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Chapter 1 

WATER OCCIJRRENCE AND ITS FUNCTION I N  NATURAL SYSTJZMS 

1.1 SYSTFNS OF THE NAATURAZ, ENVIRONMENT 

Water ex i s t s  a s  sca t te red  humidity and a s  spa t ia l ly  limited water formations 
below, on and above the Earth 's  surface. Water resources a re  water formations 
which can be u t i l i zed  by human society.  Water and water formations a r e  dynamic; 
they a re  always i n  motion and the i r  s t a t e  of aggregation is forever changing. 
R e s e  processes continue without in te r rupt ion ,  change i n  space and time and 
trans form the na tura l  environment. 

The natural  environment i s  formed by a number of systems, or  complexes of 
mutually in te r re la ted  elements, whose relationships within the framework of 
these complexes a r e  more important than the i r  relations with the elements of 
other systems. I n  the important pa r t  of the na tura l  environment which consti- 
tutes the object of the present investigation i t  i s  possible to distinguish: 

ab io t i c  systems, created by water, s o i l  and a i r  elements and charac- (a) 
terized by: 
- morphological (topographical) data  
- 
- hydrogeological and hydrometeorological data 

pedological and geological data ( s o i l  is a mixed abiotic-biological element) 

(b) biotic-biological systems (ecosys tems) , originating with the develop- 
ment of l iv ing  matter i n  a defined pa r t  of the ab io t i c  environment and 

systems (Fig. 1.1) originating with the formation of human society and possess- 
ing important interconnections with the above two systems. 

of matter i n to  t h i s  system from outer space is negligible.  The movement of 
matter inside t h i s  system is enabled by an input of energy, consisting mainly 
of so la r  energy and the in te rna l  energy of Earth i t s e l f .  This system, due to  
its own homeostatic mechanisms and de tec tors ,  tends to  achieve a s t a t e  of 
equilibrium balancing accidental  deflections from th i s  s t a t e .  

(c) socio-economic sys tems , i . e.  administrative,  econcmic and technica 1 

The natural  environment of Earth represents a semi-closed system. The input 

The material  couplings which form in te r re la t ions  among these systems include: 
- biotic-abiotic couplings, e.g. the quantity of dissolved oxygen caused by 
the decay of a biomass 
- abiotic-biotic couplings, e.g. the dependence of the in tens i ty  of biological 
processes on water temperature 
- 
urbanization, indus t r ia l iza t ion  and agr icu l tura l  production on runoff and sedi- 
men t transport  

socio-abiotic couplings, e.g. as manifested especially by the h p a c t  of 
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- socio-abiotic-biotic couplings, e.g. a s  manifested by the ro le  of urbani- 

zation, industrialization and intensive agricultural  production i n  polluting 
cer ta in  ecosys tans . 

\ SYSTEMS 

Fig. 1.1. The penetration of matter and energy through the ab io t ic  and b io t ic  
(a l so  socio-economic) systems. The equilibrium of relevant systems and its 
recovery depend on the energy and matter input: R - detector, HM - hornyostatic 
mechanisms. 

These material couplings a l so  form complex in te r re la t ions ,  such a s  the 
socio-abiotic-biotic-social in te r re la t ion  manifested by the influence of 
industrialization and the subsequent water pollution and eutrophication on 
water u t i l i za t ion .  

. 

The task of analyzing these interrelationships among the various systems is 
complicated not only by the complexity of the couplings and interrelations 
concerned, but a l s o  by the lack of data available (Fig. 1.2). 

As only selected couplings a re  operationally controllable, only a few can 
be checked systematically. Moreover, because data monitoring is  neither cm- 
plex nor fu l ly  systematic, the relevant se r ies  of data i n  the different cate- 
gories do not mutually correspond and a re  therefore inadequate. Furthermore, 
frequently undesirable secondary couplings occur and have a negative influence 
on the function of the system i n  question, sometimes bringing about a gradual 
change i n  the sys tern's behaviour . 

Ihe movement of water and other matter within and between these systems 
changes i n  t i m e  and space: The importance of individual relations is  variable. 
Regarded i n  this way the doctrine of water management concerns the s t ruc ture  
and the function of systems, thus enabling the water t o  f u l f i l l  its natural 
functions and t o  be u t i l i zed  fo r  the various present and future requirements 



3 

Fig. 1 . 2 .  Basic productive inputs and outputs of ab io t i c  and b i o t i c  systems. 
Monitored, i . e .  sys t emt i ca l ly  checked inputs a r e  marked by a c i r c l e ;  acciden- 
tal, undesired outputs a r e  marked by white arrows. 

1.2 ENERGY INPUT AS A CAUSE OF THE HM)RO-iDGIC CYCLE 
The Earth r e f l ec t s  a p a r t  of the external energy input which it receives, 

d i s t r ibu t ing  the r e s t  between the a i r ,  water, s o i l  and geological formations 
and radiating p a r t  of i t  back in to  the Universe. "he basic equation of the 
energy balance expresses t h e  law of the conservation of energy (Fig. 1.3) 

Ju . ( 1 - 9 ) - Jg = 6 .Jk (m*.kg.s-*) (1.1) 
Ju - sun and other radiation from the IJniverse (short  wave) 

9 - albedo (coef f ic ien t  of re f lec t ion)  

J - global radiation (long wave) 

J1 - energy supply to  the atmosphere 

J2 - energy supply to  the hydrosphere 

J3 - energy supply to the pedosphere and lithosphere 

z? 



4 

J 4  - e n e r a  supply to the biosphere 

Fig.  1.3. Basic inter.rrlat.ions of the systecls of atmosphere, lithosphere and 
pedosphere a s  well a s  the hydrosphere: movement of m t t e r  i n  the gravi ational 
f i e ld ,  enabled by the supply of energy, forming the main input. The input of 
m t t e r  from the universe is  negligible. 

F 

The Earth ref lects  on average 34% of the energy input. The coefficient of 
reflection, the albedo, depends essentially on the character and morphology of 
the surface, the s t a t e  and quality of the atmosphere above, as well a s  on the 
angle of incidence of the rays. Stretches of water r e f l ec t  10% of the energy 
on average, lawns 15%, forests 20%, deserts 30% and snow 80%. The type of 
energy ut i l izat ion changes with the character of the surface: 90% of the energy 
input is consumed by evaporation above oceans, while above continents the 
figure i s  only 50%. 

The global average temperature of the a i r  is not changing a t  present. The 
energy balance does not demonstrate any increment in  the component: JI = 0. I n  
average the basic equation of the energy balance, a lso taking into account the 
fact  that  the energy supply to the biosphere is relatively small, can be simpli- 
f ied a s  follows: . 

2 -2 Je = J2 + J3 (m .kp.s ) 

Je - effective radiation 

The re su l t  of the acceptance of the effective radiation are fluctuations i n  
the s o i l  and water temperature, accompanied by evaporation with sublimition. 
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These processes change the state of water aggregation in to  a gaseous one. The 
spec i f ic  weight of water vapour is lower than tha t  of a i r .  Water vapour r i s e s  
and i n  th i s  way i t  acquires posi t ion energy. The thermal energy thus regenerates 
the mechanical energy of water and causes the c i rcu la t ion  of water. The hydro- 
logical  cycle  i s  an uninterrupted process of water motion and changes of aggre- 
gation i n  the systems of the  biological  and ab io t i c  environment. The difference 
between the spec i f i c  and l a t e n t  heat  of fusion and vaporization, whose values 
a re  approximtely two and three orders high respect ively,  balances th i s  process 
during a higher o r  lower energy input. 

The mechanical energy cons is t s  of the pos i t ion  energy, the pressure energy 
and the k ine t i c  energy. 

The posi t ion e n e r a  J h = m.g.h (m2.kg.s-2) (1.3) 

m - mass (kg) 

g - gravi ta t iona l  constant (9.81 m.s-2) 

h - head (m) 

Pressure energy 

p - pressure 

J = m . L  
P 9 

(m2.kg.s-2) 

(m-l. kg . sH2) 

- water densi ty ,  u n i t  mass of water (kg . m-3) 
2 

J = m V  (m2. kg . s - ~ )  (1.5) k T  
Kinetic energy 

v - veloci ty  of flow , (m. s-l) 

The quant i ty  of water i n  water courses forms only 0.002% of the to t a l  global 
water reserves. The proportion of water power poten t ia l  of water courses is 
only 0.4% of the 6.4 . lo3' of energy which the Earth continuously receives 
from the Universe. But i t  is twenty times higher than the percentage of water 
courses volume i n  r e l a t ion  t o  t o t a l  global water reserves because of the high 
head formed by geomorphological conditions. 

