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8 Z. Kaczmarek, M. Liszewska, M. Osuch

The following general observations were made:

(a) Estimated future per capita water resources differ substantially among
the three scenarios;

(b) In Asia, the population growth will be the decisive factor influencing
future possibilities to meet water demands;

(c) In some regions climate change may cause an increase in available
water resources, while in others it will lead to worsening of the water situation.

These conclusions were based on simple sensitivity analysis and should
be considered a preliminary assessment. To assess the impact of climate
change on the intraannual and interannual distribution of available water
resources, complex models of hydrological processes were applied in the cur-
rent study. Another feature of it is an attempt to appraise changes in water
requirements due to demographic, economic and climatic processes. A com-
parison of water supply and demand will form a basis for conclusions con-
cerning the future water situation, and for necessary management actions
aimed at assuring the water needed for domestic use, food production, and
other economic activities. Water can become a barrier to sustainable devel-
opment due to a number of environmental and socio-economic factors among
which only some depend on climate while others are subject to policy decisions
which may help to adapt water systems to changes in atmospheric processes.

In this paper we concentrate on four countries in South Asia facing temporal
water deficits under present socio-economic and climatic conditions: China,
India, Pakistan and South Korea. As can be seen from Table 1, rapid population
growth may lead to a dramatic reduction in per capita water availability.
This would burden both individual households and all sectors of the national
economies. In South Asia, irrigation is by far the largest water user, and, other
things being equal, water diverted to other uses would depress agricultural
production. The climate change issue adds a new dimension to this dilemma
because irrigation water requirements may increase in a warmer climate.

TABLE 1. Population and per capita water availability in South Asia

Country Year 1990 Year 2020 Year 2050
Pop (mln) WR/cap Pop (mln) WR/cap Pop (mln) WR/cap
China 1,134 2,470 1,434 1,950 1,556 1,800
India 849 2,060 1,304 1,340 1,623 1,080
South Korea 43 1,460 52 1,210 54 1,170
Pakistan 112 2,660 225 1,320 316 940

Source: Fredericsen et al., (1993).

WATER RESOURCE ASSESSMENT

Climatological and hydrological baseline data used in the current study
were based on: (a) global climatic data sets from the National Centre for
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Atmospheric Research in Boulder (U.S.A.), (b) data provided by the Global
Runoff Data Centre in Koblenz (Germany), and (c) published sources on
water resources assessment (Frederiksen et al. 1993; Shiklomanov 1996).
Temperature and precipitation changes were based on the three transient
GCMs referenced in the previous section.

There are several problems with using GCM data as inputs in hydrological
assessment studies. Firstly, the spatial scale of current global atmospheric
models is much coarser than required for water resources analysis. Secondly,
regional climate estimates, particularly in the case of rainfall, are very un-
certain. Therefore, for a water resources impact study several — all feasible
— climate scenarios should be used, in order to assess the possible range
in water supply and demand implications.

The incremental characteristics AT and rP were obtained from results
of transient climate models predicted for year 2050 conditions, and then
interpolated from a respective GCM grid to a grid assumed for a given
country, with resolution depending on the country’s size. (see e.g. Fig. 1).
The usual procedure is to add expected differences AT to “historical” tem-
perature data. Similarly, current precipitation data were multiplied by the
ratios rP of GCM precipitation for future and current climates.

.’ ©
B o
\, aqvtEa -
M L J .‘ "‘.-‘ .ll
| | |
"‘; \
v -
-
’ °© o 1\
X Jia -
A
B iatra

mialed

« ] b oIS el] -

Fig. 1. Grid points in China



10 Z. Kaczmarek, M. Liszewska, M. Osuch

Methodological approaches for transferring climatic forcing to water bal-
ance characteristics vary widely. The key input variables to most of the
hydrological models are catchment precipitation P and potential evapotrans-
piration PET, the latter being calculated from other meteorological variables.
Because of limited access to data, the Thornthwaite method was used in
this study (Thornthwaite, 1948), where PET was calculated based on air
temperature only. To assess the impact of snow accumulation on precipitation,
the P values for winter were transformed based on the mean monthly air
temperature.

A conceptual hydrological model CLIRUN (Kaczmarek 1993) was applied
to estimate water supply data. The model differs from previous approaches
in two respects: (a) water balance components vary as continuous functions
of time within assumed time intervals, e.g. months; (b) the stochastic prop-
erties of precipitation, evapotranspiration, runoff and catchment storage are
expressed either in the form of simulated time series, or by a set of probabilistic

matrices. The water balance equation has the form:
"/: > > » > \

o X ot f R. R R, E 1)
where relative catchment storage z = S/S_ ., is the ratio of actual storage
to maximum catchment capacity. The immediate runoff R, delayed runoff
R, and evapotranspiration E are conceptualized functions of storage,

precipitation and potential evapotranspiration:
Rs'—'(p1(Z,P), Rg=(92(z))E=(ps(Z’PED (2)
Substituting into (1) one obtains:

..... , (3)
In the latest version of CLIRUN, the relation (3) has been assumed as:
®z,P,PET ,R)) =

—
= 2D B e 2 bRl SoPRT Ry
l+¢ - 2% 3 3 (4)
Hence, after integrating:
zl
" dz dt
J®z,P,PET,R;) S
' 6))
Solving equation (5) for given z,, P, PET, and R, one obtains:
z, = ®(zq,P,PET Ry, S 05> 1) (6)

For the next time interval z, becomes z,. Average values of water balance
variables for the time interval <0, t> are (i = 1, 2, 3):
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12 Z. Kaczmarek, M. Liszewska, M. Osuch

Fig. 2. Ratio of annual runoff for GFTR and present climates in China

In order to assess the irrigation water requirements for changed climatic
conditions, the model CROPWAT developed at the Secretariat of FA' O was
used. Input data are monthly P and PET values, plus crop characteristics.
Output is in the form of monthly and seasonal crop water requirements
expressed in mm, where one mm corresponds to 10 m3 per hectare of irrigated
land. Water required for irrigation in a given country, for the assumed climate
in the year 2050, was calculated by means ofi the formula:

WD,, =N-A, w-r;, (11)
where:
N — denotes population,
A,,, — irrigated cropland [ha/cap],
w  — amount of water actually used for irrigation [m®/hal,
r;» — the ratio ofiunit irrigation requirements for the 2050 climate scenario

and actual climate.

Finally, each country’s water demand for uses other than food production
is added to the total demand calculated for irrigation. The actual water
abstraction from monitored sources for domestic and industrial use in the
four countries ranges from 31 m3/cap-year in Pakistan to 62 m3/cap-year in
South Korea. This picture is probably blurred by the fact that water is also
withdrawn from large number of local, mostly groundwater, intakes. For
comparison, the current average standard for industrialized countries is
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14 Z. Kaczmarek, M. Liszewska, M. Osuch

The monthly water balance constituents were calculated for each grid
cell by means of the CLIRUN model for current climatic conditions and for
the three climate scenarios. Results are summarized in Table 3, which shows
calculated values for water resource characteristics in the investigated area
(1.0 mm/day corresponds to 365,000 m3/year—-km?), as well as expected changes
in the year 2050 due to climate change predicted by the three scenarios.

Based on a World Bank report (Frederiksen et al. 1993), the current
average water withdrawal from the territory of eastern China may be esti-
mated as 450 km?3/year, from which 400 km3 is used in the agriculture
sector. The rest, equal to about 50 m3/cap-year meets domestic and industrial
water demands. The CROPWAT model was then applied to calculate current
irrigation water demands under the three GCM scenarios. These values

were then adjusted to take into account various water losses in the irrigation
systems. The ratio of future irrigation demand to current irrigation demand,
r,, is shown in Figure 3 for each of the three scenarios. In order to estimate
future water demands in the agriculture sector it was assumed that the
present level of 0.046 ha of irrigated area per capita should be used in
calculating demands up to the year 2050.

