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RECONSTRUCTION OF THE 217-YEAR
(1791-2007) WROCELAW AIR TEMPERATURE
AND PRECIPITATION SERIES

Abstract: The authors present the results of a climatologic reconstruction
of the 217-year series (1791-2007) of monthly average values of air tem-
perature and monthly totals of precipitation in Wroctaw (Breslau). The re-
construction is based on verified measurement (or observation) data from
the Breslau-Sternwarte Observatory (1791-1930), which were completed
(1931-2007) by reconstructing values calculated from measurement data
from other meteorological stations in Wroctaw. Only the data for 1945 were
estimated from the values of Polish (Cracow, Gniezno, Putawy) and foreign
(Berlin, Prague) stations. The problem of restoring the homogeneity of the
available initial data was taken into consideration because there were chang-
es in location and observation times. The data were verified by comparing
the measured values, among others of temperature, with the data from the
nearest as well as other meteorological stations in Warsaw, Berlin, Prague,
Vienna, de Bilt. In relation to this, the problem of special and temporal ani-
sotropy of relations between the values of analysed stations was discussed.
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Introduction

The city of Wroctaw (Breslau) boasts one of the earliest histories of perma-
nent measurements of air temperature and other meteorological elements
such as precipitation. The first hundred years (1791-1890) of the “Wroctaw
air temperature series” has been presented in a separate study against an
historical background of meteorological measurements in other Silesian sta-
tions (Bry$ and Bry$ 2010). This paper not only continues this reconstruc-
tion for the next 117 years up to 2007, but it also presents the reconstruction
of the 217-year period (1791-2007) of the “Wroclaw precipitation series”
conducted on the basis of estimated and measured values of monthly pre-
cipitation totals.

Unlike continuous air temperature measurements in Wroctaw, which had
begun in February 1791, measurements of precipitation at the Breslau-Stern-
warte Observatory did not begin until January 1799 (Galle 1857). Earlier,
from March 1791, observations of the frequency and types of precipitation
were made. Precipitation measurements were conducted on the terrace of the
Mathematical Tower of the University of Wroctaw and continued until the
1860’s. In the second half of the century the measurements were transferred
outside the Observatory building. Other important measurement changes
frequently occurred in later years. As was the case with measurements of
air temperature 7p, changes in the location of measurements also had an
influence on the nonhomogeneity of values for precipitation P in Wroctaw.
Thus, the problem of restoring the homogeneity of the 7p and P series is
crucial and is closely linked with the methods applied to their credible re-
construction.

Materials and metadata: Historical observations

The analyzed Tp and P data from the years 1791-2007 were collected from
different sources. The data from diurnal measurements of these elements
in the Breslau-Sternwarte Observatory (1791-1930) are of major signifi-
cance for our work. The extant data originate from other meteorological
(or precipitation) stations located in different districts of Wroctaw (Gadow,
Strachowice, Biskupin, Swojec, Psie Pole) and were collected in different
years. Only the analyzed values for 1945 were estimated from the values of
the other stations in Poland (Cracow, Gniezno, Putawy) and abroad (Berlin,
Prague). The more than 200 years of changes in location and other criteria
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in Tp measurements in Wroctaw have been presented in separate studies
(Pyka 2003; Brys$ and Brys$ 2010). A similar history of the primary changes
in location in Wroctaw measurements of P requires closer examination in
this study as it is linked with a separate history of changes in methods of
measurement.

In particular, historical events in the twentieth century were very impor-
tant for the reconstruction of the 7p and P (and also the earlier history for
P) analyzed in this paper. The framework and scale of the available and
analyzed materials from different Wroctaw stations were connected with
the time limits of these changes. The Breslau-Sternwarte Observatory func-
tioned as Wroctaw’s main station from 1848 to 1920, first within the Prus-
sian and then the German meteorological network. Its operations were taken
over from January 1921 to July 1936 by a new station, Breslau-Krietern (in
Polish: Wroctaw-Krzyki), located in the suburban part of the town, at a dis-
tance of about 5.5 km SSW from the previous station. This station, special-
izing in geophysical measurements, continued meteorological observations
until April 1945, at which time it was burned and partly destroyed during
World War 1.

From August 1936 until 1964, with only 18 months interruption, the
basic measurements for Wroctaw for the national meteorological network
(Polish from 1946) were recorded at the Wroctaw-Gadow (in German: Bre-
slau-Gandau)' airport station. (Between April 1944 and December 1945 data
came from the Breslau-Krietern station.) The Wroctaw-Gadow station was
located about 6 km WNW from the old university observatory.

Meteorological observations in Breslau-Sternwarte finished at the end
of March 1921, but air temperature measurements were probably taken at
least until 1930. A new University meteorological station (Ergebnisse 1921—
1924) began work on 1 April 1921, at the eastern end of Szczytnicki Park
(Scheitniger Park), in a grass garden by the new Astronomical Observatory
(about 3.5 km east of the current day building) of the University of Wroctaw.
The station was also given the name Breslau-Sternwarte (sometimes Neue
Sternwarte), and the data collected in the form of monthly averages (or to-
tals) from the years 1934—1936 were published in the annals of the German
meteorological service (Deutsches Meteorologisches Jahrbuch 1934-1936).

! The German aerodrome station in 1935-1944 included two autonomous stations: one
synoptic and one aerologic (see: next section)
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The monthly average values of air temperature from the years 1851-1930
and monthly precipitation totals from 1881-1930 for Breslau-Sternwarte
were published in Klimakunde...(1939)*. The remaining German data of the
Tp and P from the years 1891-1944 used in this paper were published in
Ergebnisse (1891-1933) and Deutsches Meteorologisches Jahrbuch (1934—
1944) or in Atlas Klimatyczny (1931-1944). Original measurement materials
from the German stations mentioned which had been left in various places,
probably did not survive either military operations during World War II or
subsequent fires and looting in the first post-war months (Pyka 2003; Bry$
and Brys 2010).

