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8 K. KoZuchowski, J. DegirmendZi¢, K. Fortuniak, J. Wibig

The analysis of the courses for atmospheric pressure has involved comparison
of series of mean daily values for Warsaw in the years 1821-1880 (as published
by Kowalczyk 1882) and 1966-1990. Precipitation has been analysed on the
basis of monthly totals for Warsaw in the years 1813-1991, while temperature
has been studied using monthly means for Poland’s capital in the years 1779—
1998 (including within the series published by Lorenc 1994, and taking in the
years from 1901). In addition, use has been made of the mean daily temperature
figures for £.6dZ in the years 1931-1998, along with monthly means for several
other meteorological stations in Poland. The designation of the thermic seasons
of the year made use either of 5-day means or — in the case of series of monthly
means — the times at which threshold values for temperature determined by
superimposing harmonic components of periods T, ... T;, were exceeded (where
T, is a period equal to the length of the series and T,, the annual component).

ATMOSPHERIC PRESSURE

There are various descriptions of the mean annual courses for atmospheric
pressure in different periods of the 19th and 20th centuries (e.g. Merecki 1914
for the period 1851-1880; Kosiba 1954 for 1881-1920; Paszynski and Niedz-
wiedZ 1991 for 1931-1960 and Wo$ 1999 for 1951-1985). These all reveal major
changes, especially in regard to the phases of the cyclical components, which
a course comprises. An example of the instability to seasonal variations in press-
ure might be its “highest state” occurring in the 19th century in January (Merecki
1914) and its minimum in December and January of the years 1931-1960, which
is visible in the diagram presented by Paszyriski and NiedZwiedZ (1991).
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Figure 1. Frequency of occurrence of maxima and minima in the annual cycle
for atmospheric pressure in Warsaw 1831-1880, 1966-1990.
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Figure ). Spectrum to daily values for atmospheric pressure in Warsaw in the periods
1831-1855, 18561880 and 1966—-1990.

Comparative analysis of mean daily values for pressure in Warsaw in the 19th
and 20thcenturies (1930-1880 and 1966-1990) reveals that the most striking
feature tc the annual courses for this element of the climate is the concentration
of both tie highest and lowest means in the cool half of the year. In different
years, tht daily maxima appear in the period October—April and the minima
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(Kozuchowski and Marciniak 1994; Lorenc 1994; Cebulak et al. 1996; Trepinska
1997; Boryczka 1998 and others). On the basis of data from 1931 onwards,
Olszewski and Zmudzka (1997) pointed to the extension of the growing season,
mainly as a result of the bringing-forward of the times at which the 5°C threshold
is exceeded.

Various researchers link the cause of these trends with changes in atmos-
pheric circulation, with the overlap of thermic cycles of astrophysical genesis or
with the development of urban heat islands, etc. A characteristic feature of these
interpretations is the negation of the role of global warming (Lorenc 1994;
Boryczka 1998).

Nevertheless, the upward trend for air temperature noticeable in almost all
series remains an empirical fact, while the clear difference between summer and
winter trends is as noteworthy as the warming itself.

It emerges that the seasonal differentiation to thermal trends in different
pentads is more complex than the trends for mean monthly temperatures. The
assessment of the trends to changes in mean 5-day air temperatures in £6dZ since
1931 (Fig. 3) points to an increase in air temperature in almost all five-day
periods from the middle of December through to mid March. The greatest,
statistically-significant increase has however been that noted for the period
January 11th-15th. Also attaining significance is the warming at the beginning
of March, indicative of the development of a pre-spring period (cf. Fortuniak et
al. 1998). In addition, air temperature increases occur in August and October, and
hence in the “late summer” season. Coolings occur in June and July, confirming
the observed development of a disturbance to the annual course for air tempera-
ture known as the “summer monsoon” (Fortuniak et al. 1998). Downward trends
in September and in late November and early December correspond respectively
to an enhanced cooling in early autumn and to the early appearance of the first
manifestations of winter that have especially been characteristic of recent years.
The observed trends reveal ongoing warming in winter and spring, as well as
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Figure 3. Trends for 5-day means of air temperature in L.odz, 1931-1998.
Mann-Kendall ordinate values.



Period

Pre-winter
Winter
Pre-spring
Spring
Summer
Autumn

Zakopane
1931-1998

+0.02 (0.64)
-0.37 (0.06)
+0.04 (0.34)
+0.11 (0.00)
-0.11 (0.22)
+0.10 (0.00)

Table 1. Linear trends for the duration of air thermal seasons of the year (days/year).
Bolded coefficients are those significant at p < 0.05.

Gorzow
1931-1998

+0.03 (0.46)
-0.42 (0.03)
+0.04 (0.37)
+0.10 (0.00)
—0.08 (0.33)
+0.10 (0.00)

Suwatki
1931-1998

+0.07 (0.00)
-0.21 (0.05)
+0.07 (0.00)
+0.16 (0.00)
-0.25 (0.01)
+0.15 (0.00)

Wroclaw
1931-1998

+0.08 (0.12)
-0.38 (0.05)
+0.08 (0.09)
+0.12 (0.00)
-0.14 (0.08)
+0.11 (0.00)

Szczecin
1931-1998

+0.04 (0.43)
-0.47 (0.02)
+0.05 (0.38)
+0.12 (0.00)
-0.07 (0.38)
+0.12 (0.00)

Lodz
1931-1998

+0.11 (0.00)
-0.41 (0.00)
+0.10 (0.00)
+0.12 (0.00)
-0.08 (0.28)
+0.11 (0.00)

Kielce
1931-1998

+0.09 (0.00)
—0.21 (0.06)
+0.08 (0.00)
+0.14 (0.00)
-0.24 (0.00)
+0.13 (0.00)

Warszawa
1931-1998

+0.13 (0.00)
-0.48 (0.00)
+0.16 (0.00)
+0.10 (0.00)
—0.03 (0.65)
+0.10 (0.00)
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Figure 4. Changes to the length of winter in Warsaw, 1779-1989.
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Figure 5. Differences in mean air temperatures of summer and winter and autumn and
spring in Warsaw, 1779-1998. Bolded lines show 11-year moving averages.

of periods in a year with air temperatures from —10 to -5, -9 to —4, —8 to -3, etc.
It emerged that the length of the seasons with the lowest air temperatures did not
change markedly across the analysed period, while there was a significant shor-
tening of the seasons marked by a air temperature range of between —5 and 0°C.
There was also a downward trend for air temperatures in excess of 19°C. This
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Figure 6. Trends to changes in the length of periods with air temperature (T, T+5) in
Warsaw, 1901-1998. The broken lines denote standard error to the coefficient for the trend.

corresponds with the noted regression for the durations of winter and summer. It
is obvious that the compensating upward trends were concentrated in neighbour-
ing intervals with temperatures whose frequency of occurrence declined, i.e. in
the interval between 0 and 5°C, and 14 and 19°C. The period of the year through
which air temperatures within these intervals were maintained increased.

In studying the trends to the duration of the warmer season from a defined
thermal threshold, it was noted that the period most prolonged was that with air
temperatures above —9°C, while there was also an upward trend for the periods
with air temperatures above -8, ... , —6°C. Also prolonged was the period with air
temperatures over 0, ... +2°C. The length of the growing season (T > 5°C) has
increased at the rate of some 1 day every 10 years, i.e. by almost 10 days since
the beginning of the century. According to Olszewski and Zmudzka (1997), this
rate increased to 2.1 extra days per 10 years in the period after 1991. In contrast,
there has been a decline in the length of the warm season with air temperatures
in excess of 17 and 18°C (Fig. 7).

It can be considered as not by chance that the maxima and minima for the
coefficient of the trend are associated with defined temperature thresholds — the
attention is in particular drawn to the change in the signs of the coefficient for
the trend to the duration of periods with temperatures > i < 0°C.