Finally, projected water demand for non-irrigation uses, calculated as
described above, was added to projected irrigation demand and compared
to the total water resources. The results are presented in Table 4.
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TABLE 2. Climate change scenarios for the year 2050 in eastern China

Variable Units GFTR HCTR MPTR
gk °C 2.0 37 1.0
Pscp/PoLt % 103 117 115
PETgcg/PETop; % 111 121 104

TABLE 3. Changes in runoff characteristics in eastern China for three climate scenarios

Variable Present climate  Change in % Change in % Change in %
mm/day GFTR HCTR MPTR
RJanuary—December 0.747 -20 +4 0
RApril—September 1.070 -20 +6 -2
R'mont,hly minimum 0.256 -22 -15 )

TABLE 4. Water resources (WR) and water demands (WD) in eastern China during
the summer period, for various climatic conditions

Year Climate WRkm® WD km® WR/WD  Water
availability

1990 present 1,390 427 3.25 stress

2050 present 1,390 624 2.23 scarcity
GFTR 1,110 707 1.57 extreme scarcity
HCTR 1,450 746 1.94 extreme scarcity
MPTR 1,390 635 2.19 scarcity

INDIA

The country has an area of 3 287 000 km? and an average population
density of 258 people per km? Water resources formed in Indian territory equal
approximately 1,460 km3, and an additional 580 km®/year flows into India from
neighbouring countries. Most runoff occurs during the monsoon season from
June to September. India has favourable climate conditions for agriculture
production, mostly rice, corn, wheat and cotton. In 1990 India’s irrigated cropland
covered about 56 million ha, equivalent to 33.1 percent of total cropland. The
per capita irrigated area works out at 0.066 ha. Assuming that no more than
50 percent of external inflow can be used effectively in meetlng water demands,
average water availability is estimated to be 2,060 m /cap

For CLIRUN calculations, India is divided into grid cells with a resolution
of 2° by 2°. The resulting country-wide average values of AT, rp, and rpgr
calculated for the three GCM scenarios are given in Table 5. It is important
to note that the Hadley Centre transient scenario predicts an unrealistic
precipitation increase. We therefore do not include the Hadley Centre results
in the final comparison of water supply and demand projections for India
shown in Table 7.
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TABLE 5. Climate change scenarios for the year 2050 in India

Variable Units GFTR HCTR MPTR
Tsce — Tewr °C 1.6 2.4 1.2
Pgce/PeLr % 115 184 ? 105
PETsce/PETcL; % 126 139 115

Runoff was calculated for the current climatic conditions, and for the
three climate scenarios. Simulation results are summarized in Table 6
[(1.0 mm/day corresponds to 365,000 m3/(year, km?)]. Because the runoff
increase for the HCTR model seems to be misleading, it was decided to ex-
clude this scenario from analysis concerning the water situation in India.

The 1990 annual water withdrawal in India is estimated to be 380 km?,
of which 93 percent is used for irrigation. To estimate future agricultural
water demand, the CROPWAT model was used with input data (precipitation
and potential evapotranspiration) for the actual climate, and for the 2050
climate predicted by three transient scenarios. Fig. 4 shows significant impact
for both GFTR and MPTR scenarios. It was assumed that the present index

Fig. 4. Ratio values (%) of irrigation water demand (m%Mha, seasons) for climate scenarios
in India

of 0.066 hectare of irrigated cropland per capita will not be changed until
the middle of next century. Table 7 shows the overall results once non-ag-
ricultural water demands are added at the projected level of 100 m3/cap-year.
In calculating WR values it was assumed that water resources flowing into
India from other countries change in response to climate change by the
same percentage as the water resources originating in India.
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The overall conclusion is that future water crises in India seem inevitable.
The principal cause remains population growth. The impact of climate change
on the WR/WD ratio is not significant in the case of the GFTR scenario. But
it may be critical if, as predicted by the MPTR scenario, the expected temperature
increase is accompanied by only a small change in summer rainfall.

TABLE 6. Changes in runoff characteristics in India for three climate scenarios

Variable Present climate Change in % Change in % Change in %
mm/day GFTR HCTR MPTR
RJanuary—December 0.994 +29 +296 ? +8
RApril—September 1.572 +61 +359 2 +8
R'month]y minimum 0.115 -18 0 -16

TABLE 7. Water resources (WR) and water demands (WD) in India during the
summer period, for various climatic conditions

Year Climate WR km® WD km?® WR/WD  Water
availability
1990 present 1,400 366 3.82 stress
2050 present 1,400 757 1.85 extreme scarcity
GFTR 2,250 1,291 1.74 extreme scarcity
MPTR 1,510 1,108 1.36 extreme scarcity

SOUTH KOREA

South Korea is one of the most developed economies in Asia. It has an
area of 98,700 km? and a high population density of 440 inhabitants per
km? in 1990. However, its projected population increase is significantly lower
than in the region as a whole. Industry plays an important role in the
national economy, but agriculture retains a relatively high share of economic
activity, reflecting the government’s policy of domestic self-sufficiency in food.
Like other south Asian countries, South Korea has favourable climate con-
ditions for agriculture and the irrigated share of total cropland is very high
at 56 percent. Water resources are formed predominantly on the country’s
own territory, with negligible external inflow.

Current climatic data and expected changes of T and P were estimated
for each grid cell based on global data sets for the three transient scenarios.
Table 8 presents the country-wide average mean annual characteristics for
temperature increments, rainfall ratio and PET ratio calculated for South
Korea from the GCMs. Runoff values calculated by CLIRUN for the present
climatic conditions, and for assumed scenarios, are given in Table 9.

The current water use in South Korea is estimated at 10.7 km3, of which
75% is used by agriculture, 11% in domestic demand, and 14% by industry.
CROPWAT results for irrigation demand are presented in Figure 5, and
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200

CLIM GFTR HCTR MPTR

Fig. 5. Ratio values (%) of irrigation water demand (ms/ha, seasons) for climate scenarios
in South Korea

Table 10 shows the overall results once non-irrigation water demands are
added at the projected level of 130 m3/cap-year. The general conclusion is
that the ratio of water resources to demand in South Korea is worse in
2050 than in 1990, but the contribution of climate change to this result
seems to be negligible.

TABLE 8. Climate change scenarios for the year 2050 in South Korea

Variable Units GFTR 'HCTR  MPTR

Mo = e °c 19 35 0.6
PSCE/PCLI % 109 108 111
PETscg/PETcr % 111 123 103

TABLE 9. Changes in runoff characteristics in South Korea for three climate scenarios

Variable Present climate Change in % Change in % Change in %
mm/day GFTR HCTR MPTR
RJanuary—-December 1.859 +7 -2 +18
R ri=akstember 2.210 +16 +2 +10

Rmonth]y minimum 1.034 -13 -34 +7
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TABLE 10. Water resources (WR) and water demands (WD) in South Korea
during the summer period, for various climatic conditions

Year Climate WR km? WD km? WR/WD  Water
== . availability
1990 present 374 9.4 3.98 stress
2050 present 374 13.6 2.75 scarcity
GFTR 43.4 14.2 3.06 stress
HCTR 38.1 15.5 2.46 scarcity
MPTR 41.1 13.4 3.07 stress
PAKISTAN

Much of Pakistan is arid or semi-arid. Runoff generated within the country
supplies only half of the needs of its huge irrigation systems in the middle
and lower parts of the Indus river catchment. Pakistan relies heavily on
water "imported" from neighbouring countries, particularly India, a continuing
source of potential conflict. Pakistan’s area is 771,000 km2, and its population
density 190 people per km2. The population is projected to almost treble by
2050. Food production depends on irrigation: currently 77 percent of available
cropland is irrigated, equivalent to 0.14 hectare of irrigated land per person.

Table 11 presents the country-wide average values for AT, rp, and rpgp
calculated for Pakistan from the GCM models. Runoff values calculated by
CLIRUN are given in Table 12. As noted above, much of Pakistan’s water
comes from the Himalayas where changes in runoff may differ from those

Fig. 6. Ratio values (%) of irrigation water demand (m%ha, seasons) for climate scenarios
in Pakistan
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estimated for the dry internal territory of Pakistan. Changes in Himalayan
runoff were therefore taken from the calculations done for the grid cells for
northern India. The overall large increase in annual runoff confirms opinions
expressed in the literature (see Arnell et al., 1996; Kaczmarek et al. 1996)
that arid zones are more sensitive to climate change than humid catchments.

According to the World Bank estimates (Frederiksen et al. 1993), the
1990 annual water withdrawal in Pakistan was 153.4 km? per year, of which
98 percent went for irrigation — the highest figure in Asia. CROPWAT
results for irrigation demand are presented in Figure 6, and Table 13 shows
the overall results once non-irrigation water demands are added at the pro-
jected level of 100 m3/cap-year. As noted earlier, we have assumed no additional
irrigated land in 2050 in Pakistan due to limited land availability. Because
population continues to grow, this implies a substantial decrease in the per
capita irrigated area in Pakistan from the present 0.14 hectare to about
0.06 hectares.

