak K., 1992, Tempera-
tura powietrza w Pulawach w ciqgu
lat 1871-1990. I Srednia temperatura



Changes in Poland’s climate over the last millennium

miesiegczna. Pam. Pulawski, Prace
IUNG, 100, pp. 7-26.

Harris R. N., Chapman D. S., 1998, Geo-
thermics and Climate Change-2.
Joint Analysis of Borehole Tempera-
ture and Meteorological Data, J. Ge-
ophys. Res., 203, pp. 7371-7383.

Hohendorf E., 1970, Zmiennos¢ opadow
atmosferycznych w ostatnim stuleciu
w Bydgoszczy 18611960, Prace i Studia
Kom. Gosp. Wod. i Surow., 10.

Huang S., Pollack, H.N., Po-Yu Shen,
2000, Temperature trends over the
past five centuries reconstructed from
borehole temperatures, Nature, 402,
pp. 756-758.

Hurrell J.W., 1995, Decadal trends in the
North Atlantic Oscillation: Regional
temperatures and precipitation, Sci-
en-ce, 269, pp. 676—679.

Hurrell J.W., 1996, Influence of varia-
tions in extratropical wintertime tele-
connections on Northern Hemisphere
temperature, Geophysical Research
Letters, 23, pp. 665—668.

IPCC, 1990, Climate Change: The IPCC
Scientific  Assessment, Cambridge
University Press, Cambridge.

IPCC, 1996, Climate Change 1995: The
Science of Climate Change, Cam-
bridge University Press, Cambridge.

IPCC, 2001, Climate Change 2001: The
Scientific Basis, Cambridge Universi-
ty Press, Cambridge.

IPCC, 2007, Climate Change 2007: The
Physical Science Basis, Cambridge
University Press, Cambridge.

Jevrejeva S., 2001, Severity of winter
seasons in the northern Baltic Sea be-
tween 1529 and 1990: reconstruction
and analysis, Climate Research, 17,
pp. 55-62.

Jones P.D., Osborn T.J., Briffa K.R.,
2001, The evolution of climate over
the last millennium, Science, 292, pp.
662-667.

Juckes M.N., Allen M.R,, Briffa KR,
Esper J., Hegerl G.C., Boberg A,
Osborn T.J., Weber S.L., 2007, Mil-

43

lennial temperature reconstruction
intercomparison and  evaluation,
Clim. Past., 3, pp. 591-609.

Kaczka R.J., 2004, Dendrochronologicz-
ny zapis zmian klimatu Tatr od schyi-
ku Malej Epoki Lodowej (na przykia-
dzie Doliny Ggsienicowej), [in:]
A.Kotarba (ed.), Rola Malej Epoki
Lodowej w przeksztalacaniu srodowi-
ska przyrodniczego Tatr, Prace Geo-
graficzne, 197, pp. 89-113.

Kaczorowska Z., 1962, Opady w Polsce
w przekroju wieloletnim. Prace Geo-
graficzne, 33, pp. 1-11.

Klimenko V., Solomina O., 2010, Cli-
matic Variations in the East Europe-
an Plain During the Last Millennium:
State of the Art, [in:] R. Przybylak,
J. Majorowicz, R. Brazdil, M. Kejna
(eds.), The Polish Climate in the Eu-
ropean Context: An Historical Over-
view, Springer, Berlin Heidelberg
New York, pp. 71-101.

Koprowski M., Przybylak R., Zielski A.,
Pospieszyfiska A., 2010, Tree rings of
Scots pine (Pinus sylvestris L.} as
a source of information about past
climate in northern Poland, Int. J. of
Biometeorology, DOI  10.1007/
/s00484-010-0390-5.

Kosiba A, 1949, Zagadnienie wspdlcze-
snych oscylacji klimatycznych, Cza-
sopismo Geograficzne, 20, pp. 31-58.

Kotarba A., 2004, Zdarzenia geomorfo-
logiczne w Tatrach Wysokich podczas
Malej Epoki Lodowej, [in:] A. Kotar-
ba (red.), Rola Malej Epoki Lodowej
w przeksztalacaniu Srodowiska przy-
rodniczego Tatr, Prace Geograficzne,
197, pp. 9-55.