The annual course for air temperature comprises a spring phase of increase
and a decline phase in the second half of the year. It is thus possible to speak of
trends to the annual course, as well as of summer and winter culminations
(turning-points) corresponding to the change in the sign for these trends. The
times so defined may serve in the division of the year into two parts of “rising”
and “falling” air temperatures prior to and following the summer turning point.
The quotient of the duration times of these parts may be regarded as an indicator
of the asymmetry to the annual course of air temperature (Ewert 1979). The time
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Figure 7. Trends to changes in the length of the season with a air temperature higher than
a given thermic threshold in Warsaw, 1901-1998. Broken line + standard error for

coefficient.
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Figure 8. Ratio of length of period with falling air temperature to length of period with
rising temperature through the year, Lodz, 1931-1998.

Table 2. Mean lengths of seasons of the year in Warsaw in selected decades (days).

Period Winter Pre-spring ! Spring Summer Autumn Pre-winter
period period
1910-1919 75.4 34.0 60.2 101.1 59.7 352
1930-1939 79.9 31.7 55.1 109.9 53.7 30.2
1989-1998 61.5 374 59.0 111.1 58.1 36.2

of the change in the direction of the trend has been designated using a sequential
version of the Mann-Kendall test (Gerstengarbe and Werner 1999).

The rising phase to the annual course is rather longer than the decline phase.
The years 1931-1998 were characterised, not only by considerable fluctuations
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Figure 9. Departures from the means for the years 1931-1998 noted for 5-day means of air
temperature in £.6dZ in the years 1931-1938, 1960-1969 and 1989-1998.

to changes in these two parts of the year, but also by a certain lengthening of the
season of air temperature decline (Fig. 8). This trend has mainly been shaped by
the earlier times of onset of the summer “turning points” for air temperature.

In the 1990s, Poland experienced a noticeable warming, and one with a cer-
tain uniqueness in that — against the background of earlier trends — there were
a series of relatively warm summer seasons.
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Table 3. Equations for the multiple regression of air temperature (Tes) in Warsaw (1901-1970)
against the NAO index and frequency of anticyclonal (AC) types after Osuchowskiej-Klein.
Bolded values of P denote a dependent relationship significant at p < 0.05.
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Multiple regression equation P RT.NAO, | RTNAO, RTAO, NAO
AC AC
Test = 1.008 x NAO - 0.209 x AC - 1.289 0.0000 0.685 0.598 -0.510
Test = 0.845 x NAO - 0.147 x AC - 1.107 0.0000 0.650 0.544 -0.312
Test = 0.852 x NAO - 0.019 x AC + 1.959 | 0.0000 0.605 0.604 -0.067
Test = 0.244 x NAO + 0.031 x AC + 7.521 0.1400 0.239 0.212 0.085
Test = 0.016 X NAO + 0.077 x AC + 12.824 0.1104 0.252 0.013 0.250
Test = - 0.071 X NAO + 0.083 x AC + 16.149 | 0.0276 0.319 -0.067 0.318
Test = 0.012 X NAO + 0.075 x AC + 17.879 0.0000 0.393 0.012 0.363
Test == 0.219 X NAO + 0.086 x AC + 16.870 | 0.0002 0.473 -0.266 0.447
Test = 0.370 x NAO + 0.018 x AC + 13.577 0.0045 0.386 0.378 0.077
Test = 0.411 X NAO - 0.057 x AC + 9.185 0.0005 0.452 0.377 -0.272
Test = 0.409 x NAO - 0.123 x AC + 4.271 0.0001 0.497 0.328 -0.425
Test = 0.349 x NAO - 0.184 x AC + 0.861 0.0000 0.587 0.280 -0.532
1 mean +/- standard deviat
mean +/- standard error
01 | mean
.
i it
£ Ta I : s
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Figure 10. Differences between mean monthly air temperature observed in Warsaw in the
years 1971-1990 and means calculated from regression equations for Teg;.

The multiple regression equations T(NAO, AC) are presented in Table 3, as
are the multiple and partial correlation coefficients. In line with expectations, the
strongest influence of circulation is that upon temperatures in the winter months,
with high values for the coefficient of NAO zonal circulation exerting an impact
by raising the temperature in the cool season of the year and (more weakly) by
lowering temperature in summer (July and August). In turn, the frequency of
anticyclones is correlated with summer air temperature and inversely correlated

with that in winter.
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Figure 11. Air temperature (Tes) in Warsaw, monthly means for 1901-1970
and 1971-1991.

Use was made of the equation and series of indicators of circulation from the
years 1971-1991 to estimate the mean monthly air temperatures in the period.
Estimate values were compared with the empirical ones, as in Figure 10. It
emerged that observed air temperatures for the years 1971-1991 were higher than
those estimated on the basis of regression equations in the case of the December—
March period, and lower than or equal to the estimated ones in the rest of the year.

It is obviously possible to ignore the seasonal differences to the obtained
departures, considering them to be statistically non-significant. Nevertheless, it is
worth pointing to the notable degree of accord between the course of departures
Temp-Tes and changes in the mean monthly air temperature in the period 1971-1991
(Fig. 11), as well as — more generally — to stress the concordance between this
course and the seasonal differentiation to observed thermal trends, i.e. the in-
crease in temperature in winter and the tendency for summer to be cooler.
Conclusions explaining this effect should be looked for in studies of the links
between air temperature and other factors that shape its course, notably other
indicators of circulation. It may be that the emergence of the departures (Temp-
Tes) under discussion was favoured by activation of the so-called secondary types
of circulation shaping the southerly direction of the air flow in Poland (D2C, G, F
and BE). The frequency of the latter has increased greatly — even doubled — in
the last 20 years (Lorenc 1994). The above analysis may only allow it be stated
that the warming observed after 1971, as well as the downward trend for air
temperature in summer, cannot be explained by reference to changes in the
intensity of zonal circulation or the frequency of occurrence of anticyclones.
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PRECIPITATION

Precipitation in Central Poland is representative of the continental-maritime
type of annual course, with a maximum in July and a prevalence of autumn over
spring precipitation (Chomicz 1971). The “maritime” features of the precipitation
regime were noted as early as in 1914, by Merecki, who pointed to a secondary
precipitation maximum affecting Warsaw in December. The degree of pluvial
continentality in Poland showed an upward trend in the 20th century, but this was
already slowing down by the 1970s, with some indicators of precipitation begin-
ning to reflect a renewed oceanicity to the regime (Kozuchowski and Wibig
1988). These fluctuations developed against the background of a steady develop-
ment of the “maritime” component to the seasonal distribution of precipitation,
i.e. the half-year cycle responsible for the relatively high level of winter precipi-
tation. The development of the half-year harmonic of the precipitation cycle is
confirmed by the results of analysis of monthly series for precipitation totals in
Warsaw post 1813.

Ewert (1984) presented differences in the second harmonic to the course of
precipitation in Poland on the basis of data from the period 1891-1930. In the
case of the Central Poland area, this component explains c. 15% of the variance
to the annual course of precipitation and, according to this author, is a reflection
of annual changes in the influence of zonal circulation in Poland.

The spectrum of monthly variation to precipitation totals in Warsaw (1813—
1991) is dominated by two periodicities: a marked peak of annual variations and
a rather more weakly-marked maximum of spectrum strength corresponding to
the half-yearly cycle. The search for long-term trends to the changes in both
components made use of the following procedure: matched to data from the five
first years of the studied series were Fourier parameters of a sinusoid with 6- and
12-month periodicities. Next, with the five-year period having been advanced by
one month, the next amplitudes and phases were counted — up to the last section
of the time series. The results are presented in Figure 12. It is possible to observe
a downward trend for the amplitude of the 12-month cycle and an upward trend
for that of the half-yearly cycle. The values for the trends are as presented in
Table 4. On the basis of Mann-Kendall and Spearman tests it is possible to state
that the two trends are significant at a confidence level of 99.9%. The phase of
the annual cycle does not undergo change, while the phase of the 6-month cycle
changes in such a way that maxima occur ever earlier. Although this trend attains

Table 4. Amplitudes (A) and linear-trend coefficients for changes in amplitude (B) in relation to
two cyclical components to precipitation in Warsaw (1813-1991).