TABLE 11. Climate change scenarios for the year 2050 in Pakistan

Variable Units GFTR HCTR MPTR
e Uoh °C 1.7 3.3 1.6
Psce/PoLr % 131 126 105
PETgcg/PETqy % 126 146 119

TABLE 12. Changes in runoff characteristics in Pakistan for three climate scenarios

Variable Present climate Change in % Change in %  Change in %
mm/day GFTR HCTR MPTR
Rjanuary-December 0.291 +115 +92 -8
R April-September 0.364 +160 +150 -21
R 0.093 —42 -34 -23

monthly minimum

TABLE 13. Water resources (WR) and water demands (WD) in Pakistan
during the summer period, for various climatic conditions

Climate WRkm® WD km® WR/WD  Water availability
present 157 151 1.04 extreme scarcity
present 157 208 0.76 extreme scarcity
GFTR 314 292 1.07 extreme scarcity
HCTR 291 366 0.80 extreme scarcity

MPTR 138 247 0.56 extreme scarcity

As can be seen from Table 12, water availability is a critical barrier to
Pakistan’s development with food production, public health and economic
development — all being at high risk. This conclusion is driven mainly by
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logical characteristics will vary over the territory of large countries and
policy decisions depend on local hydrological conditions, economic conditions
and national priorities. Therefore, at this stage only general concepts con-
cerning possible policy action can be formulated, based on opinions reflected
in recent IPCC reports (Arnell ef al. 1996; Kaczmarek et al. 1996).

WR/WD
S

1990

2050 CLIM
2050 GFTR
2050 HCTR
2050 MPTR

BR00L0

l |

CHINA INDIA KOREA

Fig. 7. Ratio of water supply to demand values for actual climate
and three transient scenarios

A long-term strategy requires that a series of plausible development sce-
narios be formulated based on combinations of population growth and climate
change assumptions along with economic, social and environmental objectives
(Carter et al. 1994). After these scenarios are established, taking into account
the possibility of climate change, a set of alternative long-term strategies
for water management may be formulated that consist of different water
management measures, policy instruments or institutional changes, which
are designed to meet best the objectives of a particular growth and development
scenario. An overview of water supply and demand management options
was presented by Frederick (1994) as a part of an attempt to develop approaches
to dealing with increasing water scarcity. The range of response strategies
should be compared and appraised, each with different levels of costs, en-
vironmental and socioceconomic impacts. Some will be better suited to dealing
with climate change uncertainty — i.e. more robust and resilient, others
will focus on environmental sustainability. Some are likely to emphasize
reliability of supply. The reality is that, after application of engineering
design criteria to various alternatives, the selection of an "optimal" path is
a decision based on social preferences and political realities.

Regions that have little or no control of natural flows and are largely
dependent on precipitation, must implement a different set of water man-
agement strategies to those in river basins with a high degree of control in
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26 Almabruk A. Ali

irrigation is not dependent upon it. All agricultural lands are irrigated, the
water supply for the irrigation is coming solely from groundwater.

Libya’s demand for water has increased exponentially due to a high rate
of population increase and greater irrigation activity resulting from .and
reclamation projects. In one lifetime between 1950 and 1990, Libya’s
population increased from 1.1 to 4.5 million. Simultaneously, per capita use
of water had increase from 400 to 1260 cubic meter per year for agriculture
only (World Bank 1994). As a result of these two trends, the overall use of
water increased more than three times in that half century. The problem
is really complex, because our demand is greater than available natural
water resources.

NORTH-EAS]
AFRICA

NI Ry

o

S ‘
). . Y3 ¢
S > ‘_:—‘l“l v t”l W

2 . e MK
* SO

INDIAN
OCEAN

e e 2

Fig. 1. Geographical location of Libya

The aim of this report is to look critically into the existing problems of
water shortage, high population growth, industrial development and often
unwise water resource management and expected global warming. In short,
the expected impact of global climate change will be acute in different aspects
of our life direct or indirect. We hope that this work will be a meaningful
contribution to our understanding ofi expected climate change impacts in
the present and future, especially for crop water requirements.

A further aim of this report is to introduce information to our planning
engineers and decisionmakers at all levels of government. We also encourage
our researchers and scientists to examine the implications of climate change
for long-term policies in different fields, such as: water resources, electricity
demand, sea level rise, forestry, air quality, human health, urban infra-
structure, etc.
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30 Almabruk A. Ali

— basic information on the climate station are: station name, altitude
latitude and longitude.

— monthly, climatic data: temperature, relative humidity, sunshine and
wind speed.

The selected catchments are the Tripoli, Benghazi (Benina) and Kufera
regions, with full climatic observation stations, whose location and length
of obtained records are summarised in Table 1. Typical mean values for the
observed climatic factors of air temperature, relative air humidity, wind speed,
sunshine and precipitation are shown in Tables 2, 3 and 4 for the three
selected regions respectively.

TABLE 1. List of the data used

Station [} A Observation period T ( years)

Air temperature

Tripoli 32.9N 13.2E 1944-1995 51

Benina 32.1N 20.3E 1945-1995 50

Kufera 24.2N 23.3E 1951-1995 44
Precipitation

Tripoli 32.9N 13.2E 1931-1992 61

Benina 32.1N 20.3E 1946-1991 45

Kufera 24 2N 23.3E 1951-1991 40
R. air humidity

Tripoli 329N 13.2E 1944-1991 47

Benina 32.1N 20.3E 1945-1990 45
~_ Kufera 24.2N 23.3E 1951-1991 40
Sunshine

Tripoli 32.9N 13.2E 1961-1994 33

Benina 32.1N 20.3E 1963-1994 31

Kufera 24.2N 23.3E 1975-1994 19
Wind speed

Tripoli 32.9N 13.2E 1949-1994 45

Benina 32.1N 20.3E 1949-1994 45

Kufera 24 2N 23.3E 1974-1994 20
'HE PENMAN METHOD

Penman et al., recommended this equation for estimating potential evap-
oration £ (in mm/day)

] \ y 6.43(1 + 0.536 Uy) D
E, - o (R, + A;) + T ,/‘ 1)

where:
R, net radiation exchange for the free water surface, mm/day,
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A; — energy advocated to the water body, mm/day,
U, — wind speed measured at 2 m, m/sec.,
D  — vapour pressure deficit (e; — e), kPa.
4098¢
\ —
2373 + T )
2.501-0.002361 7. MJkg
0.0016286 P kPa 4
e, 0.6108exp ]:Jlﬁ kPa =

where e, is a saturated vapour.
The equation for estimating reference crop evaporation, in mm/day; is:

A / 900

B R, - G) + — T 4 o75 UzD ”
where:
R, — isnetradiation exchange for the crop cover, mm/day,
G — measured or estimated soil flux, mm/day,
T  — temperature in degrees Celsius,
T — (1 +0.330,).

THE BUDYKO-ZUBENOK METHOD

Budyko-Zubenok introduced the following method to calculate the mean
monthly rate of potential evapotranspiration (Kaczmarek and Krasuski 1991).

PET = 86400 “;#ﬂ/) le.(Tw) — e], (mm day Ly
Py 7

where:
p —1.293(kgm>),
P, — 1000 (kg m™),
p — is the air pressure in hPa,
D —30(mms?) during the cold part of the year,
D —6.0 (mm s™) at high air temperature.

Zubenok observed that in arid regions D may 10 mm sl. In order to
obtain a continuous relation between D and T, and taking into account the
dependence of D on the level of catchment aridity, the following heuristic
rules are proposed:
IfT<0, then D
IfT>0, then D

6.0 + 0.3T
5.2 + (349 + T0P,) /T,
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where:
T, isthe annual value for mean air temperature,
P, is the annual value for precipitation.
Budyko proposed calculating the saturated vapour e, (Tw) by an approx-

imate formula

_17.27Tw p doey(Tw)
237.2 + Tw

d®Tw (8
where T .. and T, ;, are mean monthly extreme temperature values. The
second part of the right side of the equation presents a correcting factor
aimed at eliminating the error caused by calculating es (Tw) based on mean
monthly values of Tw. The second order derivative in the equation may be

replaced by an approximate relation:

dQeS(Tw)
————" = 0029 + 0.0025Tw, (0<Tw < 25)
d“Tw 9

The parameter 7w in the Budyko-Zubenok method would be an apparent
land surface temperature, where the catchment were to be supplied with
an unlimited amount of water. To find its numerical value, the energy balance
equation:

e(Tw) = 6.11exp( 1 + 0.09 (T .x — Thin)

N R29n

Q. (1 —alb) + @, - G - ”i:?l‘l"“ D le(Tw) — el -
pC
~ 1000 QUL SR = (10)

has to be solved for Tw.