Posi t ion energy a c t s  a s  pressure energy and changes in to  k ine t ic  energy, 
depending on the physical conditions. This k ine t i c  energy together with chemi- 
cal energy of water and changes i n  volume during ice formation, transforms s o i l  
and rock formations a l s o  forming and changing r ive r  beds. The growth and 
changes i n  ecosystems a r e  a l s o  enabled by the e f f ec t  of the mechanical, thermal 
and chemical energy of water. 

state of aggregation during their course through the biological  and ab io t i c  
systems of the na tura l  environment. The law of conservation of energy during 
th i s  cycle expresses the equation of hydrological equilibrium: 

By accepting and emit t ing energy, water molecules change t h e i r  posi t ion and 
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P1 - vert ical  precipitation 

P2 - horizontal precipitation (see paragraph 1.3.2) 

Q, - surface outflow (channel and overland flow) 

Q2 - subsurface outflow (groundwater runoff) 

Q3 - deep percolation and juvenile water inflow 

El - evaporation frcm bare so i l  surface 

E2 - evaporation from free water surfaces 

E3 - evaporation from snow and i ce  

E - evapotranspiration 

R 

R2 - water increment (or decrement) in  water courses and reservoirs incl .  

R3 - water increment (or decrement) i n  the atmosphere 

R 4  - water increment of the flora 

R5 - water increment of the fauna. 

4 

1 - water increment (or decrement) in so i l s  and rock formations 

depression and detention storage 

The area and period of application of this  equation can be established in  
such a way that relevant increments or decrements in  volume and the deep perco- 
lation or water supply from deep s t r a t a  are negligible, thus simplifying the 
formula : 

P 1 + P 2 = Q 1 f Q  2 + & E  k=l k (m3 ( 1 . 7 )  

This hydrological equation simply s ta tes  that  the to t a l  evaporation and the 
difference between t h e  total  inflow and outflow (concentrated and overland 
runoff, groundwater runoff) is  formed by the precipitation and the dew deposit. 
Data on the ear th 's  water reserves vary within a range of 210%. KORZUN and 
SOKOIDV (1976) estimated them a t  1,386 mld. krn , of which sane 2.53% or only 
35 m i l . k m  , are fresh water reserves. The total  annual evaporation is 577,000 
km : 505,000 km on sea surfaces, 72,000 km on continental surfaces. Ground- 
water reserves 'exceed five thousand times the amount of water in  a l l  rivers, 
brooks and creeks. 50% of the groundwater is below the level of 1000 meters 
under the ear th 's  surface (Tab. 1.1). 

3 
3 

3 3 3 

Of basic importance in this  context is the recycling rate ,  which indicates 
the duration of the natural exchange of the relevant volume of water: i n  the 
case of water courses this ra te  is  3.4 4 .10 times as high as for groundwater. 



7 

TABLE I.. 1 

~ ~ 

5 P e  of Areg Volume Layer Share (%) on Period of re- 
format ion (10 2 (1g3 (m) to t a l  fresh plenishment 

kn 1 km) water reserves (years) 

Ocean 361 1 3 3 8  000 3700 96.5 0 2500 

Brackish 
groundwater 134.8 12 870 96 0.94 0 1400 
Lakes 0.822 85.4 103.8 0.006 0 17 

- 'Total 497 1 351 000 3660 97.45 0 

Groundwater 134.8 10 530 78 0.76 30.1 1400 

Soil water 82 16.5 0.2 0.001 0.05 1 

Icebergs : 
Antarctic 13.98 21 600 1540 1.56 61.7 97 00 
Greenland 1.80 2 340 1298 0.17 6.7 9700 
Arctic 0.23 83 369 0.006 0.24 9700 
Mountain 0.22 41 181 0.003 0.12 1600 

Permafrost 21 300 14 0.022 0.86 10000 

Fresh water: 
Lakes 1.236 91.0 73.6 0.007 0.26 17 
Marshes 2.682 11.5 4.28 0.009 0.03 5 
Watercourses 148.8 2.1 0.014 0.0002 0.006 16 d 

1.1 0.002 0.0001 0.003 l h  Biosphere - 
Amsphere 510 12.9 0.025 0.001 0.04 8 d  
Fresh water 
reserves 148 35 029 235 2.55 100 - 

Total water 
reserves 510 1 386 000 2719 100 2.55 - 

World,water reserves and the share of different water bodies in  the resewe of 
the total  volume of water and in  the volume of fresh water according to 
Sokolov (1981). The period of exchange of their  volume by natural recharge 
(d - days, h - hour) 
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3 2  3 2  Of  the 145.10 km of cont inental  surfaces  only two th i rds  (100.10 km ) a r e  
3 2  3 2  su i t ab le  f o r  water development, 25.10 km being permafrost, 14.10 krn ice- 

bergs and 6.10 km extremely a r i d  land. 3 2  

1.3 HYDROLEIC CYCLE SYSTEM 
The complicated processes of the hydrologic cycle include evaporation, pre- 

c ip i t a t ion ,  intercept ion and surface s torage,  i n f i l t r a t i o n  and percolat ion,  
surface and groundwater runoff. 

The catchment a rea ,  i . e .  the area which drains  i n t o  one place and thus con- 
t r ibu tes  t o  the  runoff i n  the p ro f i l e  i n  question, is an open system whose 
boundary crosses energy, water, a i r  and so i l / rock  pa r t i c l e s .  Poten t ia l  energy 
of pos i t ion ,  thermal and chemical energy within th i s  system, is transformed 
i n t o  k ine t i c  energy and heat .  Water, suspended, wash and bed load a s  well a s  
f loa t ing  debris  a r e  transported from the upper elevations towards the sea (and 
p a r t i a l l y  v ice  versa e.g. by sand dune movement) and transfomed. Erosion, 
crushing, chemical and biochemical processes a r e  an in tegra l  pa r t  of the water 
cycle (Fig. 1.4).  

The system of the catchment area tends to achieve a steady state of opera- 
t ion ,  corresponding to the conditions of c l b a  te, topography, geology and 
ecology, character ized a l s o  by the f a c t  t ha t  the water and debris  output 
corresponds to  a spec i f ic  energy input. Any change e.g. by r ive r  t ra in ing ,  
reservoi r  construction, land cu l t iva t ion ,  urbanization and indus t r ia l iza t ion ,  
is a change of system elements and of the energy input ,  thus resu l t ing  in  the 
change of output . 

The state of t h i s  system is t o  be followed i n  i t s  s p a t i a l  elements (Fig. 
1.4).  Three equations of balance can be formulated fo r  each of these elements: 
- hydrologic balance (Fig. 4.1) 
- 
- energet ic  balance. 

the prec ip i ta t ion ,  the evaporation and the increment of atmosphere moisture 
eqcal to  the difference of water vapour enter ing and leaving the element: 

fa l l -out ,  erosion and debr i s  balance 

I n  any s p a t i a l  e l e m e n t  due t o  the equilibrium of the  atmosphere branch, 

An - An+I = Rn + Pn - En 

An - water vapour en ter ing  the s p a t i a l  element n 

(m3) 

An+l - water vapour leaving the spa t i a l  element n 

Pn - prec ip i ta t ion  and dew deposi t  i n  the element n 

En - evaporation i n  the element n 

R, - a i r  moisture increment i n  the element n .  
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n n - l  

Fig. 1.4. Equation of hydrological equilibrium, the transport of mss and bio- 
geochemical cycles a s  subsystems of the water cycle. Explanation of symbols and 
main equations is given in  the text .  