Component 12-month cycle 6-month cycle

—_— - - - — S—

A 22.8940.25 [mm] : 8.5240.19 [mm]
B B(-1.8+0.2) 107 [mm/month] | (1.5+0.2) 1073 [mm/month]
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Figure 12. Amplitude (A) and phase (time of maximum) for harmonics I (upper figure) and
IT (lower figure) to the annual course of precipitation in Warsaw (1813-1991).
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Figure 1. Long-term variability to the frequency of Arctic air-mass advection (1951-1999).
1 — annual number of days, 2 — moving averages (5-year), 3 — linear trend.

40

Hill

r;;.l,l
'an’“

I

i ,:l‘
L
1963 1969 1975 1981 1987 1993

Years

[ L —2 --=3

Figure 2. Long-term variability to the frequency of tropical air-mass advection (1951-1999).

1 — annual number ohﬁ@ I ﬁdfhg)ﬁga@J (5-year), 3 — linear trend.
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Maxima for the advection of Arctic air are to be noted through the course of
the year, being responsible for the so-called “return of winter” and severe ground
frosts as late as April and May, as well as for cold periods in September and
October. Overall, Arctic air was observed least often in the years 1951 (9 days),
1963 (10), 1974 (11) and 1990 (15).

Tropical air has in turn shown a marked downward trend for frequency of
occurrence — from 18 days a year in the period 1951-1955 to 5 days in the years
1995-1999 (Fig. 2), as compared with the mean figure for the whole period of
11 days per year. It is easy to identify a period of enhanced advection in the years
1951-1969, with a maximum in the period 1962—-1966 (with as many as 37 days
in 1964). Later, in the period 1970-1994, such tropical air occurred more rarely, to
the point where it was not even noted at all in 1980 and 1985. Renewed influxes
have however been noted most recently, with 14 days of tropical air in 1995 and 21
in 1996. Interestingly, the years 1970-1994 are characterised not only by the limited
frequency of advection of tropical air, but also by the rarity of advections of Arctic
air, while the period from 1995 onwards has seen a renewed rise in the frequency of
incursion of both of these thermally-extreme kinds of air mass.

THE FREQUENCY OF OCCURRENCE OF ATMOSPHERIC FRONTS

As many extreme climatic phenomena (like storms, very strong winds, etc.)
are generated by fronts, their frequency of arrival over Poland is also worth
researching (Fig. 3). On average, such fronts are present for around 150 days
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Figure 3. Long-term variability to the frequency'of fronts-passing over Poland (1951-1999).
1 — annual number of days, 2 — moving averages (5-year), 3 — linear trend.
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a year, with the recent trend for their occurrence being downward, albeit with
statistical significance not achieved. The last 50 years have included three ident-
ifiable periods with a greater number of fronts, i.e. 1951-1952, 1960-1970 (with
the peak of 210 days in 1963) and 1979-1988. The most limited occurrence of
fronts came in 1959, when they were present over the country for only 97 days.

EXTREME VALUES FOR ATMOSPHERIC PRESSURE

The indicators of atmospheric circulation are often associated with extremes
of pressure, as is seen for Warsaw in the years 1966-1999 (Fig. 4). There has
been a marked upward trend for absolute pressure maxima, from 1041 to 1046
hPa, while the highest values of all — adjusted to sea level — were of 1050 hPa in
1992 and 1997. However, it was only in 1978 that the highest pressure noted in
the year did not exceed 1036 hPa.

Figure 4. Long-term variability to the absolute maximum of sea-level air pressure in
Warsaw (1966-1999).

1 — annual absolute maximum, 2 — moving averages (5-year), 3 — linear trend.

Absolute minima for pressure (Fig. 5) have been characterised by greater
fluctuation than the maxima, but with no clear trend to be noted. The pressure
fell below 975 hPa as many as four times in the study period, with the lowest
figure being the 971 hPa noted in 1989. Falls in pressure below 990 hPa are an
almost annual event.
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Figure 5. Long-term variability to the absolute minimum of sea-level air pressure in
Warsaw (1966-1999).

1 - annual absolute minimum, 2 — moving averages (5-year), 3 — linear trend.
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From among the different pressure characteristics, the greatest attention has
been paid to the brief but large variations in pressure over 3-hour periods (Falarz
1997) that are noted at meteorological stations as barometric tendencies. In
Warsaw, the extreme values for such variations may exceed 10 hPa in 3 hours
roughly twice every 50 years (Fig. 6). In turn, three-hour rises or falls in excess
of 5.0 hPa are an almost annual event. Analysis of the trends suggests that the
last 50 years have witnessed a small increase in the range of variation to such
barometric tendencies.

THE VARIABILITY TO THE OCCURRENCE
OF VERY STRONG WINDS

Winds stronger than 15 ms™ over 10 minutes do not occur very often in
Poland away from the coast and the mountains. In Warsaw, there are on average
only 2.5 days a year with such winds (Fig. 7). However, the number does fluctu-
ate markedly from year to year, between the 0 noted in 1977 and 1989 and the
7 days with such winds in 1992. Nevertheless, the fluctuations have been rather
irregular and do not conform to any particular trend.

Number of days

= =t =4 e b e SURE N W .

1984
Years

1966 1972 1978

1 2 --=3

Figure 7. Long-term variability to the occurrence of gales (>15 m/s) in Warsaw
(1966-1998).

1 — annual number of days, 2 — moving averages (5-year), 3 - linear trend.
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EXTREME VALUES FOR AIR TEMPERATURE

Three weather stations were chosen to present the fluctuation and variability
to long-term absolute extremes of air temperature. These are Suwaflki, as repre-
sentative of the coolest part of Poland; Stubice — the warmest, and Warsaw,
representing the centre of the country. The highest maximum air temperature
noted to date in Poland is taken to be the 40.2°C recorded in Prészkéw near Opole
on July 29th 1921 (Paszyrski and NiedZwiedZ 1999). D. Kuziemska (1983) in
turn quotes a value of 38.9°C noted on August 19th 1892 in Legnica and Zielona
Gora. The highest post-War temperature is the 39.5°C which occurred in Stubice
on July 30th 1994.

On average, the air temperature over the Silesian Plain and in Wielkopolska
is expected to exceed 35°C (e.g. Wroclaw 35.8°C) once a decade. Equally, there
is only likely to be a yearly maximum air temperature of less than 30°C there
once a decade. The highest. maxima for air temperature on the coast are 3—4°C
lower than inland. In contrast, the lowering to be noted for this indicator as one
moves east is not very great, while the considerable decline in maxima south towards
the mountains is mainly a reflection of increasing altitude. On 1602 m Mount Sniezka
for example, the extreme air temperature recorded peaked at 23.6°C, as compared with
the 23.0°C noted for 1985 m Kasprowy Wierch in the Tatra Mountains.

All of the stations studied present similar variability for the absolute maxi-
mum of temperature (Fig. 8). There is a downward trend of 3—4°C across the
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Figure 8. Long-term variability to the absolute maximum of air temperature at selected
stations — moving 5-year averages (1951-1999).
Moving averages: 1 — Suwatki, 2 — Stubice, 3 — Warszawa.
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Figure 10. Long-term variability to the absolute amplitude of air temperature at selected

stations — moving 5-year averages (1951-1999).
Moving averages: | — Suwatki, 2 — Stubice, 3 — Warszawa.
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Figure 11. Long-term variability to the number of days with atmospheric precipitation
> 20 mm - averages from 14 stations (1951-1998).
1 - annual number of days, 2 — moving averages (5-year), 3 — linear trend.

of the present study made use of two such characteristics for precipitation ex-
tremes that were averaged for data from 14 stations distributed evenly across the
country (Fig. 11). The number of days with mean precipitation of over 20.0 mm
has shown marked fluctuations over the last 50 years, but no clear trend. There
is thus no basis for stating that the frequency of extreme precipitation events has
been increasing.