L is the latent heat of vaporlsatlon equal to 2 470 000 (J kg'l)

C, = 1005 (J kg deg™ 1Y is the specific heat of dry air, G(W m™) is the

energy flux between surface and soil, and other elements were defined earlier.
For the long wave radiation balance in the equation, the slightly modified

Brunt formula may be used:

Q) = 5.5+ 107 [0.552¢" (T + 273.2)*
- (Tw + 273.2)%(0.2 + 0.8n,) (11)

where ng is the monthly relative sunshine duration. For calculating G we
use the Albrecht formula:

G = 0.0019;[Q,,(1 - alb) + @y lpa sin Iz (Mo — Moy, + 4)] 5
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Fig. 2. Current (1995) and expected (according to the GFDL and GISS models) temperatures
and potential evapotraspiration in the Tripoli (a), the Benghazi (b) and the Kufera (c) Regions
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Fig. 1. Course of average annual air temperature at the different stations — data smoothed
by 9-year Gauss filter (KRA — Krakow, WIE — Vienna, WAR — Warsaw, PRA — Prague)
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Fig. 2. Variability in average annual air temperature in Krakow (KRA) and course of average
annual air temperature deviations from analogous values of the areal average calculated from
3 stations: Vienna, Warsaw and Prague {(D(X3-KRA)}
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10
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i
i

65 -
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years

— KRA X3

Fig. 3. Course of mean annual air temperature in Krakéw (KRA) and mean annual areal
values from the three meteorological stations (Warsaw, Prague, Vienna, X3) according to 9-year
Gauss filter, 1792-1991

was done are presented in the work of R. Bohm (1992) and in the atlas
entitled "Klima von Wien" by I. Auer, R. Bohm and H. Mohnl (1989).

The Astronomical Observatory of the Jagielonian University in Krakow
was founded in 1791 and as early as in the following year the founder and
first director, Professor J. Sniadecki, personally started regular, 3 times
a day observations of thermometer and barometer readings. Regrettably,
the developing station had to suspend its activities in 1794 as a result of
the very unfavourable political situation in the country and financial situation
of the university. In the period 1794-1825, observations were effected
irregularly. The register of observations is available for 1803-1804 (some
incomplete), for the year 1805 (partly), for 1811-1823 and 18241825 (partly)
(Trepinska and Kowanetz 1997). Between 1826 and now there has been
a continuous series of results for air temperature. Preserved registration of
the site and observation times exist; the latter corrected by conversion to
true mean values (Trepinska 1971). The certainty of the station’s permanent
location provides quite a good guarantee that the series is homogeneous.
Temperature data for the years 1794-1825 were supplemented using the
method of multiple regression and this was recognized as the best method
meeting the assumption of the least error when seeking missing values in
long measurement series (Ustrnul 1997).

To complement the Krakéw series, monthly average air temperatures
from the above mentioned stations (in Warsaw, Prague, and Vienna) have
been utilized.
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The coordinates of the selected stations are:

latitude longitude altitude
Warsaw 52°13’'N 21°02°E 110 m
Krakow 50°04'N 19°58'E 220 m
Prague 50°05'N 14°25'E 202 m
Vienna 48°15°’N 16°22'E 202 m
AIMS AND METHODS January
The main aim of this "

synthetic study is to present
similarities and differences in
the courses of average air tempe-
rature according to source data
from the oldest meteorological
stations in Central Europe.
Analyzed was the course of the
average annual air tempera-
ture and values for the selected
months of: January, April, July
and October. All the stations
have continued to the present
in recording air temperature
and it therefore seems reason-
able to produce this kind of
syntheses on the basis of series
that are being complemented
all the time. Every new study
brings some new aspects to
the case, particularly if work
relates to observed trends and
cyclicity. Using a wide range of
methods allows for the con-
firmation or altering of pre-
viously uncovered relationships.
Among the goals of this study

S

Fig. 5. Periodograms of the mean air temperatures

in Krakow (1792-1995)

is an attempt at a new approach to the issue of cyclicity in air temperature.

The methods used in this study are known in statistics. Applied were:
the equalization of long series by way of moving means, smoothing by way
of a Gauss filter and periodograms. The results are presented in the form

of diagrams and tables.
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July RESULTS

Fig. 1 presents the courses

i 1 e of average annual air tempe-

ratures during the examined

period after smoothing the data

. - F \ o |‘| - ' using a Gauss filter. It is strik-
| | | : I' | ) 2

«deate

ing how great the concordance

ofi the courses for all stations

is. The closest values can be
seen in relation to the following
pairs of stations: Prague—Vienna

October and Krakéw—Warsaw. In gener-

al, the greatest differences

between stations occurred dur-

s e e ing the initial period until about

the year 1830. The said period

is at the same time marked by
the greatest variability. Later
years did not show such great
variability in air temperatures.

However, the last decade of the

' 2. & 4 s 19th century brought a definite
. increase in air temperature what
Year may be related to the end of a

P Little Ice Age. A similar increase

also occurred later on, from about

the year 1960 onwards. This
may be attributed to circula-

g tion changes and considerable

anthropogenic effects.

] | s v BN B Fig. 2 illustrates the course
o | : ; of average annual air tempe-
VNSATYVAN T, . pat 2 rature in Krakéw (upper part

! ' 3 of the figure), and the course

ofiaverage annual deviations for

this locality as compared with the so-called areal average value, calculated
using data from the other series (for Warsaw, Prague and Vienna). It may
be noticed that the average annual air temperature in Krakéw is lower than
the calculated areal average (positive deviation) except for a few years only

in the whole series e.g. 1824: —0,9°, 1900: —0,6° and 1958: —0,3°. After 1970,

deviations from annual average values are markedly smaller and that may

indicate the increased intensity of western circulation.
Interrelationships in the shaping of air temperature over Central Europe
are illustrated by the next figure, Fig. 3. The average from the Krakow

¢ nate
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Fig. 1. Annual mean air temperature (T) and progression index (P)
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Fig. 1. Mean spring air temperature (T) and progression index
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Summer ¢
Aleksandrowice 1951-1995
8 178+ bbbt bt g bedeg e putenpese ge et i
-«
. 7" Na .
17 44 f et 11
X ----- _;_;-a—q—(——-r-""l"
U / —4—1—1-‘ ...... 13
o 168 foy - PItNGET 3 s '
™
1%
. T
\ I.\ ! M
155 Qo Syiigh b bobeifupetes }
18 e e
195 1960 1%S 1970 1975 190 1985 19%0 199§
17.5
Ptaszkowa 1951-1995 .
b 17 + . . "
165 "
1%
o
L3
S ass
15 + forhoded
e
ATV LY
145 + 4. me .
" : il ! s
1955 1960 19S5 1970 1975 1980 1988 1990 199§
1"
Lesko 1951-1995
C s
17
e 168
—_
16
155
15 :
195§ 1960 1965 170 1978 1% 1985 19% 1995
yours
=== T trend (Lincar Fit) s T S-ycar (Moving Average)
~o- P S-years (Moving Average) -— P trend (Lincar Fit)
Fig. 4. Mean summer air temperature (T) and progression index (P)
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Fig. 5. Mean autumn air temperature (T) and progression index (P)
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66 E. Cebulak
STUDY METHODS AND MATERIALS

The paper is based on a 45-year precipitation series from 25 stations in
the Carpathians for the years 1951-1995, averaged for the whole Carpathian
region and separately for the Eastern and Western Carpathians stations
(10 and 15 stations respectively) as numerous works on precipitation
characteristics in the Carpathians point to the separateness of these regions
with respect to trends for and differentiation in precipitation (Schmuck 1965;
Lesko 1971; Obrebska-Starklowa 1977; Dobija 1982; Cebulak 1992). The
demarcation line between the Eastern and Western Carpathians follows the
Dunajec and Biala rivers (Fig. 1).

Fig. 1. Division of the
Carpathians into two regions
(E — Eastern, W — Western)

and the locations of the

25 stations

Particular characteristics refer to area-averaged annual and seasonal
precipitation. The variability of precipitation was studied based on annual
precipitation totals, averaged by 5-year moving averages, and trends for
precipitation were determined using trend lines. The data for the stations
were averaged disregarding weights for particular stations. Averaging of the
data eliminated the influence of local factors and provided an overview of
precipitation variability in time.

TRENDS FOR PRECIPITATION IN THE CARPATHIANS

Annual precipitation totals in Krakow show a declining trend. After a
distinct maximum in the years 1966-1970 and a smaller one for 1974-1978,
precipitation totals have declined steadily. The declining tendency is more
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clear in the western part of the Carpathians (Fig. 2a) and the trend is
less-marked in the eastern part. The courses of precipitation in the light of
5-year moving averages are similar in both parts of the Carpathians. The
largest differences in the direction of trends are registered for the years
1953-1963; in the western part of the Carpathians there is a slow increase
in annual totals in this period while in the eastern part there is a systematic
decrease. Spring precipitation in the Carpathians shows a slight increase.
Linear trends are positive (Table 1). When considering areal precipitation
in the eastern and western parts, the trends and courses are similar.