From 1887 until 1944, observations were made at: 7.00, 14.00, and 21.00
local time. After World War 11, from 1946 until 1965, observation times at
Wroctaw-Gadéw were changed from 14.00 to 13.00 (12.00 UTC). From
1966 meteorological observations, which had continued since 1965 at the
Wroctaw-Strachowcie airport (about 10 km W of the first Breslau -Stern-
warte station), were made at 8 fixed synoptic times: 3.00, 6.00, 9.00, 12.00,
15.00, 18.00, 21.00, 24.00 UTC.? The remaining Wroctaw meteorological
stations (Biskupin, Swojec) used the climatologic times 6.00, 12.00, and
20.00 UTC until 1978 (Swojec) and 1979 (Biskupin) and next: 0.00, 6.00,
12.00, and 18.00 UTC (at 0" — reading of thermohigrograms; at the remain-
ing times — values of standard measurements).

The Polish 7p and P data from Gadow (1946—1964) and Strachowice
(1960-2007 for P and 1963, 1965-2007 for 7p), which was used in this
paper, originated in several sources (Atlas Klimatyczny Polski; Biuletyn
Agrometeorologiczny, Rocznik Meteorologiczny). The temperature and pre-
cipitation data from about a dozen other Polish stations which used the
Wroctaw data for estimation or verification, also originated from the above-
mentioned sources. The longest Polish homogeneity 7p data from Warsaw
(1779—-1998) and Cracow (1792—-1995), used here for comparative purposes,

2 However, here we are not certain whether the results of the activities of the old Observa-
tory from the years 1921-1930, which were published in Klimakunde (1939) in the form of
mean monthly air temperature values and monthly precipitation totals, are solely measure-
ment data or are partly estimated data.

3 A military airport Strachowice was opened at the beginning of 1938. In the period from
June 1945 to December 1946 and from 1958 up to the present there has also been a civil
airport at Wroctaw-Strachowice. Probably the first meteorological measurements were made
there in the 1930s, but the earliest temperature data (NOAA data resources) only date from
1963.
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originated from works by Lorenc (2000) and Trepinska (1997). These val-
ues were supplemented up to the year 2007 on the basis of temperature data
from the Polish meteorological sources mentioned earlier. Other historical
data (de Bilt, Berlin, Vienna, Prague), used for the same purpose in this pa-
per, were published by Wetterzentrale (http://www.wetterzentrale.de/klima/).
They were completed by the authors of this paper up to the year 2007 on
the basis of Tp data from Internet sources of other national meteorological
services (KNMI, DWD, CHMU, ZAMG). The data for de Bilt was corrected
according to Engelen and Nellestijn, and Errenwijlens (http://home.casema.
nl/errenwijlens/co2/homogen.htm) and the data for Praha-Ruzyne was en-
riched and verified by the 7p data from Praha-Klementinum (for which we
thank Rudolf Brazdil). Additionally, temperature data from the NOAA In-
ternet base of meteorological data (fip://ftp.ncdc.noaa.gov/pub/data/gsod/)
was used for verification of the Wroctaw series.

Precipitation measurements conducted first at a height of 33.5 m above
ground level on the Observatory terrace of the University of Wroctaw were
transferred to the University courtyard in 1854. Measurements of P (at
a height of 2.0 m above ground level) were conducted at the new location
for only 4 years. In the summer of 1858, measurements were transferred to
the nearby Wroctaw University Botanical Garden, about 800 m east of the
Mathematical Tower (measurements at a height of 1.5 m AGL). Simultane-
ously, for comparative purposes, measurements were continued until 1868
on the terrace of the Mathematical Tower. The measurements showed a dif-
ference of about 30% between the annual totals of P at the terrace and in
the Botanical Garden. Galle (1879), who was interested in the homogeneity
of these data, also precisely described the rain-gauge recorders in use at that
time and the history of their changes in the Observatory.

The precipitation measurements taken in the Botanical Garden were not
interrupted when meteorological observations were transferred from Bre-
slau-Sternwarte to other stations in Wroctaw (Fig. 1). As a precipitation sta-
tion (or post), precipitation measurements at the Botanical Garden survived
until the beginning of the 1960s (with several years of interruption during
and just after the war). However, only part of the data was published in
the precipitation annals of German or Polish meteorological service. It is
worth noting that there were other precipitation stations (or posts) operat-
ing in Wroctaw apart from this station, but most of them (both German and
Polish) functioned for only a few years. Only two — Stabtowice (Breslau-
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Fig. 1. The location of meteorological and precipitation stations and spatial distri-
bution of average annual totals of precipitation (for the years1957-1966)
in Wroctaw and its neighbourhood. The isopleths show the effects of urban
precipitation shade in relation to the prevailing wind direction from WNW-
NW (after Schmuck 1967)
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Stablowitz) in the western part of the city (near Lesnica) and Psie Pole
(Breslau-Hunzfeld) on its north-eastern outskirts — worked for a longer time
(probably starting earlier than 1920, but published data are only available
from 1920 to 1940).

The Meteorological Observatory of the University of Wroctaw in
Wroctaw-Biskupin has been operating since February 1946, and is located
in Szczytnicki Park about 400 m SE from the previous station (Neue Stern-
warte). Basic observation data obtained there from the years 1946—1965 and
1970-1974 were published and elaborated in annual reports (Biuletyn Mete-
orologiczny, Prace ...). Together with other data from the years 1881-2000,
they were useful for the reconstructions of long-term runs of monthly air
temperature averages and precipitation totals (Pyka 1991, 1998a, b), and
also for the studies of the climate of Wroctaw (Dubicka 1994; Dubicka,
Pyka 2001). Thanks to Krzysztof Migata from the University of Wroctaw,
the authors for the purpose of this paper were able to supplement analyzed
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data of monthly values of 7p and P for the years 1946-2007 with unpub-
lished data (1996-2007) from the University Observatory.

The history of agrometeorological measurements began in Wroctaw as
early as the mid-1930s, including, among others, the measurements of air
temperature and precipitation. Measurements were made in the garden of
the experimental station of the Agricultural Institute of the University of
Wroctaw, located in a suburban, agricultural district — Wroctaw-Swojec —
east of the city. Pre-war results were never published. After an interval dur-
ing World War II, measurements were not taken until May 1947 at the Agri-
cultural Institute, which was the first part of the University of Wroctaw and
then at the Higher School of Agriculture (HAS) in Wroctaw. A specialized
Observatory of Agro- and Hydrometeorological was established in 1962 at
the HAS (later known as the Agricultural University of Wroctaw and now
the Wroctaw University of Environmental and Life Sciences). The scale
of observations and measurements there has been systematically extended
since 1960. However, the data for 7p and P for the period June 1947 — De-
cember 1959 from the station were not complete and revealed numerous
missing fragments (about 55% for 7p and 15% for P). The data for the years
19602007, on the other hand, were complete.