Days with heavy precipitation were few in the years 1951-1956, while the
period 1957-1981 inclusive was marked by a greater number of days with heavy
precipitation as defined above — reaching 6 in 1996. The years 1982-1994 were
basically dry years, while the time from 1995 onwards has seen a renewed
increase in the average number of days with heavy falls — to almost 6 in 1997.
A similar rhythm to changes in daily maximum precipitation has been observed
in the Carpathians (Cebulak 1997).

In turn, where the number of days without rain is concerned, the long-term
variability averaged for Poland shows a clear downward trend (Fig. 12) — from
208 days without precipitation in the years 19511955, to less than 190 days in
the years 1995-1999. The lowest number of days without precipitation of all was
the 162 noted in 1970, while the greatest number was 238 precipitation-free days
in 1982, 1959, 1951 and 1953. Overall, however, there were irregular fluctuations
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The data are on the DDC server' on the Internet, and there is also a possibility
of receiving the set of data files on a CD. Available at this time are the results
for simulations from eight models (Tab. 1) for three experiments: control (CI),
the “Greenhouse Gas” scenario (GG) including all greenhouse gases and the
“Greenhouse Gas plus Sulphate” scenario (GS), additionally taking into account
the negative interactions with sulphate aerosols. The lengths of experiments are
different (Fig. 1). Figure 1 also indicates the scenarios for which ensemble’
experiments have been carried out and the results of these runs made available

Table 1. Models in the IPCC DDC.

Model Institute Country
CSIRO Australia’s Commonwealth Scientific and Industrial Re- Australia
search Organisation
ECHAM4 | The German Climate Research Centre Germany

HadCM2 | The UK Hadley Centre for Climate Prediction and Research | United Kingdom
HadCM3 | The UK Hadley Centre for Climate Prediction and Research | United Kingdom

CCCM Canadian Center for Climate Modelling and Analysis Canada
GFDL Geophysical Fluid Dynamics Laboratory USA
NCAR National Centre for Atmospheric Research USA
JCCSR Center for Climate Research Studies Japan

on the DDC server.

The models differ in their parameterizations of physical processes, numerical
techniques applied in solving equations, horizontal and vertical resolution, oro-
graphy and land-sea masks. Figure 2 shows the orography of the region of inter-
est to us according to each model and, for comparison, the orography prepared
by the NOAA? (ETOPO5*). The topography in the CCCM, CSIRO, and GFDL
models is highly smoothed, the mean height above sea level lower than in reality.
In the other models the topography is much more differentiated. The British
models HadCM2 and HadCM3 have the most realistic topography. An interes-
ting feature is the shoreline assumed in the models (Fig. 3). The shoreline of the
Baltic and Mediterranean Seas can serve as good examples of the differences
between models.

The aim of this paper was to analyse the results available from the DDC for
two regions: the Central European area (5—40°E, 40-60°N) and Poland. The
comparisons have been made for air surface temperature, precipitation and wind

: http: //ipcc-ddc.cru.uea.ac.uk/index.html
several model’s integrations for different initial conditions
3 National Oceanic and Atmospheric Administration
* ETOPOS, 1988, Data Announcement 88-MGG-02, Digital relief of the Surface of the Earth,
NOAA, National Geophysical Data Center, Boulder, Colorado. The version of the data making up
ETOPOS is from May, 1988, with the exception of a small area in Canada (120-130 W, 65-70 N),
which was regridded in 1990 (http: //www. ngdc. noaa. gov/mgg/global/seltopo. html).
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Figure 1. Models and experiments available in the IPCC DDC, for the experiments marked
with arrows ensemble computations’ results are available.

speed. Our assessments are based directly on the models’ output, using data in
grid points of each model (Fig. 3). No downscaling method has been applied, the
intention of the authors being direct evaluation of models’ behaviour in the
regions of interest to us. For the purposes of intercomparisons for Poland the
assumed regions in the spatial averaging of variables are as in Figure 3, accord-
ing to the resolution of each model. Analysis has concerned the control runs in
1960-1989 and the results of the GS experiment for the period 2000-2099.

CONTROL RUNS IN 1960-1989

Monthly means for the three parameters air surface temperature, precipitation
and wind speed have been analysed. Results of control experiments have been
compared to re-analyses. The datasets used were: the NCEP” re-analyses (Kalnay
et al. 1996) for temperature and wind speed, the Global Precipitation Dataset
(Doherty et al. 1999), and the CRU Global Climate Dataset® from the University
of East Anglia in the UK for precipitation and wind speed.

3 National Centers for Environmental Prediction
% CRU Global Climate Dataset, The IPCC Data Distribution Centre
(http: //ipcc-ddc. cru. uea. ac. uk/cru_data/).
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CCCM

Figure 3. Land-sea mask in models and re-analyses OBS_GLOBAL (Doherty et al. 1999).
Analysed regions: Central Europe (5—40°E, 40—60°N) and Poland (shaded area).
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Figure 4. Annual means fields of air temperature [°C] for the modeled ( CCCM, JCCSR,
CSIRO, ECHAM4, HadCM?2, HadCM3, GFDL and NCAR) and observed data

(OBS_NCEP and OBSGRWY) dyeraged-for the period 1960-1989.
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Figure 5. Annual means fields of precipitation [mm/d] for the modeled (CCCM, JCCSR,
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Figure 6. Annual means fields of wind speed [m/s] for the modeled (CCCM, JCCSR,
ECHAM4, HadCM2, HadCM3 and NCAR) and observed data (OBS_NCEP and

OBS_CRU) averaged for the period 1960-1989.
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Figure 7. Annual means of temperature and precipitation in Poland (Fig. 3),
GS - “Greenhouse Gas plus Sulphate” simulation in the period 2000-2099.

Simulated yearly distributions are generally very different from historical ones,
the Australian and both British models giving the best approximations of the
yearly run, the HadCM2 model the minimum mean error. The German model
ECHAM4 simulates a reverse annual distribution of precipitation, the model’s
climate is very dry in summer, a characteristic feature of the all generations of
models developed in the Max-Planck Institute in Hamburg. In general there are
no distinctive trends to changes in rainfall in the GS scenario in comparison to
the control run.
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Figure 1. Main global pools of carbon and annual flows between them (in Pg);

(after Lal 1999).

Those making an assessment of carbon in the Earth’s ecosystems identify
5 main pools of the element (Fig. 1) (Lal 1999). These are:

» the oceans with 38,000 Pg of carbon;

+ the lithosphere with 5000 Pg (including 4000 in hard coal, 500 in crude

oil and 500 in natural gas);

» the soil, with 2500 Pg;

» the atmosphere, with 760 Pg;

» above-ground biomass, with 620 Pg.

The global streams of carbon flowing via the atmosphere, biosphere (vegeta-
tion) and hydrosphere (oceans) are huge in comparison with the c. 3.2 Pg-a year
increase in atmospheric carbon (Lal 1999) that is now such a source of disquiet.
Vegetation and the soil exchange c. 20 times as much carbon with the atmos-
phere as is emitted to the latter through the burning of fossil fuels. A limitation
of increases in the concentration of carbon in the atmosphere would thus require
small changes to this massive stream. At this point the attention is drawn to those
areas to which humankind has operational access and hence an opportunity to
intervene. From this point of view, the greatest possibilities for exerting an active
impact concern the pool of carbon contained in above-ground biomass, as well
as in the soil.

CARBON AND FORESTS

In accordance with the FAO definition, “forests” comprise tree vegetation at
least 7 m in height with crowns covering 10-20% of the area. Such a definition
is complied with on some 3,459,000,000 ha, or 27% of the Earth’s land area
(1995). “Other wooded areas”, i.e. those with shrubby or tree vegetation 0.5-7.0 m
high and a crown cover of < 10-20% occupy a further 13% of the land area.
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Table 1. Density of the carbon pool per unit area (t C/ha) in forests assessed in above-ground
biomass and in the soil for different types of forest (by climatic zone) (after Dixon et al. 1994).