TABLE 1. Linear regression equations describing trends for change in annual and
seasonal precipitation (y) in the Carpathians in the period 1951-1995 (x-time-year,
r—correlation coefficient)

Year Spring Summer Autumn Winter

Carpathians y=-0.87 x+ 2556.1 y=0.34x-426.6 =-124x+2817.1 y=044x-65615 y=-0.19 x + 527.7
r =0.098 r=0.098 r=0.186 r=0093 r=0.061

Western y=-134x+36433 y=0.06x+1044 y=-168x+37243 y=046x-7097 y=007x+258

Carpathians r =0.152 r=0017 r=0.227 r=0.105 r =0.022

Eastern y=-049x+ 18069 y=0.72x-12350 y=-0.73x-1755.6 y=0.31x-4271 y=-058x+1283.7

Carpathians r =0.054 r=0.201 r=0.114 r=0.062 r=0.195

In summer, there are the largest declines in precipitation trends (Fig. 2b).
When considering the courses of precipitation in summer seasons, averaged
for the whole area of the Carpathians, a distinct culmination of precipitation
in the years 1968-1974 can be observed. This maximum is particularly
well-developed in the western part of the Carpathians and is observed in
the years when high precipitation totals triggered severe floods in this area
(1970, 1972, 1973). In the course of precipitation in the eastern part of the
Carpathians a more pronounced maximum is typical of the 1980s, when
floods occurred in the San drainage basin (1980, 1987). Distinct declines in
precipitation occur in the 1990s. A downward trend in precipitation in this
period resulted from two summer droughts — in 1992 and in 1994. Autumn
precipitation shows a slight upward trend where areal precipitation for the
whole Carpathians is concerned. If the Carpathians are divided into the
eastern and western parts, an agreement in the direction of the trends is
observed (Table 1). In general, winter precipitation totals are declining
steadily. However, the directions for the trends in each part of the Carpathians
are different. In the western part, winter precipitation shows a slight upward
trend while in the eastern part there is a distinct decrease (Fig. 2c).

In the recent 45-year period, the changes in precipitation trends expressed
using equations have not attained statistical significance but are indicators
of contemporary changes in precipitation conditions.
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TABLE 3. 1951-1995 precipitation extremes by month, season and calendar year

Region Rank Month mm  Spring mm Summer mm Autumn mm = Winter mm Year mm
Wettest

Carpathians 1 July 1980 273 1989 328 1980 532 1952 382 1951/52 256 1974 1214
2 July 1960 249 1966 326 1965 530 1974 328 1982/83 251 1966 1179

3 July 1970 239 1951 301 1960 526 1992 322 1976/77 219 1970 1167

4  June 1974 223 1994 298 1970 521 1980 317 1961/62 212 1980 1139

5  August 1972 206 1962 283 1974 513 1964 304 1966/67 207 1965 1117

Western 1 July 1980 314 1966 360 1960 634 1952 372 1951/52 268 1970 1241
Carpathians 2 July 1970 282 1994 333 1970 592 1980 328 1982/83 262 1974 1233
3  June 1974 252 1951 323 1965 548 1964 312 1961/62 232 1966 1225

4  August 1985 240 1962 323 1968 542 1974 300 1975/76 230 1960 1174

5  July 1968 233 1989 318 1985 538 1990 197 1966/76 220 1965 1172

Eastern 1 July 1980 294 1989 337 1980 542 1952 376 1951/52 226 1974 1166
Carpathians 2 October 1974 229 1970 261 1974 504 1992 364 1982/83 219 1966 1093
3 June 1974 228 1966 266 1965 494 1974 358 1976/77 206 1980 1083

4  May 1989 199 1966 260 1953 469 1980 293  1954/55 198 1965 1040

5  June 1973 189 1978 258 1966 436 1964 277  1952/53 189 1970 1022

Driest

Carpathians 1  October 1951 3 1982 143 1992 210 1959 85 1953/54 72 1993 765
2  March 1974 3 1969 158 1952 216 1986 89 1983/84 95 1986 784

3 February 1976 3 1956 166 1994 132 1982 120 1990/91 96 1954 789

4  February 1954 9 1974 167 1975 132 1951 125  1977/78 103 1961 797

5  December 1972 11 1973 167 1990 259 1993 127  1989/90 109 1982 802
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period 1951-1995. Positive values of the index C indicate the prevailing
influence of lows while negative values are recorded if highs occur frequently.
There is an agreement between the course and tendency in precipitation
and the cyclonicity index C (Fig. 2a—c). Positive values of C were noted in
the periods with high precipitation in 1965-1975. After 1975, index C decreases
systematically, although a slight increase in the second half of the 1980s
coincides with a period of higher annual precipitation. The highest value
for this index is in 1974, the wettest year in the 45-year series, and this
explains such a wet year. The especially wet autumn of 1952 is also confirmed
by a positive value for index C. The cyclonicity index and precipitation are
best correlated with annual precipitation totals in the western part of the
Carpathians, and where seasons are concerned with the autumn totals
in the whole Carpathians and with the winter totals in the eastern part
(Table 4).

TABLE 4. Correlation of annual and seasonal precipitation totals with cyclonicity
index C for the Carpathians and their Eastern and Western parts in the period
1951-1995

Year Spring Summer Autumn Winter
a r a r a r a r a r
Carpathians 1.03 046 076 039 152 032 149 058 0.55 0.33
Western
Carpathians 025 050 071 035 169 033 135 055 036 0.21
Eastern
Carpathians 088 038 080 040 114 026 157 056 0.77 0.49

a — slope of linear regression mm/index, r — correlation coefficient

CONCLUSIONS

Downward trends in annual precipitation totals are being maintained in
the whole Carpathians. The declines are twice as large in the western part
as in the eastern part. Such trends in precipitation are also observed in
seasons — most marked in summer and least in winter. The decrease in
summer precipitation totals is twice as great in the western part of the
Carpathians as in the eastern part. Precipitation in the Carpathians is
increasing in spring and autumn. The largest growth in precipitation is in
spring, but the higher values are in the eastern part, and lower ones in
autumn in both the regions albeit more significant in the western part of
the Carpathians. Trends in contemporary changes in precipitation in the
Carpathians are confirmed by the studies on atmospheric circulation and
supported by the cyclonicity index C.
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THE NUMBER OF DAYS WITH PRECIPITATION >0.1 MM IN THE YEARS
1814-1995

The multiannual average of annual number of days with precipitation
> 0.1 mm in Krakow is 171 (Table 1), which constitutes 47 per cent of days in
the year. In normal thirty-year periods, the averages changed from 171 days in
the period 1931-1960 to 176 days in the period 1901-1930. This indicates that
in terms of average values, the number of days with precipitation shows little
variability. For this reason, this measure was analysed for the entire 1814-1995
series only, without presentation of respective values for normal periods.

TABLE 1. Statistical parameters of the number of days with precipitation > 0.1 mm
in Krakow (1814-1995)

Mean Max. Min. ) V (%)
year 171.0 231 106 21.3 12.5
cold half-year 86.0 113 49 12.9 15.0
warm half-year 85.1 128 50 14.6 17.2
spring 42.7 68 21 7.5 17.5
summer 44.1 69 22 8.8 20.0
autumn 41.1 64 19 8.9 21.7
winter 43.2 67 20 8.7 20.2

8 — standard deviation
v — variability coefficient

In an annual period, the number of days with precipitation is equally
distributed between cold and warm halves of the year (Table 1). In particular
seasons, the averages are similar and vary from 41 days in autumn to 44
days in summer. A record high (231) was recorded in 1844, in which there
were as many as 63 per cent of days with precipitation. The lowest number
(106) was recorded in 1819, which had precipitation on 29 per cent of days.
The range of the number of days with precipitation > 0.1 is thus 125 days.
In various seasons both minimum and maximum values are close to one
another. The standard deviation values for the number of days with precip-
itation are greater in the warm half-year period than in the cold one. Among
seasons, the least deviation occurs in spring, the most in autumn.

The variability coefficient values show that the number of days with
precipitation in all of the periods considered in this study manifests less
variability than total precipitation values. The variability in annual precip-
itation in Krakéw is 16 per cent and is regarded as moderate (Kozuchowski
and Trepinska 1986). The number of days with precipitation in the warm
half-year period shows greater variability (17.2 per cent) than in the cold
one (15.0 per cent). Among seasons, the greatest variability occurs in autumn
(21.7 per cent), and the lowest in spring (17.5 per cent).
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The long-term record of the number of days with precipitation shows
fluctuations (Fig. 1) which are reflected in the increases in the lowest values
and decreases in the highest ones. Four periods of high values can be indicated:
the 1830s and 1840s, the end of the 19th century and the beginning of the
20th century, and also five periods of low values: 1814—1828, the 1850s and
1860s, 1920s, 1940 and 1950s, and the past fifteen years 1981-1995. These
periods coincide with years of high and low values for total precipitation.
This is signified by a high correlation coefficient between the two (r = 0.610),
significant at the 0.05 level.