Reconstruction difficulties and methodological dilemmas

Previous reconstructions of long-term temperature and precipitation courses
in Wroctaw (Pyka 1991, 1998a, b; Pyka and Dubicka 2001) did not exceed,
or exceeded by just a few years, a 100-year period. The greatest difficulty
in the reconstructions was to join together different series of measurements
due to location changes of the meteorological stations mentioned above and
the difficulty of filling the measurement gap for the year 1945.

The reconstruction of the 7p made by Pyka (1991, 1998a), covering the
years 1881-1995, made dubious connections between post-war data from
the Wroctaw-Biskupin Observatory and earlier German measurements. This
procedure involved assuming the similarity of meteorological data from the
nearby but much older Neue Sternwarte station with university data obtained
after World War II from the Biskupin station. While this might seem to be
feasible, a more precise examination points to the contrary. This analysis
became the basis for the revision of Pyka’s thesis, presented later in this
study.
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Serious doubts about the homogeneity of Pyka’s reconstruction of air
temperature series arose from local on-site observations made by the au-
thors, who analyzed differences in the location of these two stations. Dif-
ferentiations in various topoclimatic conditions in both locations are clearly
visible. The Neue Sternwarte area represents specific, local climatic condi-
tions, formed by the eastern border, primarily consisting of the orchards of
the Szczytnicki Park. The Park covered with tall, old trees that provide not
only a very specific precipitation shade but also form a distinct and milder
temperature structure within the Park and in the garden of the Astronomical
Observatory as well. Topoclimatic conditions differ therefore from those
observed in the nearby area of low buildings, where the Wroctaw-Biskupin
station is located. This difference has a significant influence on the meas-
urements of temperature and precipitation coming from the two stations,
though they are not extremely different. One cannot therefore assume, with-
out making the appropriate adaptative corrections, that the results from these
stations, as conjoined by Pyka (as a simple compilation), constitute a repre-
sentative homogeneous series.

The comparison of 7p from the Wroctaw-Gadoéw station with tempera-
ture values from the Wroctaw-Biskupin station also gave rise to doubts un-
dermining Pyka’s assumptions. The average temperature in the years 1946—
1964 reached 8.4°C for Gadow and 8.1°C for Biskupin. In preparing his
series, Pyka (1998a) lowered (on an average of about 0.4 °C) the pre-war
data from Gadow and the previous data from Krzyki and the Astronomical
Tower as well. Yet results from a comparison of 7p from Gadow (and also
Strachowice) with Biskupin indicate a different set of dependencies. There-
fore, Pyka’s homogeneity trial is based on two false assumptions.

The first assumes that air temperatures at the Neue-Sternwarte station are
identical with the 7p for the Biskupin station. The second assumes that the
location of the post-war airport station in Wroclaw-Gadow was exactly the
same as that of the pre-war climatology station. The situation in the second
case is more complex. All the most important Polish meteorological and
climatology sources (for example: Atlas...) also identify the post-war sta-
tion with the pre-war one. However, a precise verification of available data
from meteorological annals (Ergebnisse, Rocznik Meteorologiczny) and the
cartographical analysis (Fig. 2) of different archival sources indicate that
there were two meteorological stations at the Gadow airfield before the war:
1) the synoptic station (16° 59°E and H=116 m alt.), 2) the acorological-



RECONSTRUCTION OF THE 217-YEAR (1791-2007) WROCKAW... 129

Fig. 2. The most likely location of the two meteorological stations on the Gadoéw
(Gandau) airfield (Flughafen) before the second World War: C — climatology
station, S — synoptic station

climatology station (16°58’E and H=118 m alt.). The first was probably on
the future site of the Polish station (1946—1964). The average daily tempera-
tures (recorded at 8 synoptic times) for the Gagdow synoptic station in the
years 1935-1941, used in this paper, are available from the easily accessible
NOAA data resources (internet sources). The German meteorological annals
(Ergebnisse 19361938, 1959) published measurement data from Gadéw for
an 8-year period (August 1936 — March 1944). Most of these data (aside
from wind and precipitation) were probably connected with the acorologic-
climatology station.* The temperature data from these two sources differ
about 0.3°C on average, because topoclimatic conditions in various places
near the northern border of the airfield were different. The monthly 7p val-
ues in the years 1935-1936 recorded at the synoptic station were higher on
average by about 0.1-0.2°C than the temperatures for Krzyki.

4 There is a note in Ergebnisse (1936) that climatological measurements were made at the
northern border of the airfield 100m W from the big plane hangar, but wind and precipitation
measurements were made in other places near the new airport building. The cartographi-
cal analysis of different German and Polish archival sources points to the fact that the first
location was probably near the NW border of the airfield, and the second over 500 m E of
the first.
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On the basis of this, the authors concluded that by applying various
linear and multiple regression equations between the analyzed stations, it
is possible to link the pre-war 7p data with post-war Polish measurements
from the Gadow and Strachowice stations in a logical and statistically cor-
rect manner.

The average monthly 7p values from Gadow and Strachowice are also not
identical. The average differences noted in the period 1960-1965 amount-
ing to about 0.2°C (values are higher for Gadow), are representative for
a longer period of time. This can be proven by comparing 7p values for
Gadow and Strachowice with the synchronous values for the nearby stations
(Swojec, Biskupin) and those further away at a distance of 30-60 km (Leg-
nica, Oborniki, Szprotawa, Winsko). The resulting estimated temperature
differences from these two stations oscillated around 0.2 °C (in relation to
Legnica, Oborniki, Swojec) and 0.4°C (in relation to Biskupin, Winsko) and
are of a different character. A comparison of monthly values of 7p Biskupin
and 7p Strachowice in the years 1962-2007 reveals a systematic decrease in
temperature difference between these stations. The Tp differences between
Swojec and Strachowice in this same period were stable with insignificant
oscillations. This indicates that 7p in Biskupin was under the strong influ-
ence of UHI, values of which increased in comparison with the stations on
the outskirts of the city or located in agricultural areas. Thus, slight irregular
differences were often connected with different methods applied to calculate
Tp averages. For example, a comparison of the average from 8 synoptic
fixed times with the average from 3 standard climatological once or the
average calculated with the formula (7p 6 UTC + Tp max + Tp min + Tp
18 UTC)/4, which has been in use since 1998 in the the Polish meteorologi-
cal IMGW net, revealed a difference of about 0.1°C (occasionally 0.2°C).