Country Density of carbon (t C/ha)

Continent Above-ground biomass Soil

Boreal forests

Russian 83 281

Canada 28 484

USA Alaska 39 212

Mean 64 (15.7%) 343 (84.3%)

Temperate-zone forests

USA 62 108

Europe 32 90

China 114 136
Australia 45 83

Mean P 57 (37.0%) 96 (63.0%)

Tropical forests

Asia — Pacific 132-174 139

Africa 99 120

South America 130 120

Mean 121 (49.6%) 123 (50.4%)
World 34.1% 65.9%

decades have seen an increase in net carbon uptake in European forests of
between 85 and 120 x 10 6 tons annually.

The forests of the world are estimated to contain 80% of all the carbon
accumulated on the land surface and c. 40% of that under it (in the soil, litter and
roots). This gives nominal figures of 1146 Gt C (where 1 Gt = 10 9 tons). About
37% of this carbon is in tropical forests, 14% in those of the temperate zone and
49% in those of the boreal zone (Dixon et al. 1994).

Thus public opinion features what is in fact a myth concerning the role of the
tropical forests as key areas for global change. The real picture to the significance
of vegetational zones in shaping the climate shows that forests of the boreal and
temperate zones are the key to regulating CO, in the atmosphere, and within them
the amount of carbon in the soil in particular (Tab. 1). Forests of the Tropics are
important in the context of the role of carbon in global change in that their cutting
should be stopped as far as possible, or else new principles introduced for sus-
tainable forestry. The densities of carbon in tropical forests are on average of 121
t C/ha in the above-ground pool (49.6%) and 123 t (50.4%) in the soil. The
proportionality is reversed in forests of the temperate and boreal zones, where
there is more carbon in the forest soil, respectively 96 t C/ha (63%) in those of
the temperate zone and 343 t C/ha (84.3%) in boreal forests. The respective
values for the above-ground pool are 57 t C/ha (37.0%) and 64 t C/ha (15.7%)
(Apps et al. 1993; Dixon et al. 1994).
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Figure 3. Annual (net) stream of carbon into the atmosphere by continent due to changes
in land use (estimate after Houghton and Skole 1990; Houghton 1991).
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Figure 4. Stream of carbon to the atmosphere as a result of burning fossil fuels (A), as well
as the closed cycling of carbon in the forestry sector (B).

Temperate-zone forests cover c. 600 million ha — or half the area that they
could potentially occupy. The main locations are North America (c. 60%), Russia
and Europe (c. 12% each). The remaining 16% of the total area is spread across
Asia, Australia, New Zealand and South America. Poland makes a very small
contribution here of 8,760,000 ha, or c. 0.002% of all forests and 1.4% of tem-
perate-zone forests.

The basic mechanism changing the carbon balance in terrestrial ecosystems
is a change in land use, mainly entailing changes in the areal share of forests
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Figure 5. Schematic representation of the flow of carbon in a tree stand and utilisable wood

within land cover (i.e. afforestation and deforestation) (Fig. 3). However, these
are not the only areas of impact of forestry management on the pool of carbon in
the atmosphere. Overall, the carbon content in forests is of a dual nature: (1) as
the content in biomass, and (2) as a stream flowing through a forest ecosystem.
The first static conceptualisation points to the opportunity for retention and
serves the global balance, while the second speaks of operational possibilities and
ways in which management can impact upon ongoing processes. Unlike the
carbon contained in fossil energy sources, forest carbon participates in a closed
cycle by which streams of carbon flow and may be used repeatedly through
constant utilisation (Fig. 4).

The repeatability of the cycle of production of timber in forests and its direct
or substitute utilisation provides an opportunity for the natural environment and
forestry. Constant utilisation should in this case encompass not only forests, but
also timber and its products (Fig. 5) (Hendrickson 1990).
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Figure 6. Changes in land use in the years 1700-1995
Dimensions and rates of deforestation (Klein Goldewijk et al. 1997).

As recently as at the beginning of this century, the rate of deforestation was
still looked upon as a measure of progress (Fig. 6). The cutting of forests and
associated burning to obtain land for cultivation is now the main cause of defore-
station in tropical areas. An estimated 12—13 million ha of forest is cleared in this
way each year (Calabri and Ciesla 1992). The consequent emissions to the
atmosphere are of c. 1.6 + 0.4 Gt of C (Dixon et al. 1994). Similarly, the vege-
tation of the African savannah is burnt at the rate of c. 750 million ha a year, in
order that the fertility might be raised and the grass provoked into regenerating.

Carbon sequestration in the Tropics is more rapid than that in the temperate
zone thanks to climatic conditions favourable to biological production in general
(humidity and temperature). However, the true rate of sequestration of carbon
(through incremental growth) is much lower in the Tropics than in other climatic
zones, as wood there is mainly used as a fuel. It is estimated that 78.2% of the
wood produced in tropical countries is burnt, while only 21.8% is used indus-
trially (FAO 1982). In turn, energy from the burning of wood accounts for 17%
of demand in tropical countries (as opposed to less than 1% in the developed
countries (together with the former USSR). Such is the scale of the transfer of
carbon to the atmosphere from forest production. Even so, it is still preferable to
use wood, rather than fossil fuels, as an energy source. Nevertheless, the aim of
a strategy for climate protection is not merely to halt the increase in the concen-
tration of carbon in the air, but in fact to reduce it.” Active reduction is made
possible by increased sequestration and the rational use of wood and timber.

Timber and wood products like buildings, paper and furniture retain carbon
for longer periods rather than releasing it to the atmosphere immediately. How-
ever, the industry of this type has been developed in the industrialised regions of
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Table 2. Incremental growth of timber 1n managed forests and plantations of some countries and
climatic regions (after Evans 1982) as well as in Poland.

Country/region Rotation period Increment m3/ha‘1/y
Canada (mean) - 1.0
Siberia (Russia) - 10-1.4
Sweden (mean) 60-100 33
US (mean) - 2.6
UK (mean) 40-65 10.0
New Zealand (Pinus radiata) 2040 18-30
South Africa (Pinus sp.) 20-35 10-25
Sub-tropical eucalyptus plantations 8-25 5-30
Tropical eucalyptus plantations 7-20 to 60
Tall tropical forest — managed - 0.5-7.0
Managed forests of SE Asia - to 17.0
Poland (mean) 80-120 3.54

time management working to ameliorate the greenhouse effect, though the full
environmental effect may be found unacceptable from the point of view of other
forest functions.

c. 20% of temperate-zone forests are regarded as being managed, i.e.
renewed regularly in the process of utilisation (Allan and Lanly 1991). The
greatest potential for afforestation is in the temperate zone-although the final area
suitable for reafforestation has not yet been established (Health et al. 1993) (Tab. 3).
The figures may be c. 44 million ha in Europe and c. 100 million ha in the USA.

The accumulation of carbon begins with the establishment of a tree stand and
the incremental growth of living biomass. The rate of growth is obviously de-

m3

breast

hesght
3

a time

Figure 7. Growth curve for a tree.
a — period of intensive growth and enhanced retention of carbon.
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Table 3. Potential area of land for reafforestation according to different authors

(after Hall and House 1994).

Author Total area in Comments
M ha

Grairger 758 From the 2007 M ha of degraded land in the Tropics, reaffore-

(1983%) station should take in: 137M ha of utilised forests that should
be managed naturally, 203 M ha of:” fallowed” (unrenewed)
forest, 87 M ha of deforested catchment area and 331 M ha of
land with advanced desrtification. These estimates derive from
satellite imagery, such that some area may already be in use.

Mye:s (1989) 300 200 M ha require afforestation for reasons other than the gre-
enhouse effect. 160 M ha of this is lowland in drainage basins
which urgently needs reafforesting, other areas should be pro-
ductive forest.