The variability in the annual number of days with precipitation correlates
better with the variability in the number of days in the warm half-year
period (r = 0.838) and the autumn (r = 0.713) than in the summer (r = 0.687),
spring (r = 0.660) or the cold half-year period (r = 0.649).
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Fig 1. Long-term variability in the annual number of days with precipitation >0.1 mm
in Krakow (N — values for each year, N11— 11-year moving averages)

Up to the end of the 1930s, the variability in the number of days with
precipitation in the warm and cold half-year periods showed more or less
similar trends (Fig. 2). From the 1940s to the year 1995, these tiends were
in the opposite direction, i.e. for an increase in the number of days with
precipitation in the warm half-year period accompanied by a d:crease in
the cold half-year period. In the whole (1814-1995) series of tie annual
number of days with precipitation > 0.1, the line representing the trend
shows neither increase nor decrease. This is confirmed by a low value for
the Spearman rank correlation coefficient (r, = 0.084), non-significant at the
0.05 level. One may reason that the lack of a trend is caused by :he length
of the series, because with a lengthened observation period trenis tend to
disappear. When considering the number of days with precipitation over



Long-term variability in the number... 81

shorter periods, taking into account natural fluctuations, trends significant
at the 0.05 level were found, positive and negative alternating. They occurred
in the following years: 1826-1844 (r, = 0.432), 1845-1874 (r, = -0.482),
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Fig. 2. Long-term course of seasonal 11-year moving averages and trend line for the number
of days with precipitation > 0.1 mm in Krakow
1875-1899 (r, = 0.471) and 1962-1995 (r,= —0.366). It should be noted that
in recent years, beginning in the 1960s, and against the background of a
strong downward trend in annual precipitation r, = -0.600 (Twardosz 1995),
the negative trend for the number of days with precipitation is much weaker.
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The variability in the annual number of days with precipitation is most
of all the result of changes in the number of days with precipitation in
half-year periods and seasons (Fig. 2). The strongest trends were observed
in the cold half-year period (r; = 0.286) and in winter (r, = 0.357), a fact
also confirmed in the lines of trends. In contrast, decreasing trends, though
much weaker, occurred in the warm half-year period (r, = —0.144) and in
summer (r; = —0.155). In spring and autumn the number of days with > 0.1
does not show any trend at all.

NUMBER OF DAYS WITH PRECIPITATION > 1 MM AND > 10 MM
IN THE 1850-1995 PERIOD

The number of days with precipitation for a higher threshold of total
precipitation shows much more variability in various statistical parameters
in all the periods considered. The overall decrease in the average, maximum
and minimum values is coupled with an increase in the values of the variability
coefficients (Table 2).

TABLE 2. Statistical parameters of the number of days with precipitation > 1 mm
and > 10 mm in Krakow (1850-1995)

Mean Max. Min. V (%)
>1 >10 >1 >10 >1 >10 >1 >10
year 108.4 17.3 144 30 80 7 11.3 25.4
cold half-year 49.6 3.7 72 16 30 0 17.7 64.0
warm half-year 58.9 13.7 85 23 35 5 16.1 28.0
spring 26.9 3.6 47 9 10 0 23.7 58.4
summer 32.3 8.5 50 19 16 2 20.7 36.6
autumn 24.6 3.9 40 11 9 0 24.8 57.9
winter 24.6 1.3 43 8 13 0 25.2 104.0

v — variability coefficient.

In the case of the annual number of days with precipitation > 1 mm,
the average value drops to 108.4, which constitutes about 30 per cent of all
days. For the 10 mm threshold it drops to as little as 17.3 per cent, or about
5 per cent of all days. The semi-annual averages of the number of days
with precipitation > 1 mm and > 10 mm are markedly higher (by an average
of 10 days) in the warm half-year period compared with the cold half. Among
seasons, the highest average numbers of days with precipitation occur in
summer and the lowest in winter.

The maximum number of days with precipitation > 1 mm (144) was
recorded in 1853, and the minimum (80) in 1858. The number of days with
precipitation (> 10 mm ranges from 30 in the year 1855 to 7 in 1993.

The maximum and minimum numbers of days with precipitation > 1
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and > 10 mm in the warm half-year period are higher compared with the
cold half-year period. In summer they assume the highest values and in
winter the lowest.

Variability in the number of days with precipitation > 1 mm for the year
and for the warm half-year period is markedly lower compared with the
variability in the number of days with > 0.1 mm. In the remaining periods,
the values of variability coefficients are higher. At the same time, the maximum
and minimum variability occur in different seasons. Thus, the seasonal values
for variability indicate that the highest variability is characteristic of winter
and the lowest in summer.

The long-term record of annual number of days with precipitation (> 1 mm
(Fig. 3) corresponds with changes in total precipitation (r = 0.709). There
are three distinct periods with high numbers of days with precipitation, i.e.
the end of the 19th century and the first two decades of the 20th century,
the late 1930s and early 1940s and the 1960s, as well as five periods with
low values, i.e. the 1850s, 1870s and 1880s and next the 1930s, as well as
the last period from the year 1970 onwards. The entire series of annual
number of days with precipitation shows no trend for changes.
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Fig. 3. Long-term variability in the annual number of days with precipitation > 1.0 mm
in Krakow (N — values for each year, N11— 11-year moving averages)

The record of changes in the number of days with precipitation > 1 mm
correlates best with the changes in the number of such days in the warm
half-year period (r = 0.702), the summer (r = 0.605), the spring (r = 0.539)
and the cold half-year period (r = 0.502). For the remaining periods, the
coefficients are below 0.500.

Up to the end of the 19th century, the numbers of days with precipitation
in the warm half-year period were markedly higher than those in the cold
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half-year period which were particularly evident in the comparison between
summer and winter (Fig. 4). Next, since the beginning of the 20th century,
there has been a decrease in the range of fluctuations in the number of
days with precipitation between the half-year periods and between summer
and winter. This results in the occurrence of opposing trends and thus in
the cold half-year period (r, = 0.251) and in the winter (r, = 0.231) they are
positive trends, whereas in the warm half-year period (r, = —-0.190) and in the
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Fig. 4. Long-term course of seasonal 11-year moving averages and trend line for the number
of days with precipitation > 1.0 mm in Krakow
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summer (ry = —0.210) they are negative. The number of days with precipitation
> 1 mm in spring and autumn does not show any changes throughout the
whole of the series. Beginning in the 1970s, a marked decrease in their
variability occurred.

The record of the annual number of days with precipitation > 10 mm
differs from others in having the highest variations year after year (Fig. 5).
The record of the number of days with precipitation in the warm half-year
period (r = 0.859) and, to a lesser extent, in the summer period (r = 0.678)
correspond directly with it. For the entire annual or semi-annual and seasonal
numbers of days with precipitation > 10 mm no trend in changes were
detected. It is worth noting that in this case there was a very sharp downward
trend in the years 1970-1993.
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Figure 5. Long-term variability in the annual number of days with precipitation > 10 mm
in Krakéw (N — values for each year, N11— 11-year moving averages)

THE EFFECT OF CIRCULATION FACTORS ON THE NUMBER OF DAYS
WITH PRECIPITATION

The generally-accepted opinion that atmospheric circulation plays a de-
cisive role in climatic changes allows for the assumption that the variability
in the number of days with precipitation remains in a close relationship
with circulation conditions. This relates in particular to the C index, which
was found by some studies to affect precipitation most (Niedzwiedz 1993a).

The average annual value of the C index is —60, which means that
the upper Vistula basin region is more often under the influence of anticy-
clonic systems than cyclonic ones. The consecutive 11-year averages indi-
cate fluctuation of this index, and the line for this trend an increase (Fig. 6).
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A preponderance of years with positive index values occurred only in the
1963-1976 period, with the maximum value (102) in 1970. In 1921, the index
reached its lowest value (-228). Changes in this index showed a gradual
increase till the year 1970, except for the 1920s and the late 1940s, and
next a decrease to the —142 level in 1990.
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Fig. 6. Long-term variability in the annual values of the cyclonicity index C in southern Poland
(C — values for each year, C11— 11-year moving averages) according to T. Niedwiedz (1993b)

The long-term fluctuations of the C index most affect the number of days
with precipitation > 0.1 mm and > 1.0 mm. From the statistical viewpoint,
all the calculated correlation coefficients between the number of days with
precipitation for years, half-year periods and seasons and the C index for
the 1874-1995 series are significant at the 0.05 level (Table 3 and 4). In
all these cases they are positive. A closer correlations appears between the
C index and the number of days with precipitation > 1.0, with a highest
value of 0.631 in the cold half-year period. In the case of the number of
days with precipitation > 0.1, the highest index (0.557) occurs in spring.