Precipitation is  formed by external water vapour supply A 
~l evaporation E . n' 

- An+l and by inter- n 

Pn = An - An+l + En - Rn (1.9) 

but Pn = Q, + En (see equation 1 .7 )  and, therefore, 

An - An+l + En - Rn = Qn + En 

An - An+l = 4, + Rn (1.10) 

Internal evaporation over continents is generally lower than the external 
water supply, requiring m r e  energy and result ing i n  the generally prevailing 
evaporation on the sea surface. This f ac t  can be expressed by the water circu- 
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lation r a t i o ,  defined as 

(1.11) 

The value of- th i s  r a t i o  over vaste areas is quite stable,  e.g. for North 
America mm = 1.25, Asia and Europe mae = 1.51. 

1 . 3 . 1  Evaporation 
Evaporation is a physical process by which water changes from the liquid 

s t a t e  to  the vapour s t a t e  through the transfer o i  thermal energy. The change 
from so l id  s t a t e  without passing the usual intermediate l iquid aggregation is  
called sublimation. 

Evaporation is  the key process i n  the water cycle: 

(a) it is  the only one of the processes i n  th i s  cycle during which the 
energy input exceeds the energy output, 

(b) 
Evaporation takes place particularly on the boundary of the atmosphere and 

it accounts for the creation of l iving m t t e r .  

the hydro-, pedo-, and biosphere, thus making it possible to  distinguish: 
evaporation from open water surfaces, 
evaporation from bare s o i l  surfaces, 
evaporation from snow and i ce ,  
evaporation of water intercepted by vegetation, 
evapotranspiration from soi l  and vegetative cover, 
evapotranspiration of vegetative cover on water surfaces, 
evaporation from organic bodies and moist materials, 
evaporation in  the atmosphere. 
Evapotranspiration includes s o i l  evaporation and the evaporation of water 

which is  absorbed by crops, used i n  the building of plant t issue and transpired. 
The quantity of water evapotranspirated by plants and relevant s o i l  surfaces 
per annum with the increment i n  plant t i s sue  is  the consumptive use of plants. 

The hydroloEic balance can be expressed generally or  for  a limited element 
of the lithosphere by the fo l lming  equation: 

ET = E + T = P, + R~ + w - Q - F (m 3 (1.12) 

ET - evapotranspiration 
E - evaporation 
T - transpiration 
P - precipitation 
Ri  - i r r iga t ion  
W - increase of water moisture caused by capillary forces from the groundwater 
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(+) or decrease by water consumption of crops (-) 

Q - deep percolat ion and drained water 
F - water chemically and biological ly  absorbed and used i n  the building of the 

p lan t  t i s sue  (+), o r  eliminated from the organic matter (-), e.g.  by 
gut t a  t ion .  

The r a t e  of evaporation depends on the state of the systems whose ic te r -  
act ion enables i t s  course. The atmosphere influences th i s  course by meteoro le  
gical  fac tors ,  namely by so la r  rad ia t ion ,  humidity and by a i r  movement leading 
away water vapours. The re la t ionship  between rad ia t ion  and evaporation can be 
expressed fo r  a l imited pa r t  of the hydro- o r  the l i thosphere ( reservoi r ,  
fores t ,  f i e l d  e t c . )  by the equation 

(1.13) 

Je - ef fec t ive  so l a r  rad ia t ion  

Jh - heat  accepted by the hydro- o r  l i tho-  and biosphere 

Ja - heat  t ransferred back t o  the atmosphere 

Jx - l a t en t  hea t  used fo r  evaporation and evapotranspiration 

The value and r a t i o  of a l l  these factors  a l s o  change a t  the same place in  

the course of the year  (Fig. 1.5) i 

Ja AT 
x=Dp 

Albrecht (1951) s impl i f ies  the equation fo r  evaporation 

Je - Jh E =  
1 +%d 

(1.14) 

(1.15) 

AT - temperature increment (% 
AP - a i r  pressure increment (Pa) 
0: - coef f ic ien t  

The t ransfer  of so l a r  energy is grea t ly  influenced by overshadowing and by 
meteorological fac tors ,  namely by the humidity of the a i r ,  p rec ip i ta t ion ,  a i r  
temperature and pressure a s  w e l l  a s  the veloci ty  of i ts  movement. Temperature 
and a i r  pressure do not  influence evaporation d i r ec t ly .  They character ize  the 
quantity of accepted energy. The humidity and a i r  flow which acce lera te  the 
evaporation by the exchange of sa tura ted  a i r  s t r a t a  above the  evaporating sur- 
face a r e  a l s o  incidental  phenomena of the energy t ransfer  to the atmosphere. 
They function a s  r e w l a t i n g  fac tors  of the evaporation and t ranspi ra t ion  ra te .  
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Fig. 1.5. The annual course of the energy balance (Lake Haussee according t o  
measurements of Czepa and Schellmbergpr (1956). The energy input Jg is  par- 
t i a l l y  radiated (Jr), p a r t i a l l y  t ransferred to  the atmosphere (J,) by the con- 
t a c t  of the water tab le  and the a i r  m s s .  Je is  used fo r  evaporation and Jt 
causes the change of water temperature. 

The imnediate cause of the evaporation process is the difference i n  humidity 
between the in te rna l  and external  - or the saturated and unsaturated - system 
of environment. I t  can be characterized by the evaporation from surface as  re- 
l a t i v e  humidity, i ,e .  the  r a t i o  of the ac tua l  water vapour pressure e (Pa) and 
t h e  maximum pressure E (Pa) which the a i r  is  ab le  to  accept a t  the actual  
temperature. The difference between these values is the sa tura t ion  complement 

d = E - e  /Pa) (1.16) 

Rraslavskij and Vikulina (1954) assessed the following p rac t i ca l  formula fo r  
the computation of the evaporation from open water surfaces on the bas i s  of the 
a i r  humidity and wind veloci ty  

Eva = 0.013 . (eo - e2) . (1  + 0.72 v2) 

EV, - monthly average of evaporation 

eo of the water surface (m) 

(m per  day) (1.17) 

- rraximum water vapour pressure, corresponding t o  the average temperature 

e, - monthly average of water vapour pressure 2 m above the water surface (m) 

v2 - average wind ve loc i ty  a t  an elevat ion of 2 m above the water surface(m.s-l) 

Sermer (1960) es tabl ished the r e l a t ion  between the temperature and the evapora- 
t i on  from open water surface f o r  the conditions of Central Europe as  follows 

(0,0452 T - 0.104) Evd = 10 

T - average monthly temperature 2 m above the water surface (OC) 

(1.18) 

Evaporation from snow and ice is  f ive  t o  ten times lower than evaporation 
from f r e e  water surfaces .  Due t o  the lower temperature and so l id  state of snow 
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and ice ,  much m r e  energy i s  needed for  the same intensity of its course. The 
evaporation r a t e  from ice is  about 50 t o  100% higher than the evaporation from 
snow under the same conditions, because the heat conductivity of snow i s  lower. 
Therefore 

EM > E I  > ES (m) (1.19) 

- evaporation from open water surface 
E I  - evaporation from ice 
ES - evaporation from snow surface. 

The value of evapotranspiratior; from overgrown water surfaces depend on the 
kind and the to ta l  quantity of the vegetable m t t e r .  The evaporation from over- 
grown surfaces does not d i f f e r  greatly from the evaporation from open water 
surfaces, when the water surface is only covered by f loa t ing  leaves. But i t  
exceeds i t  twice in  the case of the densely overgrown edges of reservoirs. 
Therefore 

> m = ELl (m) (1.20) 

- evapotranspiration from overgrown water surface. 

Evaporation frcm bare s o i l  does not depend on heat input only, characterized 
by meteorological factors,  but a l so  on the s o i l  fac tors ,  namely on 
- 

- the s o i l  moisture , 
- 

the structure and other physical properties of the s o i l ,  

the contact of the s o i l  layer with the groundwater surface (Fig. 1.6).  

E w (010) E 
rnrn % 

i 6  
50 

12 4 0  

8 

4 

0 
20 30 t c  40 DEPTH 

Fig. 1..6. (a) In te r re la t ion  of the evaporation from the free water surface, the 
a i r  humidity and the a i r  temperature according to  Dub (1957). (b) Relation of 
the evaporation from the groundwater table on i t s  depth, expressed a s  the r a t i o  
of the evaporation from free water surface. Derived according to White (1970). 