Dixo et al. 620-2000 | This is the area which is accessible for reafforestation from

(199) the technical point of view, with not attention being paid to ot-

- Sl b4 higinossRIcHmitation i € &

Alpet et al. 952 Area estimated as total available for the cultivation of halophy-

(1992) tes; 125M ha is accessible thanks to restrictions due to the me-
lioration of salinified land.

Houghton 865 Deforested and unused land in Asia (100 M ha), Latin Ameri-

(199)) ca (100 M ha) and Africa (300 M ha). The remaining 365
M ha is the equivalent of 95% of the land once designated for
agricultural ultivation and requiring reafforestation.

Beklering 553 Area of land theoretically accessible for reafforestation in 11

(1992) tropical countries following the satisfaction of agricultural ne-
eds; 385 M ha shouls serve in climate protection, 168 M ha
available as “wasteland”. Some land in this category may be
in use already as pastureland.

Nilsson 265 A further 84.5M ha is available for agroforestry.

(1992) [in:]

Nakicenovic

et al. (1993)

Trexer (1993) 67 This is the area considered realistic for conversion into fore-
stry plantations in the next 60 years and still be economically
sensible in view of the future trends in forestry policy, infra-

7 structural development and other limitations.
POLAND 0.7-1.5 The National Policy on Forests anticipates an increase in fo-

(1997) Natio-
nal folicy on
Foreits, Na-
tiond Pro-
gramrme for
the Zugmen-
tatior of Fo-
rest Cover

rest cover to 30% by 2020 and 33% by 2050. Reafforestation
as well as the sustainable management of forests will allow
for increased fixing and accumulation of CO2 by about 10%
(i.e. 4.5 M tonnes) by 2020 and 20% (9.0 million tonnes) by
2050. The rate of afforestation will be made dependent on the
availability of land and sources of funding.
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Figure 9. Development of the carbon content of ex-agricultural soils

in relation to age of afforestation
| - penod of decline in carbon content (emission),
2 ~ peniod of accumulation of carbon in soil (sequestration)

9 tons of carbon to the atmosphere over 100 years. This of course contributed to
an increase in concentrations of the element in the atmosphere.

CARBON SEQUESTRATION
AND NATURE CONSERVATION IN FORESTS

The Kyoto Protocol will exert a major influence on forestry policy in the next
few years. The first results of the 1997 Conference of the Parties to the UN FCCC
involved agreement as to the designation of money from industry and govern-
ments for the planting of trees and protection of forests (arborvitae 1998). The
intention of these provisions has been to increase the rate of accumulation of
carbon in forests and to reduce its influence on global warming. The money in
question is to be used to implement projects of two kinds: Joint Implementation
(JI) and the Clean Development Mechanism (CDM). Both are designated for
developing countries. Unfortunately there is now a real danger taking shape in
the form of an additional, and this time international and environmentally-moti-
vated, disposition to change existing natural forests into plantations. This would
mean the endangerment of one element of nature conservation — biodiversity
— for the sake of another threatened element — the climate. Such a conflict of
activity may be read from the attempts to implement the two leading UN Con-
ventions on Biological Diversity and Climate Change.
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(3) the introduction of a second layer of vegetation (e. g. a second layer of
beech in pine stands may increase the retention of carbon by 0.4 t C/ha;

(4) increasing the organic mass in the soil and improving humus management
(clear cutting is expressed in a loss of ¢. 15 t C/ha);

(5) afforestation (c. 80 t C/ha in a 60-year-old stand on ex-agricultural land)

Bearing in mind the possible dimension of the aforementioned forestry oper-
ations, forestry may increase the retention of carbon in Polish forests:

e by 200-215 million t C as a result of stand reconstruction;

e by 16-20 million t C as a result of the second layer and understorey;

» by 80-240 million t C as a result of new afforestation.

The issues of global change and emissions, as well as the sequestration of
carbon, have become a political problem first and foremost. When it became
apparent that the assumed reductions in emissions in line with the Kyoto Protocol
bring increased unemployment and redundancies among more than 1.6 million
people in developed countries, the information on the real levels of the emission
or retention of carbon ceased to be unambiguous. Government control over the
release of data can be seen clearly. For there is an impact on internal development
strategies — meeting of the obligations under international law may hold up
economic development. So the information that is appearing is conflicting, im-
precise, sectoral and hard to interpret.

Land use remains one of the main political instruments through which the
Kyoto obligations can be complied with. Scenarios for land use over the whole
globe point irrevocably to the key role of forests and forestry (Fig. 10). The only
chance for the atmosphere to return to its original pre-industrial state after 100

600

550

500

450

400

concentration of carbon
in the atmosphere - ppm

350

300
2000 2010 2020 2030 2040 2050 2060 2070 yoars

Figure 10. Simulation of CO; concentration in the atmosphere (ppm) according to different
land-use scenarios (after Read 1997).
1 - unchanged land use, 2 - unchanged land use + energy from biomass, 3 — unchanged land use
+ energy from biomass + forestry, 4 — energy from non-fossil sources, 5 — energy from non-fossil
sources + energy from biomass, 6 — energy from non-fossil sources + energy from biomass + forestry.
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occurrence of a statistically non-significant increase in mean wind speed and
a change in its mean direction. An important change in the case of a doubling of
the CO, concentration as compared with that in the late 1980s is increased
variability to both of the components, reaching +6ms~' in winter, with the possi-
bility of winds exceeding long-term values by as much as 9—10 ms™'. The result
may be a quite marked change in the distribution of wind speed at stations on the
Polish coast, as well as an increase in the frequency of occurrence of strong and
very strong winds. In relation to the mean direction of the wind observed at
present, it is possible that there will be an increase in the frequency of winds
blowing from both the south and the north-west. This may denote an increased
amount of water in the Baltic, greater inclination of its surface in a west-east
direction and a rise in the height of peak storm water levels and in the range of
variability to wave height (albeit with no major changes to mean heights).

M%MJ\M

106 1GA

model's year

Figure 1. Relative intensity of the first eigenvector of the atmospheric pressure field over
Europe and the North Atlantic in the winter period, according to ECHAM4/OPYC3
transient.

The quantitatively different results deriving from ECHAM4/OPYC3 reflect
this model’s prediction of a quite marked intensification of the westerly flow in
the area of the North Atlantic and Europe in connection with an increased value
for the NAO index (Fig. 1). This major intensification of westerly flow is antici-
pated for the late 2030s and early 2040s. The result in the case of the wind at
both coastal stations and over the Baltic should be an increase in the mean value
for the zonal component. At the same time, an increase in mean wind speed of
c.2ms™ is also expected. The same global experiment foresees a significant
north-easterly shift in the path of cyclones of the north-eastern Atlantic and
Europe. The effect of this change is likely to be an increase number of extra-
tropical storms, whose trails will lead across the Baltic.

WAVE HEIGHT

The projections of results from the general circulation model in time-slice
conditions do not point to any likely significant rise in wind speed or the height
of wind waves or swells, though the expected quite significant increase in the
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degree of variability of these factors (by 1.5-2.5 m in the Baltic Proper) will
probably bring an increase in the potential threat to the shoreline zone.

A consequence of the intensification of the NAO and Baltic-ward shift in the
track of extra-tropical cyclones (ECHAM4/OPYC3) may be an increase in the
mean height of wind waves and in the range of variability to it by values higher
than those resulting from earlier simulations.

SEA LEVEL

Scenarios for future changes in sea level associated with anticipated changes
in regional atmospheric circulation caused by increasing (doubling or tripling)
CO, concentrations reveal both the character and size of the potential changes.
The projections for local changes obtained from the results of global models of
atmospheric and oceanic circulation have many common features, though they
also differ.

1950 1980 2010 2040 2070
year

Figure 2. Variability of the 95% quantile for the maximal winter sea level at
Wtadystawowo, according to ECHAM1/LSG.