Variability in the number of days with precipitation shows higher sen-
sitivity to the fluctuations of the C index than precipitation totals. The
coefficients for correlations between precipitation and cyclonicity calculated
for an analogous period are lower and only in winter do they exceed the
value r = 0.500 (Niedzwiedz 1993a).

It was found that in individual normal periods the annual number of
days with precipitation > 0.1 and > 1.0 mm reached much higher correlation
coefficients with the C index against the background of the entire 1874—-1995
series. The values of these coefficients reach 0.634 in the period 1901-1930
(Table 3) and 0.622 in the period 1931-1960 (Table 4). In a prevailing number
of cases, higher coefficients were also found in particular half-year periods
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and seasons. Thus, for the 0.1 mm threshold, the maximum coefficient (0.756)
was calculated for spring in the period 1931-1960, the next (0.730) for summer
and 0.670 for the cold half-year period for the years 1901-1930 (Table 3).
For the 1.0 mm threshold the highest value (0.746) was found for autumn,
along with 0.730 for summer in the same 1901-1930 period (Table 4).

TABLE 3. Correlation coefficients between the number of days with precipitation
>0.1 mm and cyclonicity index C

1874-1995 1901-1930 1931-1960 1961-1990

year 0.351 0.634 0.516 0.453
cold half-year 0.485 0.670 0.499 0.467
warm half-year 0.360 0.645 0.614 0.546
spring 0.557 0.565 0.756 0.509
summer 0.430 0.730 0.476 0.377
autumn 0.374 0.589 0.547 0.541
winter 0.405 0.501 0.419 n.s.

n.s. — not significant at the 0.05 level.

TABLE 4. Correlation coefficients between the number of days with precipitation
> 1 mm and cyclonicity index C

1874-1995 1901-1930 1931-1960 1961-1990
year 0.461 0.584 0.622 0.560
cold half-year 0.631 0.685 0.689 0.605
warm half-year 0.445 0.663 0.582 0.602
spring 0.518 0.441 0.598 0.502
summer 0.425 0.730 0.414 0.365
autumn 0.587 0.746 0.691 0.537
winter 0.536 0.582 0.561 0.488

CONCLUSIONS

The analysis of the number of days with precipitation in a long-term
perspective reveals the presence of fluctuations conditioned by variability in
the circulation factor. These fluctuations are marked by greater irregularities
when compared with the precipitation totals. On an annual scale, neither
the number of days with precipitation nor the precipitation totals show any
trends. In both cases, trends appear on the seasonal scale which allow for
mention of a major conformity between the changes in these two elements.
This may be of major importance to further research, particularly on the
scale of Central Europe with its very asynchronous precipitation changes.
Changes in precipitation in this region of Europe are affected mainly by
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The following indices were used in this research to show thermal
differentiation of winters:

— dates ofthe commencement and end of winter together with its duration,
determined on the basis of mean monthly air temperature,

— dates of the commencement and end of winter, determined on the
basis of mean daily air temperature; with winter beginning on the first day
with mean daily temperature < 0°C and ending on the last such day,

— the number of: winter days (mean daily air temperature < 0°C), frosty
days (daily maximum air temperature < 0°C) and the sums of frost (sums
of mean daily air temperature < 0°C).

Atmospheric circulation is the main factor determining the differentiation
of air temperature in the mountains, together with the elevation a.s.l. and
the relief forms. The types of synoptic situation from T. Niedzwiedz (1988,
1992) for the upper Vistula river basin have therefore been used, together
with the index of cyclonicity (C) (Niedzwiedz 1993).

THE DATES OF THE COMMENCEMENT AND END OF WINTER.
WINTER DURATION

The dates of the commencement and end of winter, determined on the
basis of mean monthly air temperature (Table 1), prove that in the period
1961-90 at Kasprowy Wierch mountain, the season usually started as soon
as the middle of October, one month later in Zakopane, and as late as the
middle of December in Krakow.

TABLE 1. Mean dates of winter’s commencement, end and duration at Kasprowy
Wierch Mt in Zakopane and Krakow in the 30-year periods 1961-1990 and 1951-1980

1961-1990 1951-1980°
Station beginning end duration | beginning end duration
Kasprowy Wierch Mt 22.10 1.05 190 22.10 3.05 192
Zakopane 23.11 16.03 112 24.11 18.03 113
Krakéw 12.12 21.02 70 no data available

* after T. Niedzwiedz and D. Limanéwka (1992).

The season ended earliest in Krakow (21st Feb.), it usually lasted 23
days more in Zakopane (until 16th March) and would end on 1st May at
Kasprowy Wierch.

The same indices — and the duration of winter calculated by the same
method but for the period 1951-1980 — are also shown in Table 1 (Niedzwiedz
and Limandéwka 1992). Mean dates of winter commencement are very similar
to those presented before or differ by one day, while the dates of the end
are shifted by two days; the differences are very little. Unfortunately, such
a comparison cannot be made for Krakow, as the standard meteorological
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station with the shelter at 2 m above ground level was organized in 1958.
The data gathered at the station before 1958, in the shelter placed 12 m
above ground level (the historical station) cannot be used, as this would
cause inhomogeneity of the series.

Mean dates for the commencement and end of winter, together with winter
duration, determined on the basis of mean monthly air temperature for six
5-year periods were also analysed (Table 2), and compared with the mean
values for the 30-year period (Table 1). The longest winters occurred:

— in Krakéw in the period 1961-65; usually lasting for 92 days, starting
about a week earlier than mean winters in the 30-year period, and ending
about 2 weeks later,

— in Zakopane in the period 1966—70; lasting 151 days on average, starting
on 24th Nov. (1 day earlier than in the 30-year period), and ending about
a month and half later (25th April) than in the 30-year period (16th March),

— at Kasprowy Wierch in the period 1971-75; usually lasting 205 days,
starting on 7th Oct. (2 weeks earlier than in the 30-year period) and ending
similarly as in the 30-year period — on 1st May.

TABLE 2. Mean dates of winter’s commencement, end and duration at Kasprowy
Wierch Mt, in Zakopane and Krakow in the 5-year periods in 1961-90

Kasprowy Wierch Mt Zakopane Krakéw
) o oo
=} o g o =] o
g g i S k= .2
2 =) S g w g i @
3 & =i & o = & & 5
ES Q ) © Q &) © 2] @ o

I3

1961-65| 26.10 30.04 185 23.11 21.03 11 4.12 7.03 92
1966-70| 29.10 28.04 180 24.11 25.04 151 6.12 15.02 70
1971-75 7.10 1.05 205 18.11 8.03 109 12.01 3.02 21
1976-80| 25.10 8.05 194 25.11 16.03 110 14.12 22.02 69
1981-85| 22.10 30.04 189 21.11 14.03 112 2.01 25.02 53
1986-90| 23.10 27.04 185 20.11 17.03 116 12.01 4.02 22

The longest winters occurred the earliest in the Carpathian Foreland
and then gradually started in higher parts of the mountains. The shortest
winters occurred in Krakéw in the period 1971-75, they lasted only for 21
days, three times shorter than usually in the 30-year period (Table 1). They
started as late as in the middle of January (12th Jan.) and ended at the
beginning of February (3rd Feb.). They occurred in Krakéw at the same
time as the longest winters at Kasprowy Wierch did. In Zakopane, short
winters occurred in the whole 10-year period 1971-80, but they were only
shorter by 2 or 3 days than mean winter of the 30-year period. In the first
5-year period (1971-75) they started earlier by 5 days and ended earlier
by 8 days, while in the second period (1976-80) they started 2 days later
and ended as in the 30-year period (16th March). At Kasprowy Wierch, the



http://rcin.org.pl



94 K. Piotrowicz
NUMBER OF WINTER DAYS, FROSTY DAYS AND SUMS OF FROST

The average number of winter days in the examined period was: 191 for
Kasprowy Wierch, 100 for Zakopane and 60 for Krakéw. The highest values
occurred during winter 1990/91 at Kasprowy Wierch — 218 days, during
winter 1962/63 in Zakopane — 121 days and in Krakéw — 96 days (Fig.
1). The lowest number of days with mean daily temperature < 0°C
characterized the winters of: 1982/83 at Kasprowy Wierch —161 days, 1989/90
in Zakopane — 65 days and 1974/75 in Krakéw — 23 days. The values did
not show significant fluctuations in the examined period for Kasprowy Wierch
(variability coefficient 0.7 per cent), while their number diminished consider-
ably in both Zakopane (by 17 days) and Krakéw (by 21 days). The correlation
coefficient calculated for the number of winter days at all stations was highest
for Zakopane and Krakéw (0.665).