These internal factors function clearly i n  the case of lower s o i l  satura- 
tion. The evaporation from bare so i l s  a l so  depends on the velocity of water in- 
flow t o  the surface. Inadequate water inflow lowers the evaporation ra te .  
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Actual evaporation from bare s o i l s  is, therefore ,  lower than the poten t ia l  
r a t e ,  whose value depends on the energy supply only. 

Values of the poten t ia l  evaporation from bare s o i l s  almost equal those from 
open water surfaces ,  when water evaporates d i r ec t ly  from the wetted topo- 
graphic surface.  Under conditions of a dry surface layers ,  as  Penman (1940) 
proved, water vapour penetrates  t h i s  layer  by diffusion,  which lowers the 
values of evaporation. 

Evaporation from bare s o i l s  takes place 

(a )  i n  contact  with the groundwater surface,  regulat ing the s o i l  moisture, 
o r ,  more frequent ly ,  

(b) without outstanding contact  with the groundwater surface,  when the sus- 
pended capi l la ry  water of the s o i l  p ro f i l e  i s  not  connected with the capi l la ry  
water supported by the groundwater leve l ,  and the root  system does not  pene- 
t r a t e  i n t o  th i s  space, i .e.  when the  groundwater level  is influenced by the 
conditions of the s o i l  surface by means of hygroscopic and osmotic forces and 
by the gas pressure only. 

Evaporation from groundwater surfaces  depends namely on the depth of the 
groundwater leve l .  The course of groundwater leve l  changes is  not the same 
under the conditions of evapotranspiration: Relevant forces d i f f e r ,  especial ly  
during the day. They a l s o  depend on the kind of vegetation, i t s  root system, 
s tage  of growth and quant i ty  of leaves. 

I 

Evaporation within reach of a w e l l  can be calculated by neglecting the 
evaporation during the n ight ,  which i s  comparatively low, ant ic ipa t ing  tha t  the 
rise i n  water leve l  is  uniform: 

El Q, . (24 . v - s) (1.s-I) (1.21) 

El - evaporation from the groundwater surface within the reach of the measured 

Q, - w e l l  y ie ld  during the decrease of water leve l  by 1 m (1.s-I) 

v - veloci ty  of water level r i s i n g  during n ight  (m per hour) 

w e l l  (1.s-l) 

s - t o t a l  increase of water leve l  per  day (m per day) 

I n  the most frequent case of evaporation from bare s o i l s  without outstanding 
contact  w i th ' t he  groundwater leve l ,  the value of the evaporation r a t e  i n  the 
i n i t i a l  s tage is almost equal t o  the poten t ia i  evaporation. The following 
s tage ,  beginning with a subs tan t ia l  lowering of the  moisture of the s o i l  sur- 
face,  is characterized by the decreasing veloci ty  of evaporation, which 
s t ab i l i ze s  i n  the f ina l  s tage  a t  a low value. Anticipating a uniform dis t r ibu-  
t ion  of the perpendicular ve loc i ty ,  Kutilek (1978) proves t h a t  

5 
'n.) e = (Wi - Wo) . (m.s-'> (1.22) 
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e - evaporati-on rate (m.s-l) 

W. - W - di f fe rence  of moisture content i n  the  s o i l  surface during time t (%) 
1 0  - 

D - average d i f u s s i v i t y  of the s o i l  water ,  depending on the s o i l  category and 
kf . dh 

moisture 

kf - hydraul ic  conduct ivi ty  

h - pressure he ight  

t - time 

M - constant  of s o i l  p roper t ies .  

Transpirat ion,  the evaporation of water absorbed by a crop and not used i n  
the bui lding of p l a n t  t i s s u e ,  may be above a l l  s t o m t a l  bu t  a l s o  appears a s  
cu t icu lar  o r  a s  g u t t a t i o n  o r  exudates from c u t  surfaces  of the p lan t .  Trans- 
p i ra t ion  depends on physiological  and environment (meteorological) f a c t o r s ,  
e .g .  daytime. Physiological  f a c t o r s  inclade 

( a )  the physiological s t r u c t u r e  of re levant  p l a n t  types, the age of t h e i r  
organ.; and the na ture  of t h e i r  c e l l u l a r  membranes, 

(b)  the a c t u a l  s t a t e  of the re levant  individual  p l a n t ,  i . e .  the degree of 
n u t r i t i o n ,  namely water  content  of i t s  c e l l s  and water vapoyr content i n  the 
t ranspira  tory organs. 

Under condi t ions of s u f f i c i e n t  moisture and n u t r i t i o n  f o r  the  development of 
individual  p l a n t s ,  the  i n t e n s i t y  of t r a n s p i r a t i o n  depends espec ia l ly  on envi- 
romenta l  f a c t o r s ,  namely on s o l a r  r a d i a t i o n ,  wind ve loc i ty  and s o i l  moisture. 
The temperature of the  l e a f  exposed to  the  sun is higher  than t h a t  of the a i r .  
In the case of a n  i n s u f f i c i e n t  supply of water and n u t r i t i o n ,  the i n t e n s i t y  of 
t ranspi ra t ion  depends more on the  above-mentioned i n t e r n a l  physical  fac tors  
(Tab. 1 .2) .  

The p lan t  exerc ises  a l imi ted  control  on the t ranspi ra t ion  r a t e .  Stomata 
I JS l Ja l lY  open i n  the  l i g h t .  They c l o s e  with reduced moisture and when the sugar 
content decreases ,  changing t o  s t a r c h ,  as happens i n  the dark o r  a t  the end of 
the vegetat ion season, when leaves turn yellow. Transpirat ion is a l s o  reduced 
i n  the case of abundant water. 

The movement of water from the r o o t  zone, through t h e  stem and leaves,  is 
enabled by d i f f u s i o n  and osmosis. The r a t e  of both these processes is influenced 
by a i r  moisture and energy supply, r e s u l t i n g  i n  the  removal of water vapour 
next t o  the leaf  sur face .  Van Den Honert (1948) expressed t ranspi ra t ion  by 
physiological analogy with OHM'S l aw 

(1.23) 

T - t ranspi ra t ion  r a t e  
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TABLE 1 .2  

Term, Defini t ion IJsage 
S I P  

Po ten t i a l  Theoretical value derived from Energy budget 
evaporation energy input 
(evapora t i v i t y )  

ET1 Ap - sa tura ted  vapour pressure 
increment 

r -  psychrometric constant 
Js - energy input 
Jg - energy t ransfer  

Po tent  ia  1 Evapotranspiration from s o i l  and Water balances fo r  
evapotranspiration vegetation sys tern, saturated with long term planning 
ET water and nutriments , derived 

from local  hydrometeorological 
ccfiditions . 

P 

Optimal evapotrans- 
p i r a t ion  ET 

Evapotranspiration from a surface 
whose so i l  moisture is  managed i n  
order to  increase agr icu l tura l  
and fores t ry  production 

OP t 

Determination of 
plant  water and 
i r r iga t ion  require- 
ments 

Maximum evapotrans- Highest evapotranspiration tha t  
p i r a t ion  ET relevant  vegetation system is  ab le  

to  achieve, dependent on i t s  s tage 
of growth and ac tua l  state 

IlUX 

Resistance against  
moisture. Dimen- 
sioning of the 
drainage. 