This is a consequence of qualitatively significant differences appearing be-
tween the ECHAMI1/LSG and ECHAM3 models. However, irrespective of the
GCM, the local projections point to a several-centimetre rise in sea level in
conditions of a concentration of CO, twice that in the late 1980s. They also
indicate a considerable rise in the variability to both the mean and maximum
levels, including the high-order quantile (Fig. 2). This may be a consequence of
the increased number of storms in the Polish coastal area, or probably also of an
increased volume of water in the Baltic due to circulational changes.

In the time-slice experiment for the gauges at the Vistula mouth, the scenario
drawn up indicates the possibility of a decline in variability as compared with
neighbouring gauges in both summer and spring (Fig. 3). Because the gauge in
question is very much controlled by the flows of the Vistula at Tczew, this may
attest to a decline in the flows of the Vistula along its lower course.

The scenario for the change in sea level along the Polish coast, being based
on the ECHAM4/OPYC3 model, would seem to point to an intensification (as
compared with the end of the 20th century) of the process of sea-level rise, as
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model's year
Figure 3. Variability to anomalies in the mean sea level at Gdarisk Port (black line with
unfilled circles) and the Vistula Mouth (grey line), according to ECHAM3 rime-slice.

well as to an increase in the frequency of occurrence of high-water states posing
a significant threat to the coast.

AIR TEMPERATURE

Air temperature in the area of the coastal stations shows a close relationship
with regional pressure systems encompassing a considerable fraction of Europe
and the North Atlantic. In each of the four climatic seasons, and in the year as
a whole, more than 90% of the variance in mean air temperature is explained by
atmospheric circulation. The marked dominance of zonal circulation in forming
thermal conditions is confirmed. Also revealed is the influence of the summer-
warmed waters of the Baltic. The role of the deep-water basins of the Gulf of
Gdansk in shaping thermal conditions at coastal stations is particularly marked in
autumn and winter.

The scenario for changes in thermal conditions devised within the
ECHAMI1/LSG framework shows a constant increase in air temperature. Vari-
ability to temperature is characterised by a multi-seasonal pseudo-oscillation.
There are no sudden jumps in mean value associated with the increase in CO,
concentration. Compared with the conditions holding sway in the period 1961-
1980, those anticipated with the scenario devised on the basis of ECHAM3
results show an increase in the variability of air temperature, especially in the
winter season. Mean values for the series of anomalies are positive, denoting
a further acceleration of the rate of increase in air temperature in conditions of
doubled CO, concentrations (an increase of 0.28°C over 30 years).

SEAWATER SALINITY

As is revealed by empirical transfer functions between the regional pressure
field and the salinity of surface waters at the Polish coast, the influence of
atmospheric circulation on changes in salinity is relatively limited (absolute
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Figure 1. Deviations from the mean minimum air temperature (°C)
under different circulation types — January.
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Figure 2. Deviations from the mean minimum air temperature (°C)
under different circulation types — July.

Figure 3 confirms the positive influence of cyclonic westerly circulation types
on the occurrence of maximum temperatures in January; something that has
already been mentioned many times in the literature (Kuziemska 1987; Osu-
chowska-Klein 1992; Ekstermalne... 1997). In the presence of the cyclonic west-
erly circulation type (A) the positive deviations of maximum air temperature
reach almost 5°C over most of the country. Air temperatures with the D (south-
westernly cyclonic) and D2C (south-westernly and south anticyclonic) types are
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Figure 3. Deviations from the mean maximum air temperature (°C)
under different circulation types — January.
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Figure 4. Deviations from the mean maximum air temperature (°C)
under different circulation types — July.

only slightly lower. In July the influence of the particular types are quite different (Fig.
4). The highest positive deviations can be observed with the anticyclonic situation
with a south-easterly or easterly airflow (E1). Negative deviations at all stations
can be noticed with types EO (north-easterly and easterly cyclonic) and CB
(north-westerly cyclonic). It is worth noting that negative deviations happen with
the westerly cyclonic situation (A), i.e. the one causing the greatest positive
deviations during the winter.
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FREQUENCY AND PROBABILITY OF EXTREME VALUES
OF AIR TEMPERATURE

The dependent relationships mentioned above, received on the basis of mean
extreme air temperatures will given circulation types, can also be observed in
regard to the analysis of particular cases of such air temperature. For example,
the highest probability of the occurrence of very cold days (t min < —15°C) can
be invoked with the G, E2C and E types (Fig. 5). Similar dependencies, but with

Probability (%
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circulation types
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Figure 5. Probability of days with minimum air temperature < —15°C in January
under different circulation types.

Grosswetterlagen circulation types have been obtained by Piotrowicz (1998). In
Krakéw it reaches about 25%, in Warszawa about 20%, at all 3 situations.
A much lower probability, of just below 5%, can be observed in Hel, where the
number of frosty days is altogether insignificant. It is worth noting that the
occurrence of days with a minimum air temperature below —15°C is possible
during all synoptic types in Krakéw although such a probability can be rather low
(below 5%) with some of them. This is also true of type A, which generally
brings warm air advection in winter. There is also a smaller probablity of such
days in Warszawa than in Krak6w in most circulation situations (the only excep-
tion can be seen with type EO and very seldom with BE). This particularly
concerns types A and B when in Warszawa a day with a minimum air tempera-
ture below —15°C can not occur. Such differences result from the location of
Krakéw in the deep Vistula valley where thermal inversions and rapid decreases
in minimum air temperature are quite frequent phenomena in the winter time.
The highest probability of warm days (maximum air temperature above 25°C) in
July can be observed during El situations (95% in Warszawa; Fig. 6). In the
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Figure 6. Probability of days with maximum air temperature >25°C in July
under different circulation types.

presented figure the 100% probability can also be seen with the BE type in both
Warszawa and Krakéw. However, the very low frequency of this type in July
(only 2 cases in the whole investigated period) does not allow any conclusion to
be formulated. The lowest probability can be observed with the E0Q type and
reaches about 10% in Warszawa and Krakéw (in Hel it only exceeds 1%). It is
worth stressing that warm days can occur in the mentioned stations during all the
particular circulation types. This means that atmospheric circulation is of more
limited weather and climatic importance in summer than in the winter season.
Because of the small number of hot days (with a maximum air temperature over
30°C), a statistical probability estimation and analysis was not available.

A certain amount of attention was also paid to the occurrence of absolute
maximum and minimum temperature values. Because the synoptic source of
these air temperatures is similar throughout the country (NiedZzwiedZ and Ustrnul
1994), the analysis was performed for Warszawa and Krakéw. It must be added
that extreme values very close to the presented ones can also be noted throughout
southern and central Poland other than in the mountainous regions (Limanéwka,
NiedZwiedz, Ustrnul 1993). For example, the absolute maximum air temperatures
in the analysed period reach 35°C while the absolute minimum values go down
to —30°C. On account of the major importance of the causes of such extreme
temperatures for forecasting purposes, an analysis of all cases with a minimum
air temperature below —20°C or a maximum air temperature over 30°C has been
performed. Days with maximum air temperature over 30°C occurred with all
circulation types which confirms the opinion that the role of circulation is smaller
in summer than in winter. With particular circulation types some differences in
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Figure 7. Number of days with maximum air temperature >30°C
under different circulation types.
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Figure 8. Number of days with minimum air temperature < -20°C
under different circulation types.

the number of such days between Warszawa and Krakow could be noted (Fig. 7).
This distinctly confirms the smaller macroscale role of circulation and the larger
influence of local factors including mesoscale circulation. Thus, with types of
westerly advection or the whole southerly sector the number of days of the kind
considered is higher in Krakow than in Warszawa. This especially concerns
situations D (south-westernly cyclonic), B (southernly cyclonic) and F (south-
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Figure 9. Number of days with minimum air temperature < —15°C in Krakow
against the background of circulation
(values smoothed by 5-element Gaussian filter; explanations in text).
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Figure 10. Number of days with the maximum air temperature > 25°C in Warszawa against the
background of circulation (values smoothed by S-element Gaussian filter; explanations in text).