Kozuchowski K., 1985, Zmiennosé¢ opa-
dow atmosferycznych w  Polsce
w stuleciu 1881-1980, Acta Geogr.
Lodz., 48, pp. 1-158.

Kozuchowski K. (ed.), 1990, Materialy
do poznania historii klimatu w okre-
sie  obserwacji  instrumentalnych.
Wyd. Uniwersytetu Lodzkiego, L.6dz.



R. Przybylak

Kozuchowski K., Zmudzka E., 2003,

100-year series of areally averaged
temperatures and precipitation totals
in Poland, Acta Univ. Wratisl., 2542,
Studia Geogr., 75, pp. 116-122.

Lachenbruch A.H., Marshall B.V., 1986,

Changing climate: geothermal evi-
dence from permafrost in the Alaskan
Arctic, Science, 234, pp. 689-696.

Limanéwka D., 2001, Rekonstrukcja

warunkéw  klimatycznych Krakowa
w pierwszej polowie XVI wieku, Ma-
terialy Badawcze IMGW, Seria: Me-
teorologia, 33.

Lorenc H., 2000, Studia nad 220-letnig

(1779-1998) serig temperatury po-
wietrza w Warszawie oraz ocena jej
wiekowych tendencji, Materialy Ba-
dawcze IMGW, Seria: Meteorologia,
31.

Luterbacher J., Dietrich D., Xoplaki E.,

Grosjean M., Wanner H., 2004, Eu-
ropean seasonal and annual tempera-
ture variability, trends, and extremes
since 1500, Science, 303, pp. 1499—
—-1503.

Luterbacher J., Xoplaki E., Dietrich D,

Rickli R., Jacobeit J., Beck C., Gya-
listras D., Schmutz C., Wanner H.,
2002, Reconstruction of sea level
pressure fields over the Eastern
North Atlantic and Europe back to
1500. Climate Dynamics, 18, pp.
545-561.

Luterbacher J., Xoplaki E., Kiittel M.,

Zorita E., Gonzalez-Rouco J. F., Jo-
nes P. D., Stossel M., Rutishauser T.,
Wanner H., Wibig J., Przybylak R.,
2010, Climate Change in Poland in
the Past Centuries and Its Relation-
ship to European Climate: Evidence
From Reconstructions and Coupled
Climate Models, [in:] R. Przybylak,
J. Majorowicz, R. Brazdil, M. Kejna
(eds.), The Polish Climate in the Eu-
ropean Context: An Historical Over-
view, Springer, Berlin Heidelberg
New York, pp. 3-39.

44

Majorowicz J.A., 1996, Accelerating
ground warming in the Canadian
prairie provinces: Is it a result of
global warming?, Pure and Applied
Geophys., 147, (1), pp. 1-24.

Majorowicz J., 2010, The Climate of
Europe in Recent Centuries in the
Context of the Climate of Mid to High
Latitude Northern Hemisphere from
Borehole Temperature Logs, [in:]
R. Przybylak, J. Majorowicz, R. Bra-
zdil, M. Kejna (eds.), The Polish Cli-
mate in the European Context: An
Historical Overview, Springer, Berlin
Heidelberg New York, pp. 103-126.

Majorowicz J.A., Safanda J., 1998,
Ground surface temperature history
Jrom the inversions of underground
temperatures — a case study of the
Western Canadian sedimentary basin,
Tectonophysics, 291, pp. 287-298.

Majorowicz J., Safanda J., Przybylak R.,
Wojcik G., 2001, Rekonstrukcja
zmian temperatury powiervzchni grun-
tu w Polsce w ostatnim 500-leciu na
podstawie  profili  geotermicznych,
Przeglad  Geofizyczny, 4, pp.
305-321.

Majorowicz J., Safanda J., Przybylak R.,
Wojcik G., 2004, Ground surface
temperature history in Poland in the
16th—20th century derived from the
inversion of geothermal profiles, Pure
and Applied Geophysics, 161, pp.
351-363.