A very characteristic feature of Silesian and Polish meteorological sta-
tions (except for Cracow and several mountain stations) is the general lack
of homogeneity for longer time series as well as the presence of long in-
terruptions in measurements during the second World War and for some
years immediately after the war. For example, most Silesian stations (as was
also the case in Wroctaw) had two or three location changes in the period
between the first and second World Wars. Therefore, it is very difficult to
find a homogeneous 20-year temperature series taken in the climatic back-
ground surrounding Wroctaw (within a maximum radius of 100-150 km) in
order to make representative comparisons. Before 1945, only the following
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mountain stations in Lower Silesia functioned in the same location for an
extended period of time: Sniezka (Schnnegebirge), Mitkéw (Arnsdorf) and
several others in the Sudetes. However, the importance of these stations for
the reconstruction of 7p in the Wroctaw series is limited due to varying and
specific mountain topoclimatic conditions and their greater distance from
Wroctaw than from lowland stations.

In this situation, the fact that the homogeneity of many analyzed series
was interrupted greatly complicates the reconstruction of the Wroctaw 7p
series. The most representative series from the other Wroclaw station are
only partly compatible (sometimes only by a 2-year period), as far as the
synchronous period of measurement is concerned, with the analyzed data
from Wroctaw base station operating at that period. This resulted in the fact
that only one linear regression equation could be deduced, as a common
statistical tendency for all the estimated monthly values (for example: the
correlation of Krzyki with the Gadow synoptic station was possible only
for 1935-1936 with R?=0.9996). When possible, we took into considera-
tion multiple regression equations deduced from several analyzed stations
instead of a simple correlation with one station.> Such reconstructed values
were additionally verified by means of a comparison with several other Si-
lesian and Polish stations (including Cracow) against a more distant climatic
background. Finally, the reconstructed runs of temperature data (1791-2007)
for Wroctaw were verified through comparison with the same long-term dis-
tance runs of 7p from Warsaw, Berlin, Prague, Vienna, De Bilt. The problem
of spatial and time anisotrophy in relations between the values from the sta-
tions analyzed has been discussed in this context.

Having applied Alexandersson’s method (Alexandersson 1986) to recon-
struct homogenous series of 7p and P, the authors nonetheless took a criti-
cal approach to the nearly mythical status of the reconstruction capabili-
ties of this method. Complications arise when the data that is compared
comes from distant locations in differing climatic backgrounds (see sec-
tions below). Reconstruction of precipitation patterns proved to be difficult

> The climatic data were often derived from such station measurements where there had
been changes of location as well as of observation times. Therefore, they required careful
homogenizing which assumes that nonhomogeneity of the series is not possible if it is not
obvious, and if the apparent interruption of continuity of measurement values is constituted
by physically explicable changes in the station’s natural surroundings. As a basic principle,
the authors referenced the checked series to the values occurring in the immediate vicinity
of the station examined.
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because it requires taking into consideration the important influence of the
UHI (Urban Heat Island) effect (Landsberg 1981) and of urban precipitation
shade (Fig. 1) on spatial variability, even on a fragmentary and small areas
of Wroctaw. These influences were the subject of many detailed analyses
and studies (among others: Zipser-Urbanska 1968; Schmuck 1967; Dubicka
1994; Szymanowski 2004; Bry$ 2007). The differentiation of the precipita-
tion pool in a big city has a dynamic character and is connected with the
dominating direction of rain-cloud mass advection. In the case of Wroctaw,
the largest frequency of rain-cloud mass advection from the western sector
(W-NW) is counterbalanced by the largest precipitation efficiency (P inten-
sity) from the SE sector (despite the low frequency of rain mass from this
direction), connected with the influence of summer Genoese lows. A study
by Dubicka (1994) closely analyzed the connection between precipitation
in Wroctaw and air circulation.

The fact that there were at least several precipitation stations (or posts)
in the city or its environs at different times over the twentieth century al-
lowed the authors to establish the fundamental and strongest spatial connec-
tions for P. Linear and multi-elemental regression equations were deduced
to arrive at monthly precipitation values observed in the city center which
could credibly be merged with those registered at its borders. Gaps in the
observation material, such as the year 1945, were filled in by interpolations
based on the quotient method and precipitation totals from neighboring sta-
tions further away. The results of estimates made by Wiszniewski’s group
(Atlas Klimatyczny Polski 1979) were incorporated. Similarly, in the years
when the references made to other Silesian stations were credible (Bry$ and
Bry$ 2010; Galle 1857, 1879), the authors carried out a general verification
of the earlier measuring materials for Wroctaw. On the basis of this, they
first reconstructed the precipitation series for the years 1799-2007. Only
the P values for topoclimatic conditions of the central-urban reference sta-
tion (Botanical Garden) were reconstructed in this paper. Not only had the
location of precipitation measurement changes to be taken into account,
but so too did the influence of various reception surfaces and the construc-
tion of measurement instruments. These latter changes occurred in various
years throughout the nineteenth century and were noted by Galle (1879).
He also analyzed their influence on the quantity of precipitation measured
in Wroctaw. This study makes use of the results of Galle’s analysis, which
in turn were based on corrected precipitation values deduced by him for the
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years 1851-1876. In making his corrections, Galle used only one quotient
coefficient for the entire year, but the authors proceeded differently. Based
on his research and relations obtained from previously mentioned, parallel
precipitation measurements taken on the terrace of the Mathematical Tower
and in the Botanical Garden, the authors deduced statistically substantial
relations in the form of linear regression equations. The separate equations
were used for each month to correct precipitation totals for the years 1799—
1850. The authors converted the erstwhile precipitation notation from Paris
lines to millimeters, using the formula: 1 Paris line = 2.256 mm.

This basic measurement series was completed with estimated P monthly
totals for the years 1791-1798. In this case, the authors used statistically
substantial relations of monthly precipitation frequency and types with their
monthly efficiency (multiple regression equations were deduced separately
for each month) noted for the nearest 30 years. The 217 year Wroctaw pre-
cipitation series for the years 1791-2007 which they obtained was divided
into 4 sub-series: 1791-1842, 1843—-1894, 1895-1945, 1946-2007 and veri-
fied by the Bartlett test (Twardosz 1996), which did not produce any dif-
ferences that would have disqualified a homogeneity series deduced by this
method. The worst results were obtained for July and May, but the value of
X? calculated did not exceed the threshold of significant value to the level
of p=0.05.

