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8 L. Ryszkowski, A. Kedziora

Table 1. Real air temperature t[°C], relative sunshine u (dimensionless), and precipitation
P [mm]in wet, normal and dry years in Turew

Moisture conditions

Month Wet Normal Dry
t[°C] u P t[°C] u P t[°C] u P
March 5.0 0.230 47 3.6 0.343 30 51 0.378 23
April 8.7 0.352 53 8.0 0.345 51 T 0.430 29
May 13.1 0.372 90 12.5 0422 60 13.3 0.487 34
June 177 0.396 122 16.6 0.410 69 16.7 0.432 31
July 18.0 0.365 146 17.1 0.453 68 19.6 0.511 46
August 16.9 0.380 67 17.5 0.387 58 18.1 0477 33
September 146 0431 47 12.9 0412 52 14.1 0.426 24
October 11.3 0.218 77 85 0.298 52 9.0 0.353 14
Mean/Total  13.2  0.343 649 12.1 0.384 440 129 0437 234

Energy flows and water cycling were studied by a variety of climatological,
hydrological and ecological methods which are described in detail by Kedziora
et al. (1987), Ryszkowski and Kedziora (1987), Olejnik (1988), Kedziora et al.
(1989), Kedziora and Tamulewicz (1990), Pastawski (1990), and Marcinek
et al. (1990).

METHODS AND CALCULATION

The climatological characteristics, such as air and soil temperature, sunshine,
wind speed, vapour pressure, saturation vapour pressure deficit, precipitation
and humidity, were measured by standard methods under field conditions, as
were incoming and reflected solar radiation. Net radiation was measured directly
with a net-radiometer, or else estimated by empirical equations (Ryszkowski
and Kedziora 1987).

The water balance of the watersheds was calculated by the method
of Pastawski (1990), from empirically-derived values for precipitation and water
runoff from the area. Water infiltration rates for the soil were obtained
empirically (Marcinek et al. 1990).

The heat balance of ecosystems is described by the following equation:

Rn+LE+S+G=0, (1

where Rn is net-radiation; LE — latent heat used in evapotranspiration; S — air
sensible heat flux; G — sub-surface heat flux. All components of equation (1)
are measured in W-m'z, and have positive values when energy flows to an active
surface. In other cases they have negative values.

The empirical model created during previous investigations (Kedziora at al.
1989, Olejnik 1988, Olejnik and Kedziora 1991, Ryszkowski and Kedziora
1987, Ryszkowski et al. 1991) was used in all calculations and analyses
to estimate heat balance components on the basis of standard meteorological
data and characteristics of plant development stages.
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Selected to determine the influence of plant cover on heat balance structure
were six typical ecosystems and two types of landscape: meadows (M),
cultivated fields (C), deciduous forest (Fd), coniferous forest (Fc), bare soil
(B), lake (L), cultivated fields with a 10, 20 or 30% cover of deciduous
shelterbelts (C+Fd) and cultivated fields with a 10, 20 or 30% cover of coniferous
shelterbelts (C+Fc).

To analyse the influence of plant cover structure on heat balance components,
calculations were carried out for three distinguished types of meteorological
conditions:

(a) Real meteorological conditions for normal, wet and dry years chosen
from observations made between 1956 and 1992;

(b) Assumed model meteorological conditions for a normal year (long-term
averages for meteorological parameters), an extremely dry and hot year,
and an extremly wet and cold year.

(c) Predicted meteorological conditions as a result of global change.

All analyses were carried out for growing season, which lasts from March
21 to the end of October in Wielkopolska.

ESTIMATIONS OF HEAT BALANCE UNDER REAL METEOROLOGICAL CONDITONS

Net-radiation was calculated in accordance with the following formula:

Rn = Rs + Ry, where: (2)

Rs=(1-a)R, (0.22 + 0.54u), 3

Rp=-5.68- 107 (t + 273)* (0.56 — 0.08¢%5) (0.10 + 0.90u), (4)
and where:

a — albedo (dimensionless), R, — extra-terrestial solar radiation [W-m™],
R, — intercepted short-wave radiation [W-m?2), Ry, — long-wave net balance
[W~m'2], u— relative sunshine (dimensionless), t — air temperature [°C), e — water
vapour pressure [mbar].

Albedo (a) was calculated as:

a=0.20 + 0.05f (in the case of meadow and cultivated field), (5)

a=0.15+ 0.05f (in the case of deciduous forest), (6)
a=0.15 (in the case of coniferous forest), (7
a=0.12 - 0.06 sin %(i —-3) | (in the case ofithe lake), (8)

a = 0.18 (in the case of bare soil — the mean value for the Turew soils), (9)

where:

f — plant development stage taken from phenological observations by Karlinski

and Kedziora (1968), in the case of terrestrial ecosystems with plants, but equal

to 1in the case of the lake and 0.02 for the growing season as a whole in the case

of bare soil; i — ordinal number of the month, beginning from January.
Subsurface sensible heat flux G was calculated using the following formula:
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G=K:Rn, (10)

where the coefficient K changes throughout the year and can be derived from
the following formulae:

K=0.15 (1 — 0.7f) sin % (i-—17.5) | (for meadows), 11
K =0.15 (1 - 0.5f) sin % (i— 7.5)| (for cultivated fields), (12)
K=0.15 (1 - 0.9f) sin f (i—- 7.5) | (for forest), (13)
K= 0.15 sin % (i — 7.5) | (for bare soil), (14)
K= 0.2 sin % (i- 7.5) | (for the lake), (15)

where the meanings ofithe i and f are as above.

The energy used for latent heat flux LE and air sensible flux S was
calculated from the following formulae (Kedziora et al. 1989, Olejnik and
Kedziora 1991):

LE = (Rn+ G)(1 + By, (16)
LE = (Rn + G)(1 + lli) L 17
where b — (the Bowen ratio) is derived from:
12.7
B=p W+359—0.02l, (18)

where p equals 1 in a normal year, and is given in dry and wet years (pd and
pw respectively) for all the terrestrial ecosystems by the following equations
from Bruin and Haltslag (1982) and Thom (1975):

[ rsy | S
pd = | 5 T "][5+1+r“ (19)
‘ ra ra

-1

pw=|8+1+%}[6+ 1+1;s: (20)

In these equations 6 is the ratio of the pressure gradient of saturated
water vapour at a given temperature (given in tables) to the psychrometric
constant which equals 0.65 mbar- K'1; a value of which can be calculated
using the formula:

8 = 0.688 exp (0.05662 t); Q1)

rs is plant stomatal resistance to water transfer, taken as equal to about
100 s-m™tin a normal year —rs,, 300 s mlina dry year — rsg, and 10 sm!
in a wet year — rs,,;

ra is aerodynamic resistance to water vapour, given by the equation:
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Z

e —1
ln_(z_—_(_ll‘ .kzv] ) (22)

where:

z — level of wind measurement in meters; d — zero plane displacement;
z, — roughness parameter and v — wind speed; d and z, are function of the
geometrical height h [in meters] of elements constituting the active surface
and are calculated as follow:

d = 0.66h, (23)
zo = 0.13h. (24)

In the case of our calculations, the levels of measurement z and value h
were as follows:

h = hpyaf (for terrestrial ecosystems), (25)

where:
h_ .« for meadows, cultivated fields and forest were respectively 0.5 m, 1 m and
20 m and h,, for bare soil and the water body 0.1 m, and where z was 30 m for
forest and 2 m for the other ecosystems. In the case of the lake the value p is
equal to pw for a dry year and pd for a wet year and is thus the oposite of those
for the other ecosystems.

The factor W in equation (18) is calculated from the formula given by
Kedziora et al. (1987), and Olejnik and Kedziora (1991):

W= [(100ds-v0'5)am( 2 0.4+ wi, (26)

where:

W is an agrometeorological empirical index, which express the influence of
meteorological conditions and the stage of plant development on evapo-
transpiration. The higher the index value, the greater the proportion of net-
-radiation used in evapotranspiration; ds — saturation vapour pressure deficit
[mbar]; other symbols have the meanings described above.

THE ESTIMATIONS OF POTENTIAL AND REAL EVAPOTRANSPIRATION IN mm OF WATER

Potential evapotranspiration for 24 hours ETP; was calculated in
accordance with the Penman formula, as follows:

ETP4 = [a(Rn +Q)+ Ea](l +8)7L, (27)

where:

E, =28.34-0.2626(0.75 + 0.54v)ds. (28)

The meanings of Rn, G, t, v, d and ds are as described above, and ETP,
is calculated in W m2, Calculation of ETP in mm of water per month involves
the following conversion:
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n, (29)

where:

n — number of days in month. Real evapotranspiration ETR values in mm were

calculated directly from estimated values of latent heat fluxes LE, in the
following way:

LE

ETR = 2834 ™

where n is as above.

(30)

ASSUMED MODEL METEOROLOGICAL CONDITIONS

The wet and dry years selected from field observations made in the period
1956-1992 were not typical because it so happened that wet years were
simultaneously warm. Dry years, however, had very similar air temperatures
to those with normal amounts of precipitation (Tab. 1). Such a combination
of meteorological conditions make it impossible to evaluate the modifying
role of plant cover in extreme conditions when precipitation is high and
temperature low, or when precipitation is low and temperatute high. Model
conditions for wet years were therefore assumed by increasing precipitation by
50% in relation to normal values. The air temperature in wet years was assumed
to be lower by 4.5 degrees in July and by 1 degree in March and November,
in relation to that in a normal year. Temperatures for the other months were
obtained from an annual curve drawn through these three values and taking
the overall shape of the curve in a normal year. Wind speed and relative sunshine
were also lowered by 50% in relation to the values noted in a normal year.

Table 2. Assumed air temperature t[°C], relative sunshine u (dimensionless), and precipitation
P[lmm] in model for wet, normal and dry years in Turew

Moisture conditions

Month Wet Normal Dry
t[°C] u P t[°C] u P t[°C] u P
March 2.0 0.172 55 3.0 0.343 37 4.0 0.514 18
April 5.5 0.173 67 8.0 0.345 45 11.0 0.516 23
May 9.5 0.211 91 13.0 0.422 61 18.0 0.633 30
June 12.5 0.205 102 17.0 0410 68 21.5 0.615 34
July 14.0 0.227 132 18.5 0.453 88 23.0 0.680 44
August 13.0 0.193 96 17.5 0.387 64 22.0 0.580 32
September 10.0 0.206 80 13.5 0.412 53 18.0 0.618 27
October 6.0 0.149 56 8.6 0.298 37 10.5 0.447 19

Mean/Total 9.1 0.192 679 124  0.384 453 16.0  0.575 227

The procedure for meteorological parameters in a dry year was similar,
but precipitation was decreased (and relative sunshine and wind speed
increased) by 50%, in relation to the values in a normal year. The air
temperature for July was increased by 4.5 degrees, and those for March
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and November by 1 degree. In all cases, the conditions in a normal year
were the average ones noted in the period 1931-1990, (Tab. 2). In comparison
to the normal meteorological conditions observed (Tab. 1), the mean annual
temperature for the "wet model” was lowered from 13.2°C to 9.1°C and that
for the dry year raised to 16.0°C (Tab. 2).

PREDICTED METEOROLOGICAL CONDITIONS AS A RESULT OF GLOBAL CHANGES IN CLIMATE

The temperature changes were taken from Hulme et al. (1990). Relative
sunshine and precipitation were the same as in the assumed model
meteorological conditions because in these the starting point for predicted
conditions), the range of variation in sunshine and precipitation values
between wet and dry years matches the values predicted by the model from
Hulme et al. In the predicted wet year the mean temperature for the growing
season is 12.8°C, while those for the normal and aby years are estimated
at 16.3°C and 19.8°C (table 3).

Table 3. Predicted air temperature t[°C], relative sunshine u (dimensionless), and
precipitation Pl[mm] in wet, normal and dry years in Turew

Moisture conditions

Month Wet Normal Dry

t[°C) u P t[°C] u P t[°C] u P
March 8.0 0.172 55 9.0 0.343 37 10.0 0.514 18
April 11.2 0.173 67 13.7 0.345 45 16.7 0.516 23
May 14.5 0.211 91 18.8 0.422 61 23.0 0.633 30
June 16.5 0.205 102 21.0 0.410 68 25.5 0.615 34
July 17.0 0.227 132 21.5 0.453 88 26.0 0.680 44
August 15.3 0.193 96 19.8 0.387 64 24.3 0.580 32
September 12.0 0.206 80 15.5 0412 53 20.0 0.618 27
October 8.3 0.149 56 10.8 0.298 37 12.8 0.447 19