Minimum evapotrans- Evapotranspiration of a p lo t  Resistance aga ins t  
p i ra t ion  ET i r r iga t ed  only f o r  survival  of drought min 

relevant  p lan t  species 

Actual evapotrans- Real evapotranspiration dependent Determination of 
p i ra t ion  ETa OP the growth s tage and state of 

the p lan t ,  measured by so i l -  
mois ture  sampling, large-size lys i- 
meters, zroundwater f luc  tua tioris 

actual  i r r iga t ion  
r a t e s  

Glossary of evapotranspiration. 
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TABJX 1.3 
~ 

Cover Bare s o i l  Grassland Pine fores t  

mrn % Share m % Share m X Ratio 

October 

November 

December 

January 

February 

March 

April 

May 

June 

July 

August 

9.6 

2.6 

0.6 

0.2 

4.2 

10.2 

23.1 

23.9 

24.4 

29.9 

27.0 

5.4 1.00 

1.5 1.00 

0.3 1.00 

0.1 1.00 

2.4 1.00 

5.7 1.00 

13.0 1.00 

13.5 1.00 

13.7 1.00 

16.8 1.00 

15.2 1.00 

18.2 

7.0 

2.0 

3.7 

5.1 

16.7 

37.6 

62.6 

51.6 

57.4 

55.2 

5.1 1.75 

1.9 2.69 

0.5 3.33 

1 . 0  18.50 

1 .4  1 .21  

4.7 1.64 

10.5 1.63 

17.5 2.62 

14.6 2.12 

16.4 1.91 

15.5 2.04 

28.6 

13.0 

8.5 

12.1 

13.4 

25.4 

41.0 

69.9 

58.6 

61.5 

61.1 

6.6 2.98 

3.0 5.00 

1.9 14.20 

2.8 60.50 

3.1 3.18 

5.8 2.49 

9.4 1.78 

14.7 2.92 

13.4 2.40 

14.2 2.05 

14.0 2.26 

September 22 .1  12.4 1.00 39.5 11.1 1.78 48.4 11.1 2.18 

Yearly to t a l  177.8 100.0 1.00 355.6 100.0 2.00 435.5 100.0 2.44 
~ ~ ~ ~~~~ ~ ~~ 

Share from Loamy s o i l  50% Loamy s o i l  87% Depending on 70% 
free surfac? fo re s t  
evaporation Sand 26% Sandy s o i l  26% densi ty  

and age 

Seasonal d i s t r ibu t ion  of evaporation and evapotranspiration, i t s  dependence on 
the soi l  surface and cover according t o  Wechman (1963, Eberswalde, GDR).  The 
share of evapotranspiration compared with the f ree  surface evaporation accord- 
ing to Krecmer (1980). 
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et - evaporation rate (m.s-’) 

ys - s o i l  moisture poten t ia l  - suct ion pressure of the so i l  water (J.kg-’) 

ye - moisture poten t ia l  of the leaves (J. kg-’) 

rs - f l m  res i s tance  of the s o i l  (Pa.s-1) 

r - f l o w  res i s tance  of the plant  (Pa. s- l )  

bLv - un i t  mss of the s o i l  water (k~.m-~) 
P 

The r a t i o  of t ranspi ra t ion  and evaporation from s o i l  changes a t  one point  
i n  time, namely during the vegetation season. A t  the beginning of t h i s  season, 
the evaporation from bare s o i l s  dominates. Transpiration increases with the 
growing vegetation. Under the conditions of coherent p lan t  cover, t ranspirat ion 
generally preva i l s .  Overshadowing of the s o i l  surface by the vegetat ive canopy 
decreases the s o i l  surface temperature and the r a t e  of water vapour removal, 
thus causing a decrease in  the evaporation r a t e .  Transpiration a l s o  drops dur- 
ing the period of ripening. 

Evapotranspiration is a complicated phenomenon, expl icable  by a few values 
only (see Tab. 1.2) complying with the following unevenness 

ET1 > ET > ETm > ETo > ETa > ETmin (1.24) 
P 

Under Central European conditions evapotranspiration by vegetation is generally 
higher than evaporation from bare s o i l s ,  but lower than evaporation from open 
water surfaces .  Evapotranspiration from a r i d  zone plants  is of ten lower than 
evaporation from bare s o i l s .  Gilimeroth (1951) and Kramer (1969) state tha t  
evapotranspiration from vegetation never exceeds evaporation from saturated 
s o i l s  a t  the same level  of exposure. 

1.3.2 Prec ip i ta t ion  
The prec ip i ta t ion  process is  the t ransfer  of water eliminated from the a t -  

mosphere system to  the system of the hydro- and l i thosphere,  characterized by 
an output of the l a t e n t  hea t  of vaporization. 

The number of d i f f e ren t  forms of prec ip i ta t ion  is  very large,  but basical ly  
prec ip i ta t ion  can be 

(a )  v e r t i c a l ,  i . e .  prec ip i ta t ion  from the upper p a r t  of the atmosphere 
system, characterized by a ve r t i ca l  movement of drops: d r i zz l e ,  r a in ,  snow, 
glaze,  h a i l ,  sleet e tc . ,  

(b) hor izonta l ,  i . e .  water eliminated by condensation o r  sublimation on 
the ground: dew, hoar f r o s t ,  rime, diamond dust  e t c .  

Depending on i ts  s tage of agglomeration, prec ip i ta t ion  is either l iqu id  o r  
so l id .  I t  is measured i n  terms of depth (mn),  r a in fa l l  in tens i ty  i n  t e r n  of 
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mn per minute. 
Rainfall is produced by a cooling of the a i r  as the r e s u l t  of a decrease i n  

the ba rme t r i c  pressure, by rad ia t ion ,  by contact  with a colder land o r  sea 
surface o r  during mixing of a i r  masses. Condensation of water vapour in to  cloud 
droplets takes place on condensation nuc le i ,  formed by hygroscopic s a l t  par t i -  
c les .  The f a l l i ng  speed of droplets  is a function of t h e i r  s i ze  and of the 
speed of the a i r  stream. The coalescence of the droplets  to  Eom raindrops is 
accounted fo r  by the coexistence of the i ce  c rys t a l s  and water droplets  and by 
the differences i n  speed between la rge  and small drops. The l a t en t  heat  of 
evaporation regulates  the process of condensation (Fig. 1 . 7 ) .  

Fig. 1 .7 .  The subsystem of prec ip i ta t ion  and i t s  processes i n  dependence on the 
a1 t i tude  according t o  Mason (1957). 
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To sununarize the tendemy of r a i n  t o  occur i n  de f in i t e  pa t te rns ,  i t  i s  
possible  to  dis t inguish between: 

(a )  loca l  convective r a i n f a l l  - caused by the upward movement of a i r  
masses, 

(b) orographic r a i n f a l l  - influenced by the morphology of the exposed pa r t  
of the higher mountain ranges and characterized by longer duration and lower 
in tens i ty  , 

(c)  cyclonic r a i n  - caused by the air-mass cont ras t  of cold and warm ra in ,  
i . e .  by the excess of surface heat ing i n  lower l a t i t udes  and of cold i n  higher 
l a t i t udes ,  characterized by moderate l a s t ing  r a i n f a l l  over a large area,  but 
a l so  by heavy r a in ,  h a i l  o r  snowfall over a small a rea .  

Rainfal l  of ten occurs a s  a combination of the above mentioned forms. Its 
occurrence, i n t ens i ty  and frequency depends on zonal, regional and local  fac- 
to rs .  

The cont ras t  between surface heat ing in  the equatorial and polar  zones, o r  
the difference i n  temperature between the continent and the sea ,  causes sub- 
s t a n t i a l  movement of the a i r ,  which manifests the homeostasis of t h i s  system, 
i . e .  i ts  tendency to  achieve a balanced, s t ab le  state. This mowment of  a i r  i s  
influenced by the ro t a t ion  of the Earth and by regional thermal and orographic 
fac tors .  Regions with a high horizontal  inflow of water vapour and an upward 
movement of a i r  masses a r e  characterized by frequent precipi tpt ion.  

The important influence of a region 's  l a t i t ude  on the r a i n f a l l  frequency is  
evident : 

(a )  
(50% of the global r a i n f a l l  occurs between 20' N.L. and 20' S.L.) ,  

the  equator ia l  zone has the highest  annual prec ip i ta t ion  on average 

(b) areas  which have considerable r a i n f a l l  cover middle and higher l a t i -  
tudes, oceans and the western pa r t s  of cont inents ,  

(c )  
(d) 

p i  ta t ion. 

areas  with passat  winds and s t r i p s  along the t ropics  a r e  ra in less .  
po lar  areas  a r e  a l s o  r a in l e s s ,  obtaining 4 % of the to t a l  global preci- 

I n  ce r t a in  c l i m t i c  regions, p rec ip i ta t ion  and i ts  s t a t e  of aggregation 
depends to  a grea t  extent  on the a l t i t u d e  (Fig. 1 .8 ) .  The increment i n  the 
r a i n f a l l  t o t a l ,  corresponding to  the difference i n  a l t i t u d e ,  is the r a i n f a l l  
gradient .  

geographical and morphological fac tors ,  such a s  the area exposure ( t o  the 
d i rec t ion  of wind), the cha rac t e r i s t i c  of its surface (roughness, vegetative 
canopy), and the gradient  of the slope. Rainfal l  in tens i ty ,  very of ten  unevenly 
d is t r ibu ted  i n  space and time, decreases on average with the areas  affected and 
with the r a i n f a l l  duration. The unevenness of the space-time d is t r ibu t ion  of 
the r a i n f a l l  r e su l t s  i n  a f luc tua t ion  of prec ip i ta t ion  during the year and i n  a 

Local fac tors  which influence the spa t i a l  d i s t r ibu t ion  of r a i n f a l l  include 
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f luctuat ion of annual average. Diiring periods of def f ic ien t  prec ip i ta t ion  the 
deviation from average i s  grea te r  fo r  r i ve r  runoff than for  r a in fa l l .  