Mann M.E,, Bradley R.S., Hughes MK ,
1999, Northern Hemisphere tempera-
tures during the past millennium: In-
Sferences, uncertainties and limita-
tions, Geophysical Research Letters,
26, pp. 759-762.

Mann M.E., Zhang Z., Hughes MK,
Bradley R.S., Miller S.K., Rutherford
S., 2008, Proxy-Based Reconstruc-
tions of Hemispheric and Global Sur-
face Temperature Variations over the
Past Two Millennia, Proc. Natl.
Acad. Sci., 105, pp. 13252-13257.



Changes in Poland’s climate over the last millennium

Maruszczak H., 1988, Zmiany srodowi-
ska przyrodniczego kraju w czasach
historycznych, [in:] L. Starkel (ed.),
Przemiany srodowiska geograficzne-
go, Wszechnica PAN, Ossolineum,
Wroclaw, pp. 109-135.

Maruszczak H., 1991, Tendencje do
zmian klimatu w ostatnim tysigcleciu,
[in:] L. Starkel (ed.), Geografia Pol-
ski — Srodowisko przyrodnicze, PWN,
Warszawa, pp. 182-190.

Matuszko D. (red.), 2007, Klimat Kra-
kowa w XX wieku, Instytut Geografii
UJ, Krakéw.

Mietus M., 1996, Zmiennosé temperatury
i opadow w rejonie polskiego wybrze-
za Morza Baltyckiego i jego spodzie-
wany przebieg do roku 2030. Mat.
Bad. IMGW, Ser. Meteorologia, 26.

Migtus M, 1998, O rekonstrukcji i homo-
genizacji wieloletnich serii Sredniej
temperatury ze stacji w Gdarnsku-
Wrzeszczu 1851-1995. Wiad. IMGW,
21, pp. 41-63.

Moberg A., Sonechkin D.M., Holmgren
K., Datsenko N.M., Karlen K., 2005,
Highly variable Northern Hemi-
sphere temperatures reconstructed
Jfrom low- and high-resolution proxy
data. Nature, 433, pp. 613-617.

Niedzwiedz T., 2004, Rekonstrukcja wa-
runkéw termicznych lata w Tatrach
od 1550 roku, [in:] A. Kotarba (ed.),
Rola Malej Epoki Lodowej w prze-
ksztalcaniu srodowiska przyrodnicze-
go Tatr, Prace Geograficzne, 197, pp.
57-88.

Niedzwiedz T., 2010, Summer Tempera-
tures in the Tatra Mountains During
the Maunder Minimum (1645-1715),
[in:] R. Przybylak, J. Majorowicz,
R. Brazdil, M. Kejna (eds.), The
Polish Climate in the European Con-
text: An Historical Overview, Spring-
er, Berlin Heidelberg New York, pp.
397-406.

Nowosad W., Przybylak R., Marciniak
K., Syta K., 2007, Diariusz Jana An-
toniego Chrapowickiego jako Zrodio

45

do badan klimatu Rzeczypospolitej
wlil polowie XVII w., Klio, 9, pp.
21-60.

Pauling A., Luterbacher J., Casty C.,
Wanner H., 2006, Five hundred years
of gridded high-resolution precipita-
tion reconstructions over Europe and
the connection to large-scale circula-
tion, Climate Dynamics, 26, pp.
387405.

Pollack H.N., Huang S., 2000, Climate
reconstruction from subsurface tem-
peratures, Annual Review Earth
Planet. Sci., 28, pp. 339-365.

Pospieszynska A., Przybylak R., 2010,
Temperatura powietrza w Toruniu
w okresie 1760—-1764, [in:] E. Bed-
norz (red.), Klimat Polski na tle kii-
matu Europy: Warunki termiczne
i opadowe, Bogucki Wydawnictwo
Naukowe, Poznan, pp. 53—66.

Przybylak R., 2007, The change in the
Polish climate in recent centuries,
Papers on Global Change IGBP, 14,
pp. 7-23.