Mean/Total  12.8 0.192 564 16.3 0.384 453 19.8 0.575 227

The predicted temperatures for each month were calculated using the
following formula:

tp=t+ 2[cos%(i - 1)+ 2], (31)

where:

tp — predicted air temperature [°C), t — present air temperature [°C], i — ordinal
number of month starting from January. Other meteorological parameters
(such as vapour pressure e and saturation vapour pressure defficit ds) will
change as a function of the temperature:

e = 5.5exp(0.055tp), (32)
ds=Epa.x —e, (33)

where E_ ., (saturation vapour pressure at a given air temperature) is calculated
as follows:
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Table 4. Components of heat balance [MJ-m%) and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various
percentage covers of shelterbelt for real normal moisture conditions in the aricultural landscape at Turew

“radunyd apiul}o 10qQo1F Jo s103lfa Jo uonworjipow

Forms of land use Heat balance components Evapotranspiration
Rn LE S G LE/Rn ETP ETR ETR/P
Meadows (M) 1432 -1180 -188 -64 -0.83 636 482 1.10
Cultivated fields (C) 1463 -1064 -297 -103 -0.73 634 434 0.99
Deciduous forest (Fd) 1581 -1361 -194 -36 -0.86 679 552 1.26
Coniferous forest (Fc) 1716 -1508 -186 -21 -0.88 715 616 141
Lake (L) 1883 -1585 -120 -179 -0.81 719 620 1.42
Bare soil (B) 1619 -782 716 -121 -0.49 667 317 0.73
C +Fd 10% a 1492 -1085 -309 -97 -0.73 501 443 1.01
b 1482 -1056 -322 -104 -0.72 481 431 0.98
C+Fd20%a 1516 -1106 -319 -92 -0.73 488 452 1.03
b 1500 -1044 -350 -105 -0.70 440 426 0.97
C+Fd30% a 1537 -1126 -326 -86 -0.74 484 460 1.05
b 1518 -1029 -382 -107 -0.68 401 420 0.96
C +Fc10% a 1505 -1099 -310 -96 -0.74 505 449 1.03
b 1482 -1054 -324 -104 -0.72 481 431 0.98
C+Fc20%a 1543 -1136 -319 -89 -0.74 495 464 1.06
b 1500 -1042 -352 -105 -0.70 440 426 0.97
C + Fc 30% a 1577 -1171 -325 -81 -0.75 495 478 1.09
b 1518 -1027 -385 -107 -0.68 401 420 0.96
Rn — net radiation ETP — potential evapotranspiration a — total landscape
LE — latent heat flux ETR — real evapotranspiration b — field between shelterbelts
S — sensible heat flux P — precipitation

G — heat flux into subsurface

Gl



Table 5. Components of heat balance [MJ- m?)and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various

percentage covers of shelterbelt for real wet years in the aricultural landscape at Turew™

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1436 -1294 77 -65 -0.91 645 529 0.81
Cultivated fields (C) 1466 -1253 -109 -104 -0.86 643 512 0.79
Deciduous forest (Fd) 1577 -1507 -33 -36 -0.96 687 616 0.95
Coniferous forest (Fc) 1706 -1654 -32 -21 -0.97 723 676 1.04
Lake (L) 1867 -1369 -326 -172 -0.74 727 559 0.86
Bare soil (B) 1614 -992 -504 -118 -0.62 676 405 0.62
C +Fd 10% a 1493 -1278 -118 -98 -0.86 499 522 0.80
b 1484 -1252 -127 -105 -0.85 478 511 0.79

C +Fd20% a 1517 -1298 -127 -92 -0.86 485 530 0.82
b 1502 -1246 -150 -106 -0.83 435 509 0.78

C +Fd 30% a 1537 -1315 -137 -86 -0.86 482 537 0.83
b 1520 -1232 -181 -108 -0.82 395 503 0.78

C +Fc 10% a 1506 -1292 -118 -97 -0.86 502 528 0.81
b 1484 -1252 -127 -105 -0.85 478 511 0.79

C +Fc20% a 1543 -1327 -127 -89 -0.87 492 542 0.84
b 1502 -1246 -150 -106 -0.83 435 509 0.78

C + Fc 30% a 1576 -1358 -136 -82 -0.87 493 565 0.86
b 1520 -1232 -181 -108 -0.82 395 503 0.78

* explanations in table 4
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Table 6. Components of heat balance [MJ-m?] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various

percentage covers of shelterbelt for real dry years in the aricultural landscape at Turew®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1478 -1070 -342 -66 -0.73 737 437 1.67
Cultivated fields (C) 1511 -886 -520 -106 -0.59 735 362 1.34
Deciduous forest (Fd) 1637 -1188 -412 -37 -0.73 783 485 1.80
Coniferous forest (Fc) 1781 -1367 -393 222 -0.77 823 558 2.08
Lake (L) 1959 -1664 -107 -187 -0.85 828 680 2.53
Bare soil (B) 1677 -531 -1019 -127 -0.32 771 217 0.81
C +Fd 10% a 1542 -902 -540 -100 -0.59 576 368 1.37
b 1532 -870 -554 -107 -0.57 553 355 1.32

C +Fd20% a 1569 -920 -556 -95 -0.59 557 376 1.40
b 1552 -853 -590 -109 -0.55 501 348 1.29

C +Fd 30% a 1597 -940 -563 -88 -0.60 552 384 145
b 1572 -834 -627 -110 -0.54 453 341 1.27

C +Fc10% a 1557 -920 -538 -99 -0.60 580 376 1.40
b 1532 -870 -554 -107 -0.57 553 355 1.32

C +Fc20% a 1598 -955 -551 -91 -0.60 565 390 1.45
b 1552 -853 -590 -109 -0.55 501 348 1.29

C +Fc 30% a 1634 -994 -557 -84 -0.61 564 406 1.51
b 1572 -834 -627 -110 -0.54 453 341 1.27

© explanations in table 4
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Table 7. Components of heat balance [MJ -m%] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various
percentage covers of shelterbelt for assumed model of normal conditions: real temperature, precipitation, and realative sunshine, but with vapour pressure
and saturation vapour pressure deficit calculated as functions of temperature®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1454 -1159 -229 -65 -0.80 565 473 1.05
Cultivated fields (C) 1484 -1084 -324 -104 -0.71 563 428 0.94
Deciduous forest (Fd) 1602 -1325 241 -37 0.83 608 541 1.19
Coniferous forest (Fc) 1737 -1467 244 -27 -0.85 644 599 1.32
Lake (L) 1904 -1484 237 -183 -0.78 649 606 1.34
Bare soil (B) 1640 -802 -714 -125 -0.49 596 328 0.72
C+Fd10% a 1514 -1065 -350 -98 -0.71 434 435 0.96
b 1504 -1036 -363 -105 -0.69 415 423 0.93