240
y=0,1141x + 188,93 0,076
120 y = 0.6958x + 10897 r=0,404

number of days

y= 07266x + 71,811 r=0344

0
1961/62 1966/67 1971/72 1976/77 1981/82 1986/87

winters

Fig. 1. The course of the number of winter days and trend lines for Kasprowy Wierch (a),
Zakopane (b) and Krakow (c) in the period 1961/62—-1990/91
x — year, y — number of days, r — correlation coefficient

M. Hess (1965) analysed the period 1952-61 and stated that the mean
number of frosty days in the Carpathian Mountains changes over a large
range, from 30 in the foreland up to 200 in the highest parts of the Tatra
Mountains.

The mean numbers of frosty days in the period 1961/62-1990/91 were
148 at Kasprowy Wierch, 53 in Zakopane and 33 in Krakow. The greatest
variability was observed for Krakow, from 4 days during winter 1974/75 up
to 68 days in 1962/63 (variability coefficient 51.2%). The number of frosty
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days, like the number of winter days, decreased by 21 days at that station
during the examined period (Fig. 2). The variability coefficient for frosty
days had a lower value for Zakopane (27.8 per cent), but the course was
similar to the one for Krakéow. The correlation coefficient for the number of
frosty days in Zakopane and Krakéw was 0.826. The highest values were
noted for winter 1962/63 — 82 days, the lowest in 1972/73 — 23 days. As
the trend line shows (Fig. 2), the number of frosty days diminished in the
examined period by 18 days.
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Fig. 2. The course of the number of frosty days and trend lines for Kasprowy Wierch (a),
Zakopane (b) and Krakéw (c) in the period 1961/62-1990/91
x — year, y — number of days, r — correlation coefficient

The course of frosty days at Kasprowy Wierch is very interesting (Fig. 2).
In the period 1961/62-1990/91 there were on average 148 such days and
the values varied from 121 days (1982/83) to 176 (1964/65). A slight decrease
in the index (of 10 days) can be observed in the examined period, contrary
to the increase in the number of winter days.

For the sums of frost the correlation coefficients were: 0.935 between
Zakopane and Krakéw, 0.594 between Kasprowy Wierch mountain and
Zakopane and 0.477 between Kasprowy Wierch and Krakéw. Mean values
for sums ofifrost for the period 1961/62—1990/91 were —1188.3°C for Kasprowy
Wierch, -517.5°C for Zakopane and —275.1°C for Krakéw. The values changed
in the following ranges: from —872.6°C (1989/90) to —1474°C (1962/63) for
Kasprowy Wierch, from —281.4°C (1974/75) to —966.0°C (1962/63) in Zakopane
and from —45.2°C (1974/75) to —723.4°C (1962/63) in Krakow (Fig. 3). According
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to this criterion, the most severe winter in the whole altitudinal profile was
1961/62 and the mildest 1974/75, but only in the lower vertical climatic
zones.
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Fig. 3. The course of the sums of frost values (°C) and trend lines for Kasprowy Wierch (a),
Zakopane (b) and Krakow (c) in the period 1961/62—-1990/91
x — year, y — number of days, r — correlation coefficient

RELATIONS BETWEEN THE NUMBER OF FROSTY DAYS
AND TYPES OF SYNOPTIC SITUATION

The decrease in the number of frosty days at Kasprowy Wierch in the
examined period made the author seek an explanation for this phenomenon.
A comparison was therefore made between the occurrence of frosty days
and the different synoptic situations according to the calendar worked out
by T. Niedzwiedz (1988, 1992).

Frosty days occurred most often at Kasprowy Wierch (19.2 per cent)
during an air mass advection from the West, both in cyclonic and anticyclonic
situations (W,, W_) (Table 3). Those days occurred most often in Zakopane
(18.5 per cent) and Krakow (22.3 per cent) during an air mass advection
from the East (E,, E)). A relatively high frequency of frosty days occurred
at all stations during situations with no advection (K,), or with advection
from different directions (B,).
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to those ofi Kasprowy Wierch mountain, while others (e.g. the number of
winter days) resemble a station in an upland, located in an urban area.

80

index C

y=-1.8390x + 34 481 r=0,600

-80
1961/62 1966/67 1971/72 1976/77 1981/82 1986/87

years

Fig. 4. The course of circulation index C over southern Poland in the cold half-year
(November—April) in the period 1961/62-1990/91
x — year, y — number of days, r — correlation coefficient

CONCLUSIONS

The standard climatological period 1961/62-1990/91, analysed in the
present paper, is too short to allow for the evaluation of regularities in the
thermal variability of winters in the altitudinal profile of the Carpathian
Mountains. The period is however representative for climatic research as
both very mild and very severe winters occurred in it. The regularities stated
for the examined years may therefore be extrapolated for earlier periods
and can serve as a certain model for climatic reconstructions. They also
show differences in the climate sensibility character between lower and higher
vertical climatic zones — the latter is exposed to only a very limited impact
of the geographical environment and man.

Thermal conditions of winters at Kasprowy Wierch depend on different
factors (e.g. changed atmospheric circulation conditions) than at the two
other stations, located in basins, where natural changes are influenced by
anthropogenic factors.

The analysis of winter thermal differentiation in the altitudinal profile
of the Carpathian Mountains, attempted in this paper, leads to the following
conclusions:
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of physical processes of huge energies. This has a decisive impact in relation
to inconstancy in geoecosystem function (Remmert 1980), and variability
of the processes of matter and energy cycling on time scales of months and

M’SF’; JCO!LO
Island

Fig. 1. South Shetland Islands and west coast
of Admiralty Bay — Site of Special Scientific
Interest No. 8. Main rookeries and wallows

of elephant seals are marked

years. Interdisciplinary research con-
ducted close to Admiralty Bay pro-
vides examples of such variabilities
(Fig. 1).

The average air temperature mea-
sured at 4 stations located on the
South Shetland Islands (Arctowski,
Bellingshausen, Eduardo Frei and
Arturo Prat) has increased between
the end of the 1940s and today (Mar-
tianow, Rakusa-Suszczewski 1990,
Rodriguez et al. 1996) by an average
of 1.4°C (from -3.6°C to —2.2°C). The
mean annual air temperature at the
Arctowski Station in 1981 was —1.2°C
which means an increase of about
2.4°C in relation to the 1940s. Similar
trends have been observed in the area
of Faraday Station located on the
Antarctic Peninsula. The air tempera-
ture, increased there between the end
of the 1940s and the 1990s by an
average of 2.5°C (Ackley et al. 1996),
as shown in Fig. 2. Stations located
on the South Shetland Islands also
registered a change in the variability
range of annual air temperature.
Winter minimal temperature tended
to increase and maximum summer
and autumn temperatures to decrease
(Rodriguez et al. 1996). In the opinion
of Rodriguez, the change in air
temperature in the South Shetland
Islands is characterized by 5-year
periodicity overlapping with the
general trend towards climatic warm-
ing. However, the change in air

temperature in the region of the Antarctic Penninsula and the South Shetland
Islands is weakly correlated with air temperature changes over the Antarctic

continent (Auckley et al. 1996).

The change in air temperature is influencing the temperature of sea
water. The annual cycle of air temperature and temperature variations in
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particular years are reflected in the course of trends for water temperature
observed in Admiralty Bay. Sea water temperature observed in winter 1994/95
was distinctly lower than that in 1979 when air temperature had been mark-
edly higher (Rakusa-Suszczewski 1996). A negative correlation exists between
air temperature and glacial conditions (Ackley et al. 1996). However both

air temperature (°C)

years

Fig. 2. Average annual air temperature within Admiralty Bay at British Station G
in 1949-1960 and of Arctowski station in 1978-1996

ice cover and its durability are characterized by considerable fluctuations.
Winter 1985 on the South Shetland Islands was characterized by especially
high air temperature, and as a result Bransfield Strait was not yet frozen
over even in August (Quetin, Ross 1991). Similarly mild winter occurred in
1989. However during winter 1987 the ice pack extended as far as 150 km
north of the South Shetland Islands (Quetin, Ross 1991).

Winter ice cover exerts an influence on feeding conditions for krill
(Euphasia superba) beneath the ice. This is especially true of its larval
phase. (L.B. Quetin et al. 1994) observed that during the severe winter of
1987, krill larva: a) developed rapidly, b) contained considerable amounts
of lipids and, ¢) demonstrated a good condition index. In contrast, during
the mild winter of 1989, the lipid content of the larvae was low, while larvae
were in a bad condition and moreover, shrinking. It may be presumed that
changes of the above kinds would have consequences both for the abundance
of the krill population and populations of its consumers.
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