Przybylak R., 2008, Zmiany kiimatu
Polski i Europy w ostatnich stule-
ciach, Kosmos, 57, 3-4, pp. 195-208.

Przybylak R., 2010, The Climate of Po-
land in Recent Centuries: A Synthesis
of Current Knowledge: Instrumental
observations, [in:] R. Przybylak, J.
Majorowicz, R. Brazdil, M. Kejna
(eds.), The Polish Climate in the Eu-
ropean Context: An Historical Over-
view, Springer, Berlin Heidelberg
New York, pp. 129-166.

Przybylak R., Majorowicz J., Wéjcik G.,
2001, Zmiany temperatury powietrza
i opadow atmosferycznych w Polsce
w okresie XVI-XX wiek, Prace i Stu-
dia Geograficzne, 29, pp. 79-92.

Przybylak R., Majorowicz J., Wéjcik G.,
Zielski A., Chorazyczewski W., Mar-
ciniak K., Nowosad W., Olifski P.,
Syta K., 2005,Temperature changes
in Poland from the 16th to the 20th
centuries, Int. J. of Climatology, 25,
pp. 773-791.



R. Przybylak

Przybylak R., Marciniak K., 2010, Cli-
mate Changes in the Central and
North-Eastern Parts of the Polish-
Lithuanian ~ Commonwealth  from
1656 to 1685, [in:] R. Przybylak,
J. Majorowicz, R. Brazdil, M. Kejna
(eds.), The Polish Climate in the Eu-
ropean Context: An Historical Over-
view, Springer, Berlin Heidelberg
New York, pp. 423—443.

Przybylak R., Marciniak K., Dufaj E.,
2008, Precipitation and other atmos-
pheric phenomena in the central and
north-eastern parts of former Poland
from 1658 to 1667, [in:] J.S. Rodri-
guez, M.B. India, E.A. Anfrons
(eds.), Cambio climatico regionalysus
impactos M., Publicaciones de la
Asociacion Espanola de Climatologia
(AEC), Serie A, No. 6, pp. 239-248.

Przybylak R., Olinski P., Chorgzy-
czewski W., Nowosad W., Syta K.,
2010a, The Climate of Poland in Re-
cent Centuries: A Synthesis of Cur-
rent Knowledge: Documentary Evi-
dence, [in:] R. Przybylak, J. Majoro-
wicz, R. Brazdil, M. Kejna (eds.), The
Polish Climate in the European Con-
text: An Historical Overview, Spring-
er, Berlin Heidelberg New York, pp.
167-190.

Przybylak R., Pospieszynska A., 2010,
Air temperature in Wroclaw (Bres-
lau) in the period 1710-1721 based
on measurements made by David von
Grebner, Acta Agrophysica, Roz-
prawy i Monografie 2010 (5), 184,
pp. 35-43.

Przybylak R., Pospieszyfiska A., Nowa-
kowski M., 2010b, Temperatura po-
wietrza w Zaganiu w okresie 1781—
—1792, [in:] E. Bednorz (eds.), Klimat
Polski na tle klimatu Europy: Warun-
ki termiczne i opadowe, Bogucki
Wydawnictwo Naukowe, Poznaf, pp.
67-78.

Przybylak R., Uscka-Kowalkowska J.,
Koprowski M., Majorowicz J., No-
wosad W., Chorazyczewski W., No-

46

wakowski M., 2010c, Zmiany klimatu
Polski w okresie 1400-2006 na tle
klimatu Europy Srodkowej na pod-
stawie danych ,,proxy” i obserwacyyj-
nych, Final report of the project No
N306 018 32/1027.

Przybylak R., Wéjcik G., Marciniak K.,
Chorazyczewski W., Nowosad W.,
Olinski P., Syta K., 2004, Zmiennosé
warunkow termiczno-opadowych
w Polsce w okresie 1501-1840
w Swietle danych historycznych,
Przegl. Geogr., 76, pp. 5-31.