C +Fd 20% a 1539 -1083 -364 -93 -0.71 429 442 0.98
b 1523 -1022 -394 -107 -0.68 384 417 0.92

C +Fd 30% a 1560 -1100 -374 -87 -0.71 432 449 0.99
b 1542 -1003 -431 -108 -0.66 356 410 0.90

C + Fc 10% a 1527 -1079 -351 -97 -0.71 438 441 0.97
b 1504 -1036 -363 -105 -0.69 415 423 0.93

C +Fc 20% a 1566 -1111 -364 91 -0.71 436 454 1.00
b 1523 -1022 -394 -107 -0.68 384 417 0.92

C +Fc 30% a 1601 -1142 -375 -84 -0.72 443 467 1.03
b 1542 -1003 -431 -108 -0.66 356 410 0.90

*) explanations in table 4
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Table 8. Components of heat balance [MJ-m™?] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various
percentage covers of shelterbelt for assumed model of wet and cool conditions: temperature, relative sunshine and wind speed lower but precipitation
higher (50%) than in normal season. Vapour pressure and saturation vapour pressure deficit calculated as functions of temperature®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1216 -1070 -90 -56 -0.88 396 437 0.64
Cultivated fields (C) 1239 -1053 -98 -88 -0.85 394 430 0.63
Deciduous forest (Fd) 1328 -1258 -38 -32 -0.95 427 514 0.76
Coniferous forest (Fc) 1430 -1367 -39 -23 -0.96 452 558 0.82
Lake (L) 1555 -1127 -283 -144 -0.73 456 460 0.68
Bare soil (B) 1356 -912 -345 -99 -0.68 418 373 0.55
C +Fd 10% a 1258 -1067 -108 -83 -0.85 341 436 0.64
b 1250 -1046 -116 -88 -0.84 332 427 0.63

C +Fd20% a 1274 -1078 -118 -78 -0.85 338 440 0.65
b 1260 -1033 -138 -89 -0.82 315 422 0.62

C +Fd 30% a 1288 -1088 -128 -73 -0.85 338 444 0.65
b 1271 -1014 -166 -90 -0.80 300 414 0.61

C+Fc10% a 1268 -1078 -108 -82 -0.86 344 440 0.65
b 1250 -1046 -116 -88 -0.84 332 427 0.63

C+Fc20% a 1294 -1100 -118 -76 -0.86 343 449 0.66
b 1260 -1033 -138 -89 -0.82 315 422 0.62

C+Fc30% a 1318 -1120 -128 -70 -0.85 345 458 0.67
b 1271 -1014 -166 -90 -0.80 300 414 0.61

X explanations in table 4
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Table 9. Components of heat balance [MJ-m?] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with
various percentage covers of shelterbelt for assumed model of dry and warm conditions: temperature, relative sunshine and wind speed higher but
precipitation lower (50%) than in normal season. Vapour pressure and saturation vapour pressure deficit calculated as functions of temperature®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1756 -1135 -545 =11 -0.65 787 464 2.04
Cultivated fields (C) 1795 -921 =747 -125 -0.52 784 376 1.66
Deciduous forest (Fd) 1942 -1244 -655 -43 -0.65 846 508 2.24
Coniferous forest (Fc) 2110 <1412 -667 -31 -0.67 895 577 2.54
Lake (L) 2319 -1903 -189 -227 -0.83 900 777 3.42
Bare soil (B) 1989 -546 -1289 -155 -0.28 829 223 0.98
C +Fd 10% a 1838 -936 -783 -119 -0.51 545 382 1.68
b 1827 -902 -798 -127 -0.50 511 368 1.62

C +Fd 20% a 1875 -954 -809 -112 -0.51 538 390 1.72
b 1859 -882 -847 -129 -0.48 462 360 1.59

C +Fd 30% a 1906 -976 -825 -105 -0.52 545 399 1.76
b 1890 -861 -898 -132 -0.46 416 352 1.55

C +Fc 10% a 1855 -953 -784 -117 -0.52 550 389 1.71
b 1827 -902 -798 -127 -0.50 511 368 1.62

C + Fc 20% a 1909 -988 -811 -110 -0.52 548 404 1.78
b 1859 -882 -847 -129 -0.48 462 360 1.59

C +Fc 30% a 1956 -1026 -829 -102 -0.53 560 419 1.85
b 1890 -861 -898 -132 -0.46 416 352 155

*'explanations in table 4
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Table 10. Components of heat balance [MJ m™“] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various
percentage covers of shelterbelt in predicted normal conditions®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1492 -1183 -242 -67 -0.80 640 483 1.07
Cultivated fields (C) 1522 -1056 -359 -107 -0.70 637 431 0.95
Deciduous forest (Fd) 1630 -1371 =231 -28 -0.85 686 560 1.24
Coniferous forest (Fc) 1775 -1519 -236 -20 . -0.86 726 621 1.37
Lake (L) 1942 -1524 -233 -186 -0.79 728 623 1.37
Bare soil (B) 1678 -760 -791 -127 -0.46 673 310 0.69
C +Fd 10% a 1552 -1079 -373 -100 -0.70 460 441 0.97
b 1544 -1046 389 -108 -0.68 435 427 0.94

C +Fd 20% a 1578 -1100 -384 -94 -0.70 455 449 0.99
b 1565 -1033 -423 -110 -0.67 397 422 0.93

C + Fd 30% a 1599 -1121 -391 -86 -0.71 460 485 1.01
b 1586 -1014 -460 -111 -0.64 362 414 0.91

C + Fc 10% a 1567 -1094 -374 -99 -0.70 464 447 0.99
b 1544 -1046 -389 -108 -0.68 435 427 0.94

C + Fc 20% a 1607 -1130 -385 -92 -0.71 463 462 1.02
b 1565 -1033 -423 -110 -0.67 397 422 0.93

C +Fc 30% a 1643 -1166 -393 -84 -0.71 472 476 1.05
b 1586 -1014 -460 -111 -0.64 362 414 0.91

*'explanations in table 4
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Table 11. Components of heat balance [MJ .m?] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various
percentage covers of shelterbelt for predicted wet and cool conditions®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1232 -1073 -102 -57 -0.88 453 438 0.65
Cultivated fields (C) 1255 -1050 -116 -89 -0.84 451 429 0.63
Deciduous forest (Fd) 1336 -1272 -40 -24 -0.96 486 520 0.77
Coniferous forest (Fc) 1445 -1388 -41 -17 -0.97 514 567 0.84
Lake (L) 1570 -1145 -280 -145 -0.73 514 468 0.69
Bare soil (B) 1372 -857 -415 -100 -0.63 476 350 0.52
C+Fd10% a 1273 -1064 -126 -83 -0.84 359 435 0.64
b 1266 -1041 -136 -90 -0.83 345 425 0.63