Comparison with long-term precipitation courses noticed for other cen-
tral European stations (Warsaw, Cracow, Prague, Berlin) showed slight de-
viations for certain years, most probably connected with local determinants.
Their closer analysis requires a longer, separate study. In this article the
authors have limited themselves to charts, as in the case of temperature,
showing only the pattern of monthly, seasonal, half-year and annual precipi-
tation totals in Wroctaw in the years 1791-2007 and to a short discussion
of these patterns.

It is worth bearing in mind the unpredictable nature of heavy storm-
produced precipitation, the influence of which, in certain summer situations
could create a considerabe distance between precipitation results (even those
deduced from the most reliable statistical methods) and their real value.
Uncertainty about results reconstructed in this manner, considering the fluc-
tuation of the deviation mark (+ or -) from real values and their mutual
compensation, which negates their influence over a longer period, should
not have a greater significance for the reality of deduced long-term precipi-
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tation trends. Being aware of this “uncertainty principle” in the pursuit of
the greatest precision in the reconstruction of long-term series of P grants
us a perspective on the re-occurring practice of replacing precipitation meas-
urement values (even with some errors) with estimated values.

It is worth noting that in the case of small measurement errors and in
many controversial situations it is better to leave the data unchanged, neither
erasing nor disturbing their whole information value, which is very signifi-
cant for climatic research. Apart from quantitative information, the qualita-
tive information reflected by this data is also important (for example: fluc-
tuation patterns, relation with neighboring data etc.), which is also a reason
for it being preserved in its entirety, in spite of its imperfections. Thus one
avoids creating “smoothed over” and artificial meteorological data series
that are statistically correct, but discordant with the climatic reality being
reconstructed. Research into long-term climatic trends cannot impoverish
the available sources on short-term climate dynamics.

On certain aspects of the anisotropy of the temperature
and precipitation fields in central Europe

Owing to its location in the range of moderate geographical latitudes, the
climate of central Europe is subject to the teleconnectional impact of long-
lasting changes of barometric tendencies in the source Atlantic region re-
flected by NOA and AO indicators. Seasonally variable fluctuations in in-
tensity dependent on complex long-term dynamics and the spatial range
of these influences modify, among others, the temperature field in central
Europe and determine its variability in different spatial and temporal scales.
A specific feature of this variability is the phenomenon of thermal anisotropy
and its temporal and territorial differentiation.

Thermal anisotropy is the representation of various thermal features in
different directions reflected in geographical space. This study focuses sole-
ly on the analysis of air temperature anisotropy of the ground layer (i.e.
temperature taken in a meteorological cage at a standard height of 2.0 m).
In the case of Poland, anisotropy thus understood and climate continentalism
increases as one moves from over Denmark towards the east and advancing
inland. Therefore, this evinces a close correspondence (inversely proportion-
al) with the gradual decrease in the impact of thermal oceanism. Additional
modification is introduced by local physical and geographical features as
well as the nature of the active area surface. Among these factors, vegeta-
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Fig. 3. Temporal anisotropy for monthly values of air temperature (Tp) as exempli-
fied by 5- and 11-year consecutive (cons) correlations (R2 — coefficient of de-
termination) between Wroctaw-Swojec (W-w Swj) or Wroctaw-Strachowice
(W-w Str) and other meteorological stations in January (J). Similar phenom-
enon for monthly totals of precipitation (P) using the example of 20- and
30-year consecutive correlations between Wroctaw-Swojec and Wroctaw-
Strachowice in March (Mar.) and October (Oct.). Explanation: 7p data for
the years 1965-1999, P for the period January 1961- March 2008
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tion cover and areas that are urbanized or have otherwise undergone strong
anthropopressure, play a significant and dynamic role. Vegetation cover, dif-
ferently influencing the effectiveness of area evaporation in each stage of its
development (phenophase or agriphenophase), also functions as a thermal
buffer. It restricts solar radiation energy inflow into soil and likewise limits
explicit heat stream outflow from the ground into the air. Consequently, it
affects the redistribution of heat accumulated in soil and is characterized by
considerable seasonal and long-term variability. It exerts a disruptive effect
on thermal records of the meteorological station as a result of its territorial
expansion as well as the growth of perennial plants near the station. This
may also lead to an increase in the roughness of the atmospheric substratum.
Furthermore, urbanized (or industrialized) areas influence local thermal con-
ditions through the UHI effect, through a rise in radiation extinction as well
as alterations in the wind field and the precipitation field (caused, among
other things, by accumulated effects and precipitation shadows).

According to Flohn (1981, 1993), horizontal climate variations are both
less substantial and significant than temporal ones in medium size areas
(such as Poland or its regions). This phenomenon is clearly visible when one
looks at modifications of the temperature field. Similar phenomena appear
to an even greater degree in variations of the precipitation field (Fig. 3). Its
effects are reflected both in seasonal changes of thermal (or precipitation)
anisotropy as well as in different aspects of its long-term variability. The
primary role of the macrocirculation factor in modifying thermal (or pre-
cipitation) features of regions exceptionally “sensitive” to climate variability
(i.e., regions of so-called transitory climate) is particularly evident during
periods of circulation changes. Records of long-term correlation changes
between different stations attest to this fact, and we make use of this in our
homogeneity analysis presented below.

The spatial correlation of climate changes, or “teleconnection”, provides
evidence of a certain spatial order in the variability of different climate ele-
ments, including air temperature and precipitation, among others. The analy-
sis carried out in this work on the teleconnectional relations of each of these
elements (in a selected part of central Europe) has been rendered by use of
the R* determination coefficient in its values for different (5- to 35-year)
dynamic correlations. Long-term records (19462007 or at least a 35 year
period within this span) of correlation changes of monthly mean air tem-
perature (or monthly precipitation totals) between stations in Wroctaw and
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its environs were compiled separately for each month. Relations between
Gadow, Strachowice, Swojec, Biskupin or Poznan, Opole, Zielona Géra and
these background stations have been examined in a manner similar to those
between stations in Wroctaw (the graphs in Fig. 3, for greater clarity include
only 2 such stations: Strachowice and Swojec and 6 stations of the climatic
background: Legnica, Leszno, Kalisz, Wielun, Opole, Raciborz).