Rojecki A. (red.), 1965, Wyjgtki ze zrédel
historycznych o nadzwyczajnych zja-
wiskach  hydrologiczno-meteorolo-
gicznych na ziemiach polskich w wie-
kach od X do XVI, Wybdr i przeklad
na jezyk polski: R. Girgu$ i W. Strup-
czewski, Wydawnictwa Komunika-
cji 1 Lacznodcei, Warszawa.

Sadowski M., 1991, Variability of ex-
treme climatic events in Central Eu-
rope since the 13th century, Zeit-
schrift fiir Meteorologie, 41, pp.
350-356.

Safanda J., Cermék V., Bodri L., 1997,
Climate history inferred from bore-
hole temperatures, data from the
Czech Republic, Surveys in Ge-
ophys., 18, pp. 197-212.

Semkowicz W., 1922, Zagadnienie kli-
matu w czasach historycznych, Prze-
glad Geograficzny, 3, pp. 18-42.

Shen P.Y., Beck A.E., 1991, Least
squares inversion of borehole tem-
perature measurements in functional
space, J. Geophys. Res., 96, pp.
19965-19979.

Shen P.Y., Pollack H.N., Huang S.,
Wang K., 1995, Effects of subsurface
heterogeneity on the inference of cli-
matic change from borehole tempera-
ture data: model studies and field ex-
amples from Canada, J. Geophys.
Res., 100 (B4), pp. 6383-6396.

Skinner W.R., Majorowicz J., 1999,
Regional climatic warming and asso-
ciated twentieth century land cover



Changes in Poland’s climate over the last millennium

changes in North-Western North
America, Clim. Res., 12, pp. 39-52.

Szychowska-Krapiec E., 2010, Long-
term chronologies of pine (Pinus Syl-
vestris L.) and fir (Abies Alba Mill.)
Jrom the Malopolska Region and
their palaeoclimatic interpretation,
Folia Quaternaria, 79, Krakow.

Tarand A., Nordli Q., 2001, The Tallin
temperature  series  reconstructed
back half millennium by use of proxy
data, Climatic Change, 48, pp.
189-199.

Trepinska J., 1969, Ogdlna charaktery-
styka opadow w Krakowie 1916—
—-1965, Folia Geogr, ser. Geogr.
Phys., 3, pp. 117-138.

Trepifiska J., 1971, The secular course of
air temperature in Cracow on the ba-
sis of the 140-year series of meteoro-
logical observations (1826-1965)
made at the Astronomical Observato-
ry of the Jagiellonian University, Ac-
ta Geophys. Pol., 3, pp. 277-304.

Trepinska J. (ed.), 1997, Wahania klima-
tu w Krakowie (1792—1995). Instytut
Geogr. UJ, Krakow.

Trepinska J., Kowanetz L., 1997, Wielo-
letni przebieg Srednich miesigcznych
wartoSci  temperatury  powietrza
w Krakowie, 1792—-1995, [in:] J. Tre-
pinska (ed.), Wahania klimatu
w Krakowie (1792-1995), Instytut
Geografii UJ, Krakow, pp. 99-130.

Twardosz R., 1999, Warunki pluwiaine
w Krakowie w latach 1792-1998,
Czasopismo Geogr., 2, pp. 221-234.

Twardosz R., 2007, Opady atmosferycz-
ne, [in:] D. Matuszko (eds.), Klimat
Krakowa w XX wieku, Instytut Geo-
grafii UJ, Krakéw, pp. 127-138.

Twardosz R., Cebulska M., 2010, Obser-
vations and measurements of precipi-
tation in the Polish Province of Gali-
cia in the nineteenth century, [in:]
R. Przybylak, J. Majorowicz,
R. Brazdil, M. Kejna (eds.), The
Polish Climate in the European Con-
text: An Historical Overview, Spring-

47

er, Berlin Heidelberg New York, pp.
457471.

Twardosz R., Niedzwiedz T., 2001, In-
[fluence of synoptic situations on the
precipitation in Krakow (Poland), Int.
J. Climatol., 21, pp. 467-481.