C +Fd 20% a 1289 -1075 -137 =17 -0.84 356 439 0.65
b 1277 -1026 -161 -91 -0.81 323 419 0.62

C +Fd 30% a 1303 -1085 -147 -71 -0.84 358 443 0.65
b 1289 -1005 -192 -91 -0.78 303 411 0.60

C +Fc 10% a 1284 -1075 -126 -82 -0.84 362 439 0.65
b 1266 -1041 -136 -90 -0.83 345 425 0.63

C +Fc20% a 1311 -1099 -137 -76 -0.84 361 449 0.66
b 1277 -1026 -161 -91 -0.81 323 419 0.62

C +Fc 30% a 1336 -1120 -147 -69 -0.84 366 458 0.67
b 1289 -1005 -192 91 -0.78 303 411 0.60

X

explanations in table 4
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Table 12. Components of heat balance [MJ m?] and evapotranspiration [mm] during the growing season in basic ecosystems and in fields with various
percentage covers of and shelterbelts for predicted dry and warm conditions®

Forms of land use Heat balance components Evapotranspiration

Rn LE S G LE/Rn ETP ETR ETR/P

Meadows (M) 1832 -1193 -557 -81 -0.66 882 487 2.15
Cultivated fields (C) 1870 -957 -783 -130 -0.52 879 391 1.72
Deciduous forest (Fd) 2004 -1346 -624 -33 -0.68 944 550 242
Coniferous forest (Fc) 2185 -1515 -646 -24 -0.70 998 619 2.73
Lake (L) 2394 -1973 -190 -232 -0.83 999 806 3.55
Bare soil (B) 2065 -532 -1374 -158 -0.26 926 217 0.96
C +Fd 10% a 1916 -981 -812 -123 -0.52 579 401 1.77
b 1906 -940 -833 -133 -0.50 538 384 1.69

C +Fd 20% a 1955 -1007 -832 -115 -0.52 572 411 181
b 1943 -922 -885 -136 -0.48 479 377 1.66

C +Fd 30% a 1986 -1037 -843 -107 -0.53 581 424 1.97
b 1979 -904 -937 -138 -0.46 425 369 1.63

C +Fc 10% a 1934 -998 -814 -122 -0.52 584 408 1.80
b 1906 -940 -833 -133 -0.50 538 384 1.69

C +Fc20% a 1991 -1041 -837 -113 -0.53 583 425 1.87
b 1943 -922 -885 -136 -0.48 479 377 1.66

C +Fc30% a 2041 -1087 -849 -104 -0.54 597 444 1.96
b 1979 -904 -937 -138 -0.46 425 369 1.63

i Jo s)0alfa Jo uonworfipopy
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26 L. Ryszkowski, A. Kedziora

The difference between the highest (lake) and lowest (meadow) values of Rn
amounted to 563 MJ-m2 in model dry years and was 60% higher than
in model wet years. In wet years, the differences between ecosystems are
blured to a greater extent than is the case in dry years.

Under different meteorological conditions the ecosystems vary greatly
in the range of values for latent heat flux. The difference between the highest
(coniferous forest) and lowest (bare soil) values is 455 MJ-m in a wet year.
In assumed model dry years the range of the difference (866 MJ-m2) is higher
than in wet years by 200%. Still greater differentiation exists in values
of sensible heat flux in the various ecosystems with differences of 260%
noted between a dry year and a wet year.

Thus, the assumed model meteorological conditions point to a much better
mitigating role of plant cover structure on heat balance components than can
be observed under normal conditions (compare results presented in Tables 7,
8 and 9 with those in Tables 4, 5 and 6).

The assumed model meteorological conditions indicates much better the
mitigating role of plant cover structure on heat balance components in a large
range of meteorological conditions than can be observed under real conditions.
As humidity increases the amount of intercepted solar energy (Rn) decreases.
The mean value for net-radiation in the six analysed ecosystems decreases
from 1985 MJ-m2 in a dry year to 1354 MJ-m2 in a wet year, i.e. by 32% (Tab. 13).
At the same time, the variability in energy used for evapotranspiration is found
to be greater than that observed in Rn values (cv values in Tab. 13).

Table 13. Statistical characteristics of heat balance components in the landscape, for
distinguished types of meteorological conditions

Meteorological Rn LE S LE/Rn
conditions X S cv X S cv X S cv X s cv
Real:
Wet 1611 160 10 1345 227 17 180 193 107 0.84 0.14 16
Normal 1616 167 10 1247 300 24 284 219 77 077 0.15 19
Dry 1674 178 11 1118 391 35 465 303 65 066 0.19 28
Assumed:
Wet 1354 126 9 1131 161 14 149 132 88 0.84 0.11 14
Normal 1634 167 10 1220 260 21 333 190 57 0.74 0.13 18
Dry 1985 207 11 1193 458 38 682 356 52 0.60 0.19 31
Predicted:
Wet 1368 126 9 1134 190 17 168 156 93 0.85 0.13 15
Normal 1674 167 10 1246 305 24 349 231 66 0.74 0.15 21
Dry 2058 209 10 1275 497 39 695 395 57 0.61 0.20 32

Rn — net-radiation, LE — latent heat flux, S — sensible heat flux, x — mean, s — standard de-
viation, cv — coefficient of variation

The coefficient of variation (cv) of LE value decreases from 38% in dry years
to 14% in wet ones, that is by 63%. This shows the great importance of plant
cover in the modifying influence of moisture conditions on heat balance structure.



Modification of effects of global climate change... 27

Similarly, plant cover has great importance for the modification of sensible
heat flux in changing moisture conditions, increasing the variation between
ecosystems when humidity increases (Tab. 13).

HEAT BALANCE STRUCTURE UNDER THE PREDICTED METEOROLOGICAL CONDITIONS
CAUSED BY GLOBAL CHANGE

The values of heat balance components are increasing in comparison
to no-mal assumed meteorological conditions. For predicted wet and cool
conditions, increases are not high when estimates are compared with the assumed
model conditions (Tab. 8 and 11). Under drought conditions, increases are
noticeably greater, particularly in the case of forests, where evapotranspiration
is greater by 42 mm, provided that the soil had sufficient stored water (Tab. 9
and 12).