The complicated mechanism of prec ip i ta t ion  can be influenced in  pa r t i cu la r  

by 
- 
- 
- 

changes i n  the hea t  input ,  
changes i n  the a i r  mass movement, 
increasing o r  decreasing the quant i ty  of condensation nuclei. 
The r e s u l t  of any of these measures is  not  e x p l i c i t ,  because the relevant  

interrelat ionships  of the atmospheric sys tem a r e  complicated And zi c e r t a in  
feedback e x i s t s ,  such as  the atmospheric system's external re1at;ons with the 
hydro- and l i thosphere and the so l a r  system, whose energy supply i s  not  uniform. 

1 . 3 . 3  Intercept ion 
Intercept ion is a process of prec ip i ta t ion  transmission and red is t r ibu t ion  

on the boundary of the  systems of the atmosphere and the lithosphere by the 
vegetative canopy. The quant i ty  of prec ip i ta t ion  which ac tua l ly  reaches the 
ground, e f fec t ive  rain- and snowfall, consis ts  of the 
- 
drips from the leaves, twigs and stems, and of the 
- 

throughfall , which reaches the ground d i r ec t ly  through intershrub spaces and 

stemflow which reaches the ground by running dawn the stems. 
Intercept ion loss is  the p a r t  of prec ip i ta t ion  retained by the vegetative 

canopy and then evaporated o r  absorbed. Therefore 

P = P - I  (W (1.25) 

F - net  prec ip i ta t ion  
P - actual  prec ip i ta t ion  (above the vegetat ive canopy) 
I - intercept ion loss 

e 

I = I1 + I2 (m) (1.26) 

I1 - intercept ion by the z e r i a l  portion of the vegetative canopy 

I2 - intercept ion of the layer  of shedded leaves and needles 

P e = T + S - I 2  (1.27) 

T - throughfall 
S - stemflow 

Intercept ion loss during one s ingle  r a i n f a l l  consis ts  of the intercept ion 
capacity of the surface of leaves,  twigs etc.  and the amount evaporated and 
absorbed by plants :  

I = I. + Iea (1.28) 

I. - intercept ion capacity of leaves, twigs e tc .  
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Iea - in te rcept ion  loss by evaporation and absorption 

Absorption of water by p lan ts  during one s ingle  r a i n f a l l  is negl igible .  For 
th i s  reason Linsley derives the following equation f o r  the intercept ion during 
one s ing le  r a i n f a l l :  

1 = 1  + d . E T . t  (m) (1.29) 

d- r a t i o  of the t o t a l  evapotranspiration and the evaporation from the vegeta- 
t ion  sur face ,  depending on the r a t i o  of the vegetative and non-vegetative sur- 
face (s-l) 

FT - evapotranspiration 
t - r a i n f a l l  durat ion 

The in te rcept ion  capacity depends on the composition of the relevant  leve ls  
of the  vegetat ive canopy, i ts  morphology arid development s tage.  This capaci ty ,  
which can be reduiced by preceding r a i n f a l l ,  influences the ne t  prec ip i ta t ion  in  
dependence upon the actual  r a i n f a l l  iritensi t:y, duration and ccurse a s  weJ.1 a s  
upon the wind veloci ty .  An ove r fu l f i l i i ng  of t h i s  int.erception capacity is 
character ized by a remarkable increase of s ternflow and throughfall (dripping). 
It goes wj. thout saying tha t  the intierception loss nuy exceed the i riterception 

capac ipy. 1 

ZinLe (1967) es t imates ,  without including c.he capacity o€ the shedcled leaves 
and needles, the average intercept ion capacity of nmst  grasses ,  t rees  and 
shrubs a t  1.3 mn during one s ingle  r a i n f a l l  and 3.8 mn during snowfall. He  a l s o  
s t a t e s  t ha t  the intercept ion loss is twice a s  high i n  20% of the observed cases. 
The average intercept ion loss  of a ce r t a in  area depends not  only on the compo- 
s i t i o n  of the vegetat ive canopy, i t s  development s tage  and ac tua l  state, but 
a l so  on the t i m e  d i s t r ibu t ion  of the p r e c i p i t a t i m  and the interplay of the 
r a i n f a l l  occurrence with the course of temperature, humidity and wind veloci ty .  

1 .3 .4  Depression and Detention Storage; Overland Flow 
The e f f ec t ive  prec ip i ta t ion  reaching the ea r th ' s  surface is par t ly  s tored 

( a )  a f t e r  snowfall a s  snmpack, whose fur ther  e f f ec t  on runoff depends on 
energy supply, i .e .  on 
- 
- 

rad ian t  hea.t frcm the sun 
l a t e n t  hea t  of vaporization released by the  condensation of water vapour, 

(b) by depression s torage i n  surface puddles and by surface detent ion 
formed by a sheet  of water on the s o i l  surface.  

( c )  
Depression s torage is  not  d i r ec t ly  measurable and even detent ion s torage is 

usually derived from hydrograph analysis  r a the r  than from observation. Surface 

a s  channel s torage i n  stream channels, ponds, swamps, etc.  
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runoff usually c m e n c e s  from one part of a catchment area before the inter-  
ception and depression storages i.n other par t s  a r e  sa t i s f i ed .  Detention storage 
depends on the slope and surface roughness of the area,  i . e .  on the s o i l  con- 
dit ions,  the vegetative cover and i ts  s t a t e .  The difference between types of 
vegetation a r e  caused by the e f f ec t s  of the l i t t e r ,  which appears to be more 
s imi . f ican t  than i r r egu la r i t i e s  in  the s o i l  surface. 

The surface runoff does not occur whenever the rai.nfa11 in tens i ty  does not 
exceed the i n f i l t r a t i o n  and evaporation inter1si.Q. I n  t h i s  case t.he sur€ace 
runoff does not occix oii ly during the f i r s t  p a r t  of the storm, when the inter- 
ception, depression and detention storage capacit ies a r e  not exceeded. As  the 
rain continues, puddles become f u l l  and the s o i l  surface becomes covered with 
a sheet of water and downhill flow begins towards an established surface 
channel. 

A level p la in  can accmula te  3-18 m of water, meadows and f i e lds  12-42 mn 
and fores t s  much more water, which gradually i n f i l t r a t e s  and evaporates. when 
these limits a r e  exceeded, spa t i a l l y  varied unsteady flow during r a i n f a l l  
occurs, i n  which the r a t e  and depth of flow increase dawn the length of the 
flow path. This depth a l so  increases with time, even when the in tens i ty  of the 
r a in fa l l  renairis unchanged. For these conditions the r e l a  tionship becomes 

D e = R .  L .  q (1.30) 

De - volume of detention when equilibrium flow condition is established (m ) 3 

L - length of flow (m) 
3 -1) q - discharge per meter width a t  equilibrium (m .s 

K - coef f ic ien t  of r a i n f a l l  in tens i ty ,  slope and roughness of the surface 

Where steady uniform overland flow is  considered (Tab. 1.5), the following re- 
lationship between r a t e  of discharge and depth of overland flow can be theore- 
t ica 1 ly derived: 

Q = K .  H m  (m2. s-l) 

Q - overland flow (m’. s - l )  

H - depth of flow (m) 
m - coef f ic ien t  of slope and roughness (involving v iscos i ty ,  

m = 3 fo r  laminar flow, m = 1.67 for  turbulent flow) 

1.3.5 I n f i l t r a t i o n  
I n f i l t r a t i o n  is a process of unsaturated o r  saturated flow during the move- 

ment of water i n t o  the pedo- and l i thosphere,  detructing the s o i l  water and 
groundwater from the n e t  prec ip i ta t ion .  Water t r i e s  to  achieve a s t a t e  of mini- 
mmn energy i n  these systems and moves from levels of higher energy to levels of 
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1mer energy. 
Saturation depends on the porosity of s o i l  o r  rock and the moisture content. 