Contesting the myth concerning the reliability
of certain homogeneity methods

The application of the R? coefficient (Fig. 3) reveals not only the statistical
significance of these correlations, but also the character of their temporal
and spatial variability. It also enables the identification of periods of relative
stability and greater fluctuation (which are different for various months) as
well as the characteristic, “funnel-shaped” refraction forms of their values.
The latter phenomenon can be associated both with a continuity disruption
in the measurement methodology (nonhomogeneity) in one of the compared
stations, as well as with the occurrence, as time elapses, of different statisti-
cal aspects of climate changes (e.g., climate discontinuity, periodicity or cli-
mate rhythm) or macrocirculation changes. The occurrence of temporal con-
sistency of these forms in different examined (base) stations in juxtaposition
to the same compared background (referential) stations excludes the disrup-
tion of measurement homogeneity as a cause of their topographical features.
Therefore, the significant role of climate variability in the formation of R?
discontinuities in 7p (or P) teleconnections in different spatial mesoscales
can be inferred. This, in turn, influences (in some years quite considerably)
the accuracy of the reconstructed data. Simultaneously, it undermines the
primary assumption of those homogeneity tests that involve weighed mean
values, being linear correlation coefficients between temperatures (or P) in
the base stations and their adjacent stations (or exponential function of their
distance), as a measure of a constant long-term influence of the reference
station on the examined station (and vice versa).

Alexanderson’s test (Alexandersson 1986; Brazdil and Stepanek 1998;
Migtus 1998; Lorenc 2000), which applies the so-called referential series
(a temporal sequence of mean values weighted from values of an examined
meteorological element recorded in adjacent stations) has gained popular-
ity for the restoration of data homogeneity. It is based on the assumption
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that there exist, for the purpose of homogeneity, reliable statistical relations
between the examined station and its adjacent stations. These, it argues,
can be evaluated by the use of linear regression and weighted mean value,
which results in a reference sequence (for comparisons with the sequence
of values from the examined station). It is only necessary to be certain that
in these adjacent stations, the continuity and homogeneity of the observa-
tion series are maintained in the period examined. The homogeneity crite-
rion is the most difficult to fulfill due to the fact that, for objective reasons,
there is no absolute possibility of retaining the same observation rules in
the course of long-term (e.g., decadal) measurements conducted by differ-
ent observers, using various equipment and not always in the same place
and time. Location changes were often considerable (vertical and horizontal
relocations of the measurement station), while methods of data compilation
underwent substantial alterations (e.g. an alteration in the method of calcu-
lating a mean, day value connected with changing the quantity or observa-
tion times). Detailed and thorough information (metadata) concerning these
alterations is not always available. Consequently, even the stations regarded
as homogeneous do not possess fully homogeneous observation sequences.
The concept of the referential series diminishes these objective methodo-
logical inconveniences as it focuses on the assumption that if one takes into
consideration a greater number of reference stations for the creation of the
referential series one can thus reduce measurement homogeneity disruptions
in any of these stations. The simultaneous occurrence of significant nonho-
mogeneity in the majority of stations is highly improbable (apart from rare
instances when system changes were introduced simultaneously in all of the
stations) and therefore ought not to be taken into consideration.

As indicated, however, by the results cited earlier, of the correlation
changes in the years 1946-2007 between several examined stations and their
reference stations (the same for all), the use of the referential series does not
guarantee an increase in the estimation accuracy of the missing data. This
series (as well as its relations to the value of the examined station) is subject
to previously mentioned climate changes that destabilize weight coefficients,
particularly in periods of macrocirculation changes which are not taken into
account in the calculation of weights. As is assumed in the criticized method
of restoring homogeneity, Alexandersson’s average stability of weights or
weights in the form of average stable correlation coefficients is at variance
with natural reality. The temporal variability of spatial air temperature rela-
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tions between Wroctaw (or other examined stations) and the stations of clos-
er or more outlying surroundings, measured by means of R? value, indicates
the necessity of considering separately possible periods of greater estimation
unreliability and inaccuracy in the homogeneity procedures. This is indis-
pensable and should be applied as a constant regular practice determining
the possible reliability limits of the reconstructed series (or its respective
parts), and not those stated on the basis of some theoretical, oversimplifying
assumptions. The formal and statistical methodological criteria need to be
in accordance with the over-arching concrete criteria closely related to the
complexity of natural reality and the physical processes that define it.
Ignoring these methodological precepts can result in the creation of fic-
tional segments of the examined temporal sequences that are divorced from
natural reality, which only appear to be sequences of numerical values con-
stituting a reliable reconstruction of measurement continuity of the mete-
orological element examined. They imply an exaggerated and physically
inexplicable accuracy of value estimation in the whole study period. This
implication can be achieved through high R? values acquired by means of
standard (and therefore non-shifting, long-term periods) correlation com-
parisons of longer sequences of the examined data, as well as through the
application of adequate linear regression equations. One often must confront
the “fetishization” of the applied method (eg., Mietus 1998), an odd result
of which is the homogeneity of monthly mean temperature with an accu-
racy of up to 0.01°C. Equally irrational is the “mythical” conviction that this
method is efficient in the detection of nonhomogeneity periods and in the
precise estimation of correction quantity. This method is thus unreliable in
the process of restoration of an inhomogeneous value to its methodological
consistency with former homogeneous values. The occurance of temporal
anisotrophy is important phenomenon of climate variability. The research
results about anisotrophy presented in this paper by the auhors show un-
equivocally that application of I" parameter for examing the inhomogeneity
of the temperature series leads to an ambiguous interpretation of the genesis
of I'max rather than to the detection of measurement continuity disruptions
by of Alexandersson’s test. The correlation connections presented herein,
analyzed also in different one hundred year periods for Wroctaw and out-
lying stations, are of a non-stationary nature, depending to a large extent
on macrocirculation changes. The role of these changes is generally dem-
onstrated in the regular or quasi-regular effect of temperature variations in
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the analyzed long-term series, including, among others, the detection of
approximately 8 and 12—14-year oscillations in the Czech mean monthly
Tp series (Pisoft et al. 2004). This paper also took into consideration other
aspects of this dependency.