The modifying role of plant cover ensures that as the net radiation value
increzses, the differentiation between latent and sensible heat fluxes
increases in comparison with the variation under assumed model conditions.
Under predicted meteorological conditions the ratio of ETR to ETP decreases
as arilification increases (Tab. 14).

Table 1. Ratio of real evapotranspiration (ETR) to potential evapotranspiration (ETP)in various
ecosystems under real (R), assumed model (A) and predicted (P) meteorological conditions.
The values of ETR and ETP are shown in Tables 4-12

Tcosystem Meteorological Kind of weather

conditions wet normal dry

Conifeous forest (Fc) R 0.91 0.86 0.67
A 1.23 0.93 0.64

P 1.10 0.85 0.62

Decidwus forest (Fd) R 0.89 0.81 0.62
A 1.20 0.88 0.60

P 1.07 0.81 0.58

Meadovs (M) R 0.82 0.75 0.59
A 1.10 0.84 0.58

P 0.96 0.75 0.55

Cultiv:ted fields (C) R 0.79 0.68 0.49
A 1.09 0.76 0.48

P 0.95 0.67 0.41

Bare sil (B) R 0.60 0.47 0.28
A 0.89 0.55 0.26

P 0.73 0.46 0.23

Lake (1) R 0.77 0.83 0.82
A 1.00 0.93 0.86

P 0.91 0.85 0.80

Atthe same time, all values of this ratio are lower than the ones observed
undermodel assumed meteorological conditions. This difference between the
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32 L. Ryszkowski, A. Kedziora

phenomena are found with evapotranspiration, with greater modificational
effects observed in drier conditions.

Control over the partitioning of intercepted energy is not only exerted by
characteristics of the plant cover structure, but also by the influence
of prevailing meteorological conditions. In other words, plants react differently
under wet and dry conditions. The interplay of the internal characteristics
of plant cover influencing the partitioning of solar energy, and meteorological
conditions, is poorly understood, nevertheless, results of analyses provide
some guidelines for the management of the landscape with a view to mitigating
presumed global climatic changes. Grasslands will optimize water conservation
while lowering the sensible heat flux in a scenario of dry and warm conditions.
Cultivated fields will conserve more water but will also intensify the latent
heat flux, which because of heat advection (not considered in presented analysis)
could probably make trade of between these two opposite processes less
favorable for the survival of vegetation. If global changes allow the scenario
of dry and warm weather to be realized in Poland, then agricultural land
should imitate grassland if it is to be well-adapted to prevailing meteorological
conditions. Before and aftercrops should be added to main crops in order to
cover soil with a canopy of cultivated plants. A dense stand of crops with
bright green leaves reflecting solar radiation should be cultivated by farmers.
Cereals with broad leaves will probably be the best choice to imitate grasslands
with a view to moderating the unfavourable dry conditions anticipated in
the probable scenario of global climate change. The third level of measures
distinguished for the control of solar energy fluxes at the landscape level
could moderate evapotranspiration rates to some extent and in this way save
water for crops grown between shelterbelts. These effects are more pronounced
in dry and warm conditions (Tab. 15).

Table 15. Impact of shelterbelts on water conservation (mm) in an agricultural landscape
under wet, normal and dry meteorological conditions
Real (R), assumed model (A) and predicted (P) meteorological conditions

Shelterbelts Difference between real evapotranspiration (mm) in open cultivated
share in the fields and fields located between shelterbelts
landsc?‘g)e Ve Wet Normal Dry
R A P R A P R A P
10 2 4 3 5 4 7 8 7
20 3 8 10 8 11 9 14 16 14
30 9 16 18 14 18 17 21 24 22

The analyses of various meteorological situations have shown that plant
cover has the capacity to mitigate the presumed effects of global climate
change. Thus, account should be taken of it when attempts are made to
predict global changes at local level.

Study supported financially by the State Committee for Scientific Research.
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Diurnal changes

in the isotope composition...
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Fig. 1. Diurnal cycle of the isotopic composition of atmospheric CO2. Experiment 1
(18-21.03.1992)
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Fig. 2. Diurnal cycle of the isotopic composition of atmospheric CO2. Experiment 2
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Fig. 3. Diurnal cycle of the isotopic composition of atmospheric CO2, Experiment 3

(21-24.07.1992)
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Fig. 5. Correlation between §'°C and §'®0 in atmospheric CO2

a) experiment 1 — spring  b) experiment 2 — summer c¢) experiment 3 — summer d)experiment 4 — winter
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Contemporary changes of Baltic Sea ice 45

Tab. 1. Decadal averages of the maximum extent of the Balticice cover since 1720. Values
in 10% km? (after Seina and Palasuo 1993)

VYears 01-10 11-20 21-30 3140 41-50 5160 61-70 71-80 81-90 91-100

1700+ 130* 166 217 208 280 204 244 300 214
1800+ 290 243 218 248 243 207 243 221 223 214
1900+ 166 189 222 153 206 194 228 174 210 94™

* — value for winter 1719/1720
** — mean for winters 1990/1991- 1991/1992

mean was found do deviate negatively in a manner significant at the 0.05
level (Fig. 1). It is worth mentioning that an ice cover of ca 180-10% km? is
some way critical to the freezing of the Baltic Sea (Seina 1993). Ice cover
increases rapidly over very large areas once this value has been reached.
Some characteristic climatic rhythms occur in the ice cover series and
two significant peaks appear in the spectrum for the maximum annual
extent of ice (Fig. 2). These show 7.8- and 3.5-year perdiodicities. It is

1€ [10°km?]

300
—_—— — —— 00 |
250
M
200 m
1501
——— — ==0.05(M
o d— = 0.05(m
100

T 1 U
1950 /51 1960761 1970/7M 1980/81 1990/91
Fig. 1. Variations in the maximum extent of ice on the Baltic Sea since 1946/1947: 5-year
running means. Data after Seina and Palasuo (1993)

M — mean for the period 1719/1720-1991/1992, m — mean for the period 1946/1947-1991/1992,
Significant deviations from M and m means are marked (significance level = 0.05)
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Fig. 2. Spectrum of maximum values for ice cover in the period 1719/1720-1991/1992
Data after Seina and Palasuo (1993)
Number — significant cycles in years, SE — spectral estimate, T — periods in years
0.50 — white noise, 0.95 — confidence level

notable that all indices of the severity of winters in the region have
well-marked 7-8-year periodicity (Sazonov et al. 1992; Stellmacher, Thiesel
1989). Some climatic elements (precipitation, cloudiness and sunshine) also
exhibit 3-4-year oscillations (Brazdil, Kozuchowski 1980; Morawska-Horawska
1985), and both 7-8-year and 3.5-year cyclicities have been established for indices
of upper atmospheric circulation over the Baltic region (Kozuchowski, Stolarczuk,
Wibig 1994).