When the moisture content i s  smaller than the porosity,  the flow is  unsaturated. 
\hen  it equals the porosity,  the flow is  saturated.  I ts  r a t e  depends on the 
e f fec t ive  porosity,  which is  usually expressed a s  a percentage and defined by 

(1.30) 

n - ef fec t ive  porosity (%) 

Vv - volume of water governed by gravity forces i n  the saturated s o i l  o r  rock 
( i . e .  the volume of a l l  connected e f fec t ive  pores and voids) 

Vo - t o t a l  volume of the s o i l  o r  rock (the volume of a l l  pores and voids plus 

(m3) 

the volume of a l l  the grains and so l ids )  (m3) 

The ef fec t ive  porosity is  a pa r t  of the t o t a l  porosity which enables the 
grav i ta t iona l  movement of water. It depends on s o i l  texture and s t ruc ture  
(grain-size d is t r ibu t ion ,  mutually connected pores and cracks e t c . )  In f i l t r a -  
t ion a l so  depends on the s t a t e  of the s o i l  surface inc l .  density of vegetation, 
moisture d i s t r ibu t ion  i n  the s o i l  layer,  the a i r  content i n  non-capil lary 
pores, the temperature, the depth of the groundwater table and the in tens i ty  of 
the r a i n f a l l  (high in tens i ty  r a in fa l l  causing compaction of the suirface leve l ) .  

The i n f i l t r a t i o n  r a t e  i s  the maxirnun r a t e  a t  which the s o i l  can absorb pre- 
c ip i t a t ion  i n  a given condition. The i n i t i a l  high r a t e  of i n f i l t r a t i o n  decreases 
exponentially: rapidly a t  the beginning and then more slowly u n t i l  i t  approaches 
a constant r a t e  a f t e r  a period of 20 t o  120 minutes. 

Phi l ip  (1958) expresses the ac tua l  i n f i l t r a t i o n  r a t e  by the formula 

vi - ac tua l  i n f i l t r a t i o n  r a t e  

s - so rp t iv i ty  (m.s> 

t - time of the beginning of imf i l t ra t ion  ( s )  

vk - f i n a l  s t ab le  i n f i l t r a t i o n  r a t e  

Sorp t iv i ty  can be defined by the equation 

(m.s-l) 

(m.s-l> 

s* = 

k; - 

JT - 

2 k;. ( % +  H) . (Wo - W i )  

(1.33) 

(1.34) 

coefficien of the hydraulic (unsaturated) conductivity 

(m. s-l) (1.35) 
k f 6  W 5 

soil charac te r i s t ic  (m> 
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Wo - f ina l  moisture content 

H - depth of groundwater table  (m) 

(3 

Wi - moisture content a t  the beginning 

Phi l ip  (1969) expresses the total value of i n f i l t r a t i o n  by the sequence i n  
which the f i r s t  two component preva i l  

N n = S .  t S  + V k .  t (m) (1.36) 

Wn - i n f i l t r a t i o n  t o t a l  (m) 

The following prlicesses of unsaturated subsurface flow a re  interconnected 
with the i n f i l t r a t i o n  
- red is t r ibu t ion ,  when s o i l  water en ters  the layers with lower moisture con- 

ten t ,  
- percolation, when water leaves the saturated s o i l  layers and enters  the 

groundwater , 
- 
the lmer ones, o r  from the groundwater. 

cap i l la ry  r i s e ,  when the nmisture of the upper layers is supplemented from 

1.3.6 Subsurface Water Movements 
Subsurface water forms the subsurface hydrosphere in  the heterogeneous en- 

vironment of the s o i l  and hydrogeological s t ruc tures ,  which occurs i n  d i f f e ren t  
forms (Tab. 1:5). The subsurface hydrosphere is fomed by: 
- s o i l  water, occurring i n  the upper 2-4 m layer on the boundary of the 

atnosphere and the lithosphere. Water is retained i n  s o i l  by surface-tension 
forces, which a r e  molecular ( e l ec t r i ca l )  by nature ,  i . e .  o ther  than those of 
gravity. The outflow of f ree  water from soi ls  occurs only i f  the pressure i n  
the s o i l  water exceeds the atmospheric pressure. So i l  water i s ,  therefore, un- 
sui table  fo r  water extract ion,  but  indispensable fo r  the photosynthesis of a l l  
plants. 
- 
especially by gravi ta t iona l  forces and, therefore ,  usable fo r  extract ion (Fig. 

groundwater i n  t h e  perineab1.e formations of the Earth 's  crust.,  retained 

1.8). 
Perfieable geological formations a r e  k n a a  a s  aqui.fers and water occurs i n  

their  in te rna l  void space, forming 
(a )  voids o r  pores i .e .  sub t l e ,  microscopic spaces, which originated 

simultaneously with the associated rocks , 
(b) cracks , i .e .  breaches and o ther  general ly  multi-directional spaces of 

secondary, tectonic  or ig in  , 
(c )  cav i t i e s ,  o r  spaces of exceptional dimensions, or iginat ing mainly i n  

cars t i c  formations. 
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TABLE 1.5 

FO mc Prevai l ing Occurrence Flovenien t 
forces 

Water vapour pressure gaseous s t a t e  

Ice ,  snow gravi ty  so l id  state 

Gravi tat iona 1 gravi ty  ear th  surface,  
pores? f rac tures ,  
c a m t i e s  

by pressure gradient ,  wind 
power 
by ~ g r a v i t y ,  i n  s o i l  a f t e r  
heat  input 
by gravi ty  and tidal forces ,  
pressure,  o s m t i c  acd tern 
perature  madient  

Capillary surface - suspended held i n  the in t e r s t i ce s ,  
tens ion - supported avai lable  fo r  plants  

- no contact  with 
grav i ta t iona l  

Adsorbed a t t r a c t i v e  hygroscopic overrdrying a t  105°C 
(surface viscous 
poten t ia l )  

Structural  rno lecular  crystal1 i c  a f t e r  dis integrat ion/ inte-  
chemically gra t ion  
combined 

biochemical biological  a f t e r  d i s in tegra t ion  

Modes of water occurrence above and under the ground. 

TABLE I .6 

Types of i n t e r s t i ce s  Graphical in te rpre ta t ion  

fractures-cavi t ies  - x zc 11- 

Categorization of combined permeability according t o  Landa (1980) I 
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Part  of the water i n f i l t r a t e d  i n t o  the s o i l  flows l a t e ra l ly  a t  shallow depths 
as interflow owing t o  less pervious lenses below the s o i l  surface. 

Fig. 1.8. Schenatic representat ion of a charac te r i s t ic  arrangement of ground- 
water s t r a t a .  (1) 1st (unconfined) aquifer, (2)  depends on geographical length 
and geological s t ruc ture .  The s i z e  of c i r c l e s  is  proportional to  the pressure 
(poten t ia l ) .  

Voids, cracks and cav i t i e s  form extremely complicated underground spaces, 
which a re  separated o r  interconnected and which comnunicate effect ively o r  non- 
effect ively.  Water i n  these in te rna l  spaces, whose permeability is combined 
(Tab, 1,6), is  influenced by 
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(a) gravity - acting as the water weight, - acting a s  the pressure of 
surrounding geological f o m t i o n s ,  

(b) 
( c  ) 

(d) 

pressure of gases emitted by the water 
surface-tension forces (capi l lar i ty  ) 
molecular forces of the s o i l  or rock par t ic les  (hygrosc0pi.c forces e t c . ,  

primarily e lectr ical  in nature) 

(e) osmotic forces, caused by the different qualilry (chemical composition) 
of water i n  different parts of the geological. formations. 

Unless these forces are i.n a s t a t e  of equilibrium, groundwater is in movement 
and also influenced by 

( f )  f r i c t ion  forces, caused by the roughness of the surface of the so i l  or 
rock par t ic les ,  

(g) 
The flow in mutually comnunicating voids, cracks and cavities is in  detai l  

non-unifoxm and unsteady. For  practical  purposes i t  can be considered as uni- 
form and steady on average. For groundwater movement Darcy's law i s  applicable 
within the l.aminar range of flow where resis t ive forces govern flow and the 
soi l  /rock envirmment i s  saturated 

Vf = g = k f .  I (m.s , m per day) (1.37) 

internal f r ic t ion forces caused by the fluid viscosity. 