Vizi Z., Marciniak K., Przybylak R,
Wojcik G., 2000, Homogenisation of
annual air temperature series from
Bydgoszcz (central Poland), Proceed-
ings of the Third Seminar for Ho-
mogenization and Quality Control in
Climatological Databases, Budapest,
Hungary 25-29 September 2000.

Vizi Z., Marciniak K., Przybylak R,
Wojcik G., 2000/2001, Homogenisa-
tion of seasonal and annual air tem-
perature series from Bydgoszcz and
Torun, Annales Univ. M. Curie-
Sktodowska, LV/LVI, 43, Lublin, pp.
357-367.

Wojcik G., Majorowicz J.A., Marciniak
K., Przybylak R., Safanda J., Zielski
A., 1999, Temperatura powietrza
w Polsce Potudniowo-Zachodniej
w Swietle danych klimatologicznych,
geotermicznych i dendroklimatolo-
gicznych, [in:] A. Dubicki et al.
(eds.), Zmiany i zmiennosé¢ kilimatu
Polski, Ogblnopolska Konferencja
Naukowa £6dz, 4-6 listopada 1999,
IMGW Warszawa, pp. 305-315.

Wojcik G., Majorowicz J.A., Marciniak
K., Przybylak R., Safanda J., Zielski
A., 2000, The last millennium climate
change in Northern Poland derived
from well temperature profiles, tree-
rings and instrumental data, [in:]
B. Obrebska-Starkel (ed.), Recon-
structions of climate and its model-
ling, Instytut Geografii UJ, Prace Ge-
ograficzne, 107, pp. 137-147.

Zielski A., 1997, Uwarunkowania sro-
dowiskowe przyrostow radialnych so-
sny zwyczajnej (Pinus sylvestris L.)
w Polsce Pdlnocnej na podstawie
wielowiekowej chronologii, Wydaw-
nictwo UMK, Torun.



R. Przybylak

Zielski A., Krapiec M., Koprowski M., Zmudzka E., 2008, Wspéiczesne zmiany
2010, The Climate of Poland in Re- klimatu  Polski, [in:] Materialy
cent Centuries: A Synthesis of Cur- XXXHI  Ogolnopoiskiego  Zjazdu
rent Knowledge: Dendrochronologi- Agrometeorologéw 1 klimatologéw
cal Data, {in:] R. Przybylak, J. Ma- "Srodowisko w obliczu spodziewa-
jorowicz, R. Brazdil, M. Kejna (eds.), nych zmian klimatu", 10-12 IX 2008,
The Polish Climate in the European Olsztyn.

Context: An Historical Overview,
Springer, Berlin Heidelberg New
York, pp. 191-217.

Streszczenie
Zmiany klimatu Polski w ostatnim tysigcleciu

W artykule przedstawiono aktualny stan wiedzy dotyczgcej zmian klimatu Polski
w ostatnim tysigcleciu. Do tego celu dla okresu przedinstrumentalnego zostaly wykorzy-
stane dostgpne w literaturze przedmiotu rekonstrukcje trzech elementéw klimatu: tempe-
ratury powietrza i powierzchni gruntu oraz opadéw atmosferycznych. Natomiast zmiany
klimatu po 1800 r. zostaly przedstawione na podstawie dostepnych danych instrumental-
nych. Analiza historii zmian klimatu w Polsce w ostatnim tysigcleciu pozwala wydzieli¢
3 charakterystyczne okresy, od dawna proponowane do opisu klimatu w tym czasie:
Sredniowieczny Okres Ciepty (do poczatku XV wieku), Malg Epoke Lodowa (od poto-
wy XVI wieku do drugiej potowy XIX wieku) i Wspolczesny Okres Cieply. Ocieplenie
klimatu w Polsce (o ok. 1°C) w ostatnim wymienionym okresie jest potwierdzone po-
miarami termometrycznymi, jak rowniez jest widoczne w rekonstrukcjach wykorzystu-
jacych metody geotermiczne i dendrochronologiczne. Ociepleniu nie towarzyszg istotne
zmiany sum sezonowych i rocznych opadéw atmosferycznych.
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