The spectra themselves change with time. 7-8-year oscillations may
dominate in the ice cover series (1719/1720-1991/1992) as a whole but these have
only become significant in the spectrum in the most recent subperiod
(1900/1901-1991/1992). Oscilations with 3.5-year and 5.3-year cyclicity were found
for the subperiods 1719/1720-1799/1800 and 1890/1891-1899/1900 respectively.

ICE SEASON PARAMETERS

The configuration of the curve representing 5-year running means shows
some similarities between fluctuations of ice indices for the southern Baltic
coast and the maximum extent of ice. A characteristic coincidence can be
observed for all variables in the occurence of significant negative deviations
after 1987 (Figs. 1, 3).

The duration of the ice season (S) and the number of ice-days (N) show
decreasing trends which achieve significance in the Gulf of Puck. Parameter
N decreased significantly in all cases and the decrease in the thickness of ice
on the Vistula Lagoon was also found to be significant (Tab. 2). The statistics
for temporal changes tend to be stronger for the eastern part of the coast.
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Fig. 3. Variations in the number of ice days (N), the duration of the ice season (S)
and the maximum of ice thickness (H) for the Szczecin Lagoon
in the period 1946/1947-1992/1993: 5-years running means.
Significant deviations from the m-mean are marked (significance level = 0,05)

47



48 J. P. Girjatowicz

S .ldays]
110“r

1001

0 t t t t t
1950/51  1960/61 1970/71  1980/81  1990/91

SE

067 L 267

05+

0.4

031

0.2

0.1

00

20 10 5 3 2 Tl)

Fig. 4. Variations in the duration of the ice season (S) for the Szczecin Lagoon in the period
1946/1947-1992/1993: values filtered by 5-term binomial filter (upper) and variance spectrum
(see explanation for Fig. 2)
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of climate models in successive periods of a few decades can be considered
climate change.

In other words, climate change determines the differences between
long-term mean values of a climate characteristic, where the mean is taken
over a specified interval of time, usually a number of decades. The climate
variability includes the extremes and differences in monthly, seasonal and
annual values from the climatically-expected values (i.e. the temporal mean).
The notion of the climatically-expected value involves an assumption of
stationary and ergodicity (e.g. Fisz, 1963).

The notion of variability and change of climate can be identified with
two different ideas of climatic process, namely those of climates represented
by stationary and non-stationary processes. According to such an approach,
the climate is analyzed as a non-stationary process that can be approximated
by a stationary process on a shorter time scale of a Yew decades.

Used to analyze the problem under consideration were a set of non-
parametric (distribution-free) tests: the runs test (Fisz 1963), the Mann-Kendall
test of trends in the mean or in variance (Mann 1945, Sneyers 1975),
as well the Lombard number of change-point test (Lombard 1988), and the
Pettitt change-point test (Pettitt 1979).

It is necessary to be aware of the consequences of the detection of an
unstable mean value (a trend) in the considered time series. If this time
series is treated as a realization of a stationary process, then the trend is
an effect of low frequency harmonic variabilities. However, if the time series
is perceived as a realization of a non-stationary process, then the trend is
a deterministic continuous time function. Unfortunately, the available

deg C
9

16 i ¥ L : | | A 1 |
1896 1906 1916 1926 1936 1946 1966 1966 1876 1986

years

—— Annual trend
Fig. 1. Annual air temperature and its possible trend at Tunis Carthage, 1896-1991
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58 A A Ali

For the time series that are independent according to the runs test, the
hypothesis about the stationarity and ergodicity of the mean value has been
rejected by the Mann-Kendall test (Tab. 3.2) from between no cases in May,
August and December to 6 cases in October and November, i.e., from between
0% and 60% of considered cases and on average in 2.4 cases (24.2%) for all
months together. For the annual values, the hypothesis has been rejected
in 1 case (10%).

Table 3.2. Results of the Mann-Kendall test for the mean value and the variance for
precipitation — according to the runs test

Month No dependence Dependence

Mean Variance Mean Variance
January 2/ 20.0 U 12,5 0o/ 0.0 o/ 0.0
February 2/ 20.0 o/ 0.0 2/ 20.0 0/ 0.0
March 1/ 10.0 2/ 25.0 0/ 0.0 0/ 0.0
April 4/ 40.0 o/ 0.0 0/ 0.0 0o/ 0.0
May 0/ 0.0 3/ 30.0 0/ 0.0 0o/ 0.0
June 4/ 40.0 o/ 0.0 1/ 10.0 o/ 0.0
July 1/ 10.0 0/ 0.0 1/ 10.0 o/ 0.0
August 0/ 0.0 0/ 0.0 0/ 0.0 0/ 0.0
September 3/ 30.0 0o/ 0.0 0/ 0.0 4/ 44.4
October 6/ 60.0 0/ 0.0 0/ 0.0 o/ 0.0
November 6/ 60.0 0/ 0.0 o/ 0.0 o/ 0.0
December 0/ 0.0 1 12.5 0/ 0.0 0/ 0.0
Year 1/ 10.0 YV 4.3 0/ 0.0 0/ 0.0

However, for the dependent time series according to the runs test (Tab. 3.2),
the hypothesis about the homogeneity of the mean value has been rejected by
the Mann-Kendall test from between no cases (0%) in January, March, April,
May, August, September, October, November and December to 2 cases (20%)
in February; on average 0.3 cases (3.3%) have been rejected. For the annual
values, the hypothesis has not been rejected.

Considering the results in Tab. 3.2 altogether, i.e., independently of the
results of the runs test, the hypothesis about the homogeneity of the mean
value has been rejected by the test Mann-Kendall from between no cases
(0%) in May, August and December to 6 cases (60%) in October and November;
and on average in 3.3 cases (33%). For all annual values, the hypothesis
has been rejected in 1 case (10%).

It appears that the hypothesis about the homogeneity of the variance
has been rejected: (i) from between no case in February, April, June, July,
August, September, October and November, to 3 cases in May for the
independent time series according to the runs test; and on average in 0.6
cases, or (ii) from between no case in January, February, March, April, May,
June, July, August, October, November and December to 4 cases in September
for the dependent time series according to the runs test; and on average in
0.3 cases. For annual values, the hypothesis about the homogeneity of the
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variance (i) has been rejected in one case for the independent series, and
(ii) has not been rejected for dependent ones.