It is probable that the spatial distribution of this nonstationarity is con-
nected with the phenomenon of its migration over time, which in turn is in
central Europe a repercussion, with ever-increasing delay (as one moves
further away from the source area of teleconnection), of the climate changes
underway in the North Atlantic and subtropical zones. In the mesoscale area
examined, this is reflected in the spread of certain features of the activiza-
tion of zonal or meridional circulation along with spatially and temporally
diverse effects of their conflicting influences. The previously mentioned
phenomena of local character connected in turn with differentiation of the
active area as well as its radiation, temperature and evaporation interac-
tions with different air masses are of secondary importance. Among them
vegetation cover and anthropopressure play an important yet secondary role
compared with the impact of circulation.

Reconstruction results and a short discussion

The reconstruction of the 7p values made by the authors, in contrast to that
of Pyka (1998a), shows a distinct increase of temperature in Wroctaw over
the twentieth century as well as over the entire analysed 217-year period. In
the years 1791-2007, the warming tendency, for topoclimatic conditions of
the former Breslau-Sternwarte Observatory, amounted to 0.85°C/100 years
(Fig. 4). The strongest secular trend appeared in the years 1829-1939 and
amounted to 1.43°C/100 years. A relatively small increase in temperature
occurred during the twentieth century, because its trend only amounted to
0.39°C/100 years. This was the result of a relatively strong decreasing ten-
dency in the years 1934-1956, which for 22 years interrupted the process
of climatic warming. A very strong increasing tendency began again after
1956. The increase in warming for the years 1956-2007 amounts to 1.65°C,
which is equal to a tendency of 3.2°C/100 years. Of decisive importance here
were changes in the winter time. In the period from January to March (JFM)
a warming tendency in the years 1791-2007 amounted to 1.24°C/100 years,
while in the periods from December to February (DJF) 1.22°C/100 years,
and November to January (NDJ) 1,23°C/100 years. These were the strongest
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trends from all analysed 3-month periods of the year. The weakest tendency
0.45°C/100 years appeared in the period of August to October (ASO), while
in the period of July to September (JAS) it amounted to 0.56°C/100 years,
and from September to November (SON) 0.6°C/100 years. The weak tenden-
cy (0.66°C/100 years) was visible also in the summer (JJA), and relatively
strong (0.99°C/100 years) in the spring (MAM). The result of these tenden-
cies was that the trend in the warm half-year (April-September) amounted to
0.64°C/100 years. The largest increase occured in January (1.50°C/100 years),
March (1.43°C/100 years) and December (1.23°C/100 years). The smallest
one occurred in August (0.42°C/100 years), September (0.43°C/100 years)
and October (0.45°C/100 years). All these trends are statistically significant
to a level of a =0.05.

The warming trend in winter (DJF, and also JFM) started in 1803; a cool-
ing tendency was apparent earlier. However, the period 1803—-1838 had
a particular significance for temperature changes in Wroctaw. The first three
decades of the twentieth century were the final culmination of the “little
ice age” in Wroctaw and a period of transition to a new era of progressive
warming (Bry$ and Bry$ 2010). Of crucial importance for this new ten-
dency was the strong secular trend of increase in winter temperature in the
years 1803-1924 (2.35°C/100 years), and especially strong in 18381921
(2.86°C increase, i.e., 3.42°C/100 years). After 1924, we see the beginning
of a dynamic period of greater oscillations of the winter 7p from year to year
(compared with 1791-1924). This period consists of two different stages:
1) 1924-1956 with a strong decreasing tendency (1.35°C of the drop, i.e.
4.16°C/100 years); and 2) 1956-2007 with a strong increasing trend (2.71°C
of the growth, i.e. 5.27°C/100 years).

The reconstructed 7p and P series for Wroctaw represent long-term mod-
ifications of natural climate oscillations and tendencies by specific urban
conditions, especially UHI and many phenomena connected with it. In addi-
tion, these modifications are to a large extent formed by local, anthropogenic
specificity (urban and industrial physiography), which overlaps with local
natural conditions (location of a city and its natural physiography, such as
relief, types and distribution of plant cover, water reservoirs and tides etc.).
This results in the strong impact of differentiated topoclimates in large urban
areas on the principle climatic features observed in meteorological stations
located in various places around the city analyzed. Relations between the
base station and measuring stations do not have a stable character but are
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Fig. 4. The course of the mean annual, selected 3-month period (JFM) and monthly
(Jan., Feb., Mar., ...Dec.) temperature values (Tp) and their linear tenden-
cies for the years 1791-2007 in Wroctaw

rather variable due to the dynamics of conditions (sometimes in a specific
range of values) from year to year (time anisotrophy). Their directional,
progressive variability in time most often reflects the dynamics of anthro-
popressure on the urban landscape. Greater instability of a macro-circulatory
provenance may appear alongside locally conditioned instability. All these
factors have an influence on the precision of the reconstructed series 7p
and P in the base station of reference (Breslau-Sternwarte), the estimated
values of which originate from the interpolation of data from other measur-
ing stations.

However, the tendencies and the structure of climatic oscillations pre-
sented here were shaped primarily by macroscale changes in circulation.
In the analyzed 217-year history of thermal changes in Wroctaw there are
two long-term climatic variations that are especially important. They ap-
pear, similar to those presented in winter period (Fig. 4), also in the long-
term course of annual 7p values. The most important change began during
the first three decades of the twentieth century and was connected with the
previously mentioned transition to a new era of progressive warming. The
second change, which has taken place over the last five decades, following
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a 22-year (1934-1956) period of cooling, is connected with a new phase
of warming and a sub-phase of significant increase of the 7p in the years
1987-2007.% In the authors’ opinion, there is an analogy to be made with
past temperature changes in Wroctaw. In 1797-1829, there was a period
of cooling. The period of warming in the years 1829-1956 had two major
phases with two sub-phases. In the first phase one can distinguish two larger
sub-phases: 1) a longer one of increased 7p (1829-1868); 2) a shorter one
of decreased 7p (1868—1888). The second phase was similar: 1) a longer
sub-phase with 7p increase (1888—1934); and 2) a shorter sub-phase with
Tp decrease (1934-1956). Profound and rapid changes appeared in the years
immediately before the culmination of warming began, as was the case in
the sub-phases of cooling.