< ~15°C) and westerly and non-advection indices for winter (-0.74, 0.52, respec-
tively; Fig. 9). A relatively good relationship was also detected for the number of
warm days (t max > 25°C) and westerly indices for summer (r = —0.76 and
r = —0.75; Fig. 10). The analysis revealed rather weaker dependencies between
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where: ti is the sum of ranks of the analysed series (or parts there of) and E(t;)
and var (#,) are the expected values for the mean and variance (assuming station-
arity of the process).

In turn, absolute values for the U(t) statistic were calculated as ordered
through the 98-year series. These pointed to the chance of a trend occurring or
being absent (assuming a significance level oo = 0.05), while the positive or
negative sign suggested the direction (upward or downward). On the basis of the
test analysis of time series it was possible to identify the durations and directions
of designated trends to the variables studied — as the result of the grouping of low
or high values in successive events (Mitosek 1994). The final element in the form
of the U(r) statistic for the whole 98-year time series also allowed for the un-
covering of any general long-term trend (or reporting of its absence) to the full
observational series of daily air temperature maxima, minima and amplitudes on
Sniezka in the years 1901-1998 (Tab. 1).

RESULTS AND DISCUSSION

The basic feature to the variability of daily air temperature maxima and
minima on Sniezka through the century has been the overall upward trend, within
which the most marked rate of change has been noted for August and the stea-
diest tendency for the winter months.

Data in Table 1 indicate that only half of the 98-year series of monthly mean
values for daily minimum air temperature are characterised by a statistically-sig-

Table 1. Statistics assessing the variability and trends to mean monthly and yearly values for
daily minima (Tmin), maxima (Tmax) and amplitudes (Tamp) of air temperature on Sniezka in the
years 1901-1998.

Period Linear trend (°C/10 years) Result of Mann-Kendall test
(month or (progressive statistic)

e | Tmin Tmax Tamp Tmin Tmax | Tamp
January 0,12 0,07 0,05 1,64 1,18 -1,94
February 0,17 0,11 —0,06 2,05* 1,33 -1,33
March 0,07 0,02 -0,05 0,98 0,43 -1,53
April 0,14* 0,09 -0,05 2,38% 1,27 -1,48
May | 0,08 0,04 -0,04 1,74 0,58 —2.14*
June 0,14* 0,05 —0,09* 2,83* 1,22 -3,05*
July ‘ 0,12* 0,03 -0,08* 2830% 0,63 -2,88*
August ‘ 0,22* 0,15* -0,07* 4,94* 3,03* —2,42%
September | 0,11 0,04 -0,07* 1,97* 0,78 -2,14*
October 0,15* 0,12 -0,03 2,19* 1,95 -0,73
November | 0,13* 0,04 —0,09* 2,16* 0,83 -3,14*

[December | 006 | 000 | -006* | 135 033 | =2,20*
YEAR ‘ 0,12* 0,06* —0,06* 5,02* 2,34* —4,98*

* denotes trend significant at o = 0.05.
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Ci
C7
C13
C21
no. of days:
Ci < 20%
Ci > 80%

foggy

1

7.2 |

7.3
7.4
7.0

4.0
17.4
252

Table 1. Mean monthly, seasonal and annual cloud amounts and number of clear, overcast and foggy days on Sniezka
in the years 1885-1995.

1

7.4
7.5
7.5
7.3

3.1
16.3
232

11

7.5
7.6
7.7
74

27
17.7
26.1

v

7.4
7.4
7.9
7.0

2.1
16.0
23.7

\Y%

7.3
7.0
7.9
6.8

1.5
14.9
234

VI

7.4
7.2
8.0
7.1

1.3
15.1
23.1

VIl

7.3
7.2
8.0
6.8

1.3
14.8
229

VIII

T

7.1 |

7.0

78 |

6.5

1.9
14.0

229 |

IX

7.2
7.2
7.6
6.7

2.6
14.7
24.1

X

73
7.3
14
7.2

32
16.7
26.0

XI

1.5
7.6
1.6
7.3

3.0
17.7
25.1

Xl

7.4
74
7.5
7.2

3.5
17.8

25.5 |

V XII-11 | 1I-V VVI-VIH IX-X1 [ XI-1vV

73
74
7.5
7.1

10.6
513
73.6

C7, C13, C21 — observation of cloudiness made at 7,00, 13,00 and 21,00 h. Ci mean daily cloudiness

7.4
14
1.8
7.1

6.3
48.6

73.1

7.3
7.2
7.9
6.8

4.6
43.9
68.8

73
7.4
7.6
7.1

8.8
49.2
75.2

7.4
7.5
7.6
7.2

18.3
102.5
148.2

V-X

7.3
72
7.8
6.9

12.0
90.2
142.3

I-X11

7.4
7.3
7.7
7.0

30.3
193.1
290.9
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1 Figure 2. Frequency of mean monthly cloud
- : . . : amounts on Sniezka in selected months of the
X inas 1958 1996 1908 periods 1885-1955 and 1956-1995.

a fundamental element in the interpretation of climate change. Many authors,
including Kozuchowski (1994, 1995) have stated that the greatest positive depar-
tures of the zonal circulation over Europe in the 1980s were those occurring in
the autumn and winter seasons. The cool half-year (October-March) has also
been distinguished as a period with a high frequency of deep cyclones. Similar
results were obtained by NiedZwiedZ et al. (1994), who carried out research on
the frequency of zonal types of circulation of the atmosphere over the Carpa-
thians.

VARIABILITY OF CLEAR OVERCAST AND FOGGY DAYS

The mean annual number of fine days on Sniezka is 30.3, while the range is
between 10 (in 1955) and 70 (1892, 1893). The greatest variability is that noted
for spring and summer months (April-August). Fine days have been the subject
of a downward trend (of 22 days per 100 years), that is statistically significant at



Variability in the cloud cover of the Karkonosze Mountains over the last century 123
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Figure 3. Number of clear, overcast and foggy days on Sniezka in the years 1885-1995.
Curves smoothed by 10-year moving average and linear trends.

the p = 0.05 level (except in July and October). This has been most marked for
the autumn months, especially November. The decisive factor in this case was
the greatest decline noted in the late 19th and early 20th centuries (Fig. 3). As
regards the course to the number of fine days in the spring and summer quarters,
two periods are identifiable. The first — of a slight increase — stretched from the
beginning of the 20th century to the end of the 1940s, while the second, of
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Figure 1. Frequency of occurrence of masses of maritime air in Warsaw (MPm %)
expressed as a percentage of time during the year (combined sequence smoothed by
13-point moving average. Note: values for the period 1710-1730 are lacking and so have
been interpolated).

with a “sawtooth” shape to the increase in the frequency of occurrence of ma-
ritime air masses (the two longer episodes of decline being in the 1960s and the
period 1983—87) and no crossing of the mean value characteristic of period V.

The values given for the frequency of occurrence of Pm masses are charac-
teristic for Warsaw and may also be taken as approximately characteristic for
Central Poland. To the west and north-west, these values increase linearly as
a function of distance from Warsaw, by up to c. 8%. The increase in the northern
direction (towards the Gulf of Gdansk) is of ¢c. 6-7%.

No trend is to be noted across the analysed period of c. 300 years. The
frequency of occurrence of masses of maritime air (MM) as a function of time is
given by the regression equation:

MM(%) = 34.720(%£1.502) + 0.00761(+0.00829) X no;

where no. is the successive year (with 1700 = 0).

The equation has a coefficient of determination equal to 0.00 (R = 0.06). The
standard error to the estimation of the regression coefficient is greater than the
value of the coefficient itself, thereby denoting that even the sign preceding the
vector is not certain, In the face of this, it may be considered that no more significant
long-term trend is to be observed for the frequency of occurrence of maritime air
masses, even though there is a positive sign before the equation’s vector (near zero
tendency).
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