No statistically significant change-points were found in the precipitation
time series.

RELATIVE AIR HUMIDITY

The hypothesis about independence (Tab. 2) has been rejected from between
16.7% of cases in January, September and October to 66.7% in April, June
and August; and on average in 43.1% of cases for all months together. For the
annual data, the hypothesis has been rejected in 83.3% of cases.

For the time series that are independent according to the runs test, the
hypothesis about the stationarity and ergodicity of the mean value has been
rejected by the Mann-Kendall test (Tab. 3.3) from between 1 case in March,
June, August and October to 4 cases in November, i.e., from between 10%
and 40% of considered cases and on average in 2.1 cases (42%) for all months
together. For the annual values, the hypothesis has not been rejected.

Table 3.3. Results of the Mann-Kendall test for the mean value and the variance for relative
air humidity — according to the runs test

Month No dependence Dependence

Mean Variance Mean Variance
January 2/ 33.3 o/ 0.0 0/ 0.0 1/ 10.0
February 2/ 33.3 o 0.0 2/ 33.3 0/ 0.0
March V 16.7 o/ 0.0 3/ 50.0 0/ 0.0
April 2/ 33.3 o/ 0.0 4/ 66.7 o/ 0.0
May 3/ 50.0 1/ 10.0 2/ 33.3 0/ 0.0
June 1/ 16.7 0o/ 0.0 4/ 66.7 0/ 0.0
July 2/ 33.3 o 0.0 3/ 50.0 0/ 0.0
August 1 16.7 o 0.0 4/ 66.7 0/ 0.0
September 3/ 50.0 1/ 50.0 1/ 16.7 o 0.0
October V 16.7 vV 25.0 1/ 16.7 0/ 0.0
November 4/ 66.7 o/ 0.0 2/ 33.3 0/ 0.0
December 3/ 50.0 0o/ 0.0 2/ 33.3 0/ 0.0
Year 0/ 0.0 0o/ 0.0 5/ 83.3 0/ 0.0

However, for the dependent time series according to the runs test (Tab. 3.3),
the hypothesis about the homogeneity of the mean value has been
rejected by the Mann-Kendall test from between no cases (0%) in January
to 4 cases (66.7%) in April, June, and August; and on average in 2.3 cases
(46.7%). For the annual values, the hypothesis has been rejected in 5 cases
(83.3%).

Considering the results in Tab. 3.3 altogether, i.e., independently of the
results of the runs test, the hypothesis about the homogeneity of the mean
value has been rejected by the Mann-Kendall test from between 2 cases
(33.3%) in January and October to 6 cases (100%) in April and November;
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It appears that statistically-significant change-points are more frequent in the
mean relative air humidity time series that is dependent according to the runs
test (Tab. 4.1.). Altogether, change-points have been noted for 10 months in
Tripoli, 8 months in Hon and Nalut, and 6 months in Benina. Thus,
change-points are visible for at least 50% of months in the locations mentioned.

Change-points have been noted in the mean annual time series at Benina,
Hon, Nalut, and Tripoli.

Table 4.2. Results of the Lombard and Pettitt tets for the mean value of relative air humidity
— according to the runs test

Month No dependence Jump Dependence Jump
January
February Nalut . Hon 1961
Tripoli 1979
March Tripoli 1979 Hon 1957
Nalut .
Benina 1957
April Hon 1960
Nalut -
Benina 1962
Tripoli 1978
May Hon 1958
Tripoli 1978
June Hon 1955 Nalut -
Benina 1956
Tripoli 1978
July Tripoli 1954 Hon 1955
Nalut 1961
August Hon 1955
Tripoli 1962
September Hon - Tripoli 1958
Nalut -
Benina 1979
October Benina 1980
November Nalut - Jalo .
Benina - Tripoli 1977
December Nalut - Tripoli 1978
Year Hon
Nalut
Benina
Tripoli

Unfortunately, it has been not possible to discern any general regularity
in the times of the change-points.

CONCLUSION

The climate characterized by the investigated processes of monthly and
annual mean values must definitely be considered unstable.
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Fig. 1. Location of the cores in Gdansk Bay

From each 1 cm-thick subsample preparations of permanent slides were
made for diatom analyses. All the slides were studied quantitatively and
qualitatively. Samples were treated (by gentle heating) with 30% hydrogen
peroxide to remove the organic matter. The average weight of the sediment
samples taken for analysis was ca. 1-2 g. After treatment with hydrogen
peroxide, the samples were washed several times with distilled water. The
permanent diatom slides were mounted in Naphrax. Taxonomic diatom
analyses were performed using a Biolar PI (from the Polish Optical Works)
with an oil-immersion 100 x objective, 300 to 500 valves were counted in
each sample. The identification of diatoms was in principle based upon
Krammer & Lange-Bertalot (1986, 1988, 1991a and 1991b).

RESULTS

The species composition of the subfossil diatom flora was studied in 5
short cores, but the present study only gives results for two cores (Nos. 4
and 22). Part of the study (i.e. the results of the diatom analyses) has already
been published by Witkowski (1994).
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Reconstructing the development of human...
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Structural changes in geographical systems... 85

magnitude, directions and distance of the necessary external flows, and
consequently also its economic, cultural and political partners.

Spatial diversity and interactions are important not only for sustainable
development of the society, but also for ecosystems. Spatially diversified eco-
systems are sustainable in the long run even when their individual elements
are not. This is so because some elements of a diversified ecosystem act
like reservoirs enabling other elements to regenerate. Ultimately, therefore,
sustainability should be considered at a global scale (Holling 1980).

The advantages of interactions among regions and countries have acted as
a stimulus to the lowering of economic, cultural and political barriers. However,
this process also hides a danger that poor countries will agree, under the
pressure of their difficult economic situation, to have their environments
devastated by rich states seeking new resources or dumping grounds for their
burdensome and noxious waste.

A HYPOTHETICAL PATH OF SUSTAINABLE DEVELOPMENT

What can be the path to the burdening of the natural environment with
a kind of economic development that is to be ecologically sustainable? Fig. 1
shows a hypothetical path derived from prior knowledge. It shows a process
with the following features:

— Theincrease in the burdening of the environment as the economy develops
assumes the shape of a logistic curve. It is not however a typical shape, but
a multiple of an S separated by broken lines. The broken lines denote qualitative
changes in technology and the economy dividing periods dominated by a certain
type of technology and economy undergoing only quantitative alterations.

'
/
’

w/\f path of economic development

Economic burden of environment

Economic development

Fig. 1. The burden of the natural environment by economic activities
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