The latest period (phase) of warming has so far been characterized by
a longer sub-phase of temperature increase. However, it seems that this sub-
phase culminated between July 2006 — June 2007 and we should now prob-
ably expect, as was the case previously, a sub-phase of decrease in the aver-
age annual temperature. The earlier changes had a characteristic form — their
proximal stage was longer than the distal stage. The first stage was a period
of about 40-50 years and the distal stage (the years of post-culmination de-
crease) appeared as a relatively steep and short period (about 22-23 years,
sometimes about 30-35 years). Is the present a new transition period and
a turning point in climatic change? Possibly, but it may also for some time
be a continuation of the increase sub-phase. On the basis of analyses of other
long-term 7p series (Berlin, de Bilt, Cracow, Warsaw, Prague, Vienna), the
authors would argue that the turning point has already occurred or will oc-
cur during the next few years.

The increasing tendencies are also evident in the reconstructed totals
of P (Fig. 5). For annual precipitation totals the linear trend amounted to
68.9 mm/100 years, i.e., relatively 12.8% of the growth. For hydrologi-
cal year (Nov. — Oct.) the trend was a little stronger, because it amount-
ed to 69.5 mm/100 years (12.9% of the growth). In the warmer half-year
(Apr.-Sept.), this tendency amounted to 39.8 mm/100 years (11.5%),
but for April-June only 13.2 mm/100 years (8.3%) and for July-Sept.
29.4 mm/100 years (12.3%). In the remaining 3-month periods, nearing

¢ The highest average annual 7p (10.9 °C) in Wroctaw appeared in 2000. The value is over
5°C higher than the smallest average annual 7p (5.5 °C) for 1829 (see:Table 1).



RECONSTRUCTION OF THE 217-YEAR (1791-2007) WROCKAW... 145

calendar seasons, it amounted to 11.4 mm/100 years (13.3%) for Jan.-Mar.
and 17.7 mm/100 years (16.8%) for Oct.-Dec. For comparison, in the clima-
tological seasons it amounted to 13.3 mm/100 years (15.2%) in the winter
(DJF), 13.4 mm/100 years (10.8%) in the spring (MAM), 27.8 mm/100 years
(13.3%) in the summer (JJA) and 14.9 mm/100 years (12.6%) in the autumn
(SON). From the midst of remaining 3-month periods of the year, the weak
trend was visible also for Feb.-April (10.0 mm/100 years and 10.7%), and
relatively strong for Nov.-Jan. (15.3 mm/100 years and 15.8%). For May-
July the values amounted to 25.4 mm/100 years and 12.8%, while for Aug.-
Oct. only 18.46 mm/100 years and 12.5%.

The largest monthly increases appeared in July (14.4 mm/100 years
and 19.0%) and August (10.1 mm/100 years and 15.3%). The relatively
strong ones are also in November (6.5 mm/100 years and 18.5%), October
(6.3 mm/100 years and 17.0%) and February (4.4 mm/100 years and 17.0%).
The lowest increase appeared in September (2.1 mm/100 years and 4.6%),
April (2.2 mm/100 years and 6.0%) and June (3.3 mm/100 years and 4.9%).
Except for September, all these trends are statistically significant to a level
of a =0.05.

The largest annual totals amounted to more than (or about) 800 mm and
appeared in a phase of pluvial maximum between 1880 and 1945 (881 mm
in 1941, 822 mm in 1915 and 799 mm in 1927). In addition, a shorter period
of high values, sometimes above 700 mm, appeared between 1970 and 1986.
The smallest annual totals were under 300 mm and appeared in a phase of
pluvial minimum between 1804 and 1852 (247 mm in 1811, 261 mm in
1834 and 289 mm in 1842). The first three decades of the phase saw the
transition period mentioned above, leading to the most important climatic
reversal in the twentieth century, whose thermal and precipitation increase
effects continue to the present.

A period of stagnation or slight decrease in the monthly and seasonal to-
tals of P during the warm half-year has been observed over the past two dec-
ades. An opposite tendency appears in the period January-March, as a strong
increase trend has been noted for March beginning in the 1990’s.

The reconstructed values of 7p and P presented in detail in Table 1 and
Table 2 also show their long-term quasi-cycle oscillations. These are re-
lated not only to circulation changes but also to solar variability effect. The
authors discussed these issues at length in another article (Bry$ and Bry$
2007).
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Fig. 5. The course of the annual and selected 3-month periods: January-March
(JEM), July-September (JAS), October — December (OND), and also month-
ly (Jan., Feb., Mar., ...Dec.) precipitation totals (P) for the years 1791-2007
in Wroctaw and their polynomial of the 6" degree or linear trends. The val-
ues also are smoothed over by 9- or 21-year moving (cons) means
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Summary - More on the Influence of UHI

The biggest difficulty for the reconstruction of an homogenous 217-year
Wroctaw series, taking into consideration changes of location and missing
data for 1945, was to reach a credible reconstruction of the 7p and P values
for the years 1931-2007. The reconstructed values after 1930 mainly on the
basis of other Wroctaw stations, were referenced to and incorporated into
the earlier Breslau-Sternwarte series as their most probable continuation.
However, these series represent the specific and variable environment in
the center of the city. Consequently, the influence of UHI on the values of
basic meteorological elements in Wroctaw must be taken into consideration
and requires a more detailed discussion.

UHI most likely began to exert a greater impact in the 1980s, at which
time Wroctaw began to undergo dynamic industrial and urban development.
Earlier, temperature differences between the city and its peripheries were
not very great. Galle (1879) noted similarities in temperature data from the
western border of Wroctaw and data coming from the Breslau-Sternwarte
station. He had access to results from 5-year simultaneous measurements
in Goldschmieden (now Ztotniki in the western district of Wroctaw) in the
years 1868—1873. Comparing the results of monthly average 7p, calculated
on the basis of extreme temperatures, he was able to deduce their conver-
gence due to the fact that the difference did not exceed 0.2°C (in spite of
the stations being 10 km apart).

In the early 1920s, Wroctaw reached a maximum population density,
particularly in the Old City, in the area adjacent to the Breslau-Sternwarte
Observatory. After 1925, a long-term process of population and industrial
deconcentration began as people moved from the central part of the growing
city towards its suburbs. The influence of UHI on the meteorological values
from Sternwarte probably stabilized at the beginning of this process. In this
situation, a credible estimation of the 7p and P values before 1925 for exist-
ing meteorological stations (Strachowice, Swojec) located at the peripheries
of Wroctaw is very complicated and is still open to discussion. However,
such a reconstruction would be invaluable in order to separate the influence
of UHI on tendencies of values measured in the city.
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