-1 

vf - apparent velocity of f low 

Q - flow ra t e  

t 

3 -1 (m .s , m3 per day) 

A - cross-sectional r a t e  

I 

kf - coefficient of hydraulic conductivity (Tab. 3.6) 

As velocity increases, i ne r t i a l  forces change the l inear relation to the appa- 
rent. velocity of flow a t  the hydraulic gradient to the 

dh = ar; - hydraulic gradient 

1 
L - 

v f = k f .  I m  

m - coefficient -+2 

-1 ( m . s  , m per day) (1.38) 

Similar equations can be derived for unsaturated flow 

vf = - Kf . g r a d y  (m.s , m per day) ( l . 3 9 )  

grad? 

k i  - coefficient of the unsaturated flow (m.s ) 

-1 

- gradient of the to t a l  potential of the groundwater 

-1 



29 

TABLE 1.6 

Soi l  Coeff ic ient  of Capi l la r i ty  Average 
hydraulic conduc- poros i ty  

t i v i t y  kf  (m.s-') (nm) 

Clay 1.10-8 2000 - 4000 50 - 95 

S i l t  5.10-6 - 7 0 0  - 1500 40 - 60 

Compacted loamy sand 1 - 5.10-6 350 - 700 15 - 25 

Fine and loose sand 1 - 5.10+ 50 - 350 20 - 45 

Coarse sand 

Sandy gravel 

1 - s . ~ o - ~  10 - 50 25 - 35 
2 . 1 0 - ~  - 1.10-~ - 20 - 40 

- Clean gravel 1. 25 - 35 

Coefficients of hydraulic conductivity and average porosity and c a p i l l a r i t y  of 
d i f fe ren t  so i l s .  

The t o t a l  po ten t ia l  of the groundwater is  the amount of energy needed to  
t ransfer  a un i t  of water quant i ty  from one place in  the system water-rock/soil 
to another one: 

?'= t y k =  yk .  Fk . d l  (J .kg-l = m . ) (1.&0) 

I 

2 s-2 

- t o t a l  po ten t ia l  of water i n  tht. force f i e ld  (J.kg-') 

(N. kg-l ) Fk - un i t  force of the force f i e l d  

d l  - distance 

O n  the bas i s  of the def in i t ions  and formulas i n  Tab. 1 . 7 ,  the to t a l  potent ia l  
of groundwater under isothermic conditions is 

Y'= g . (x+z) + 1 ( 4 P  -6 ) (J.kg-') (1.41) 
d"' 

The groundwater mvement is s p a t i a l  i n  character .  Depending on the governing 
poten t ia l ,  the regime of flow can be 

(a) hydrodynamic - where gravi ta t iona l  and pneumatic forces a r e  governing, 
(b) hydrothermal - where the difference i n  temperature is governing, 
(c )  hydrochemical - where osmotic forces a r e  governing. 
The hierarchy of these groundwater movement regimes is interconnected with 

the values of the associated poten t ia l s ,  which used to  be remarkably d i f fe ren t .  
The regime of groundwater flow depends on the homogeneity of the geological 
formations. The r a t i o  of permeability of the relevant  formations and the i r  
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integrated par t s  influences the creat ion of the flow regime. Several regimes 
e .g .  local,  a r e a l  and regional ,  can occur in  a heterogeneous environment 
(Fig. 1 .9) .  

TABLE 1 . 7  

Symbol Potent ia l  Forces Equation Explanatory 
notes 

gravi ta-  gravi ty  Y =  g.dz = g.z g - gravi ta t iona l  
t ional  

cap i l la ry  cap i l l a r i t y  Yc= g.x x - capi l la ry  rise 

g constant 
z - head ( m )  

% 

r c  

pneurra t i c  pressure qp= k.3 . d l  = r- un i t  weight of 
gradient  water 

b' (kg.m of s o i l  
pases, 
atmospheric d ien t  

'P 

_ -  - A P  -3) 
AP- pressure Era- 

(Pa = kg.rn-l.s-l) 

thermic wa tc?r 
Y = 1 .AT AT- tempera turc 
t r  gradient 

dens i ty 
gradient  

yt 

osmotic d i  f t erence 
YO i n  chemical = 1 .J 6- o s m t i c  

pressure (Pa) compos i t ion O r  

Categpol-ization of' s o i i  water potent ia l .  

The function of d i f f e ren t  forces i n  the heterogeneous system of hydrogeologi- 
ca l  formations depends on external  f ac to r s ,  incluaing 
- c l i m t i c  and meteorological fac tors ,  
- surface rim-off, 
- \ r , rk t ions  and osc i l la t ions  i n  the interconnected surface water levels of 
water courses, reservoi rs ,  lakes and seas ,  
- external  load. 

Where the surface water is not i n  contact with an unconfined aqui fe r ,  the 
prec ip i ta t ion  produces the gwerning iafluence. Seasonal var ia t ions i n  r a i n f a l l  
and changes of groundwater i n  s torage,  mn i fe s t a t ed  by changes i n  groundwater 
tab les ,  a r e  c losely correlated.  This cor re la t ion  is heavily influenced by the 
surface run-off: the groundwater recharge depends on the r a i n f a l l  in tens i ty  and 
d i s t r ibu t ion .  The same monthly averages may produce d i f f e ren t  f luctuat ions in  
the water tab le .  
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0 - 1  5 

n - ,  
0 0.45 0.25  0.35 0.45 0.55 0.65 0 .75  0.85 0.95 
a .  t. 

Fig. 1.9. Regional flow of groundwater (flow d i rec t ion  marked fu l ly ,  equipoten- 
t i a l s  dashed, system boundaries dash- and dot ted) :  a - hcmegeneous permeable 
s t r a t a  according to  llubbert (1940), b - homogeneous isotropic  s t r a t a  according 
to Toth (1962), c - heterogeneous s t r a t a  according to  Freeze, Witherspoon (1966): 
local regimen dotted densely, intermediate medium, regional regimen dotted 
scarcely. 

h 
m 

(mm) 

b. 5 

0.4 

0.3 

0.2 

0.1 

n 
1900 4920 1940 1st WEEK 2nd WEEK 3rd WEEK 4thWEEK 

Fig. 1.10. Reduction of values and t i m e  delay of groundwater f luctuat ion in  re- 
la t ion  to  the r a i n f a l l  occurrence (deviat ion from the average) according t o  
Todd (1970). Relationship of the a i r  pressure and the water table  f luctuat ion in  
an a r t e s i an  well according t o  Robinson (1939). 

Atmospheric pressure has no e f f e c t  on unconfined aqui fe rs .  I n  the case of 
confined aqui fe rs ,  increases i n  atmospheric pressure cause a decrease i n  water 
tables and vice versa (Fig. 1.10): 

Ah = ?.Apa (m) (1.42) 

Apa - change in  atmospheric pressure 

Ah - water level decrease or increase 

(m of water) 
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1.3.7 Flow i n  Channel Network 
Overland flow i s  eradiial~lv concentrated by the topography of  the Ear th ' s  s i i r  

face.  Flow i n  na tura l  channels whose p r o f i l e  and head i s  not  s t a b l e  due t o  
erosion and s i l t a t i o n  is general ly  non-uniform and tinsteady. The discharge and 
the medium averape ve loc i ty  a r e  fimctions of  t i m e  and space. 

The discharge i n  na tura l  channels can for  pract ical .  piirposes be considered a s  
gradually var ied.  In t h i s  case,  the t o t a l  head Ah a t  n channel sec t ion  can be 
expressed a s  

2 2  v: . I, . n (v, - vl )  . k 
Ah = - +  

R 2g 
(1.43) 

R f  
v =  v1 + "2 = "2g. A h + k ( v y  - v ; ) ] ~  (m.s-') (1.44) 

2 m . n  

& - t o t a l  head a t  a channel sect ion (m) 

v I ,  v2 - mean ve loc i ty  i n  the  upper and lower p r o f i l e  (m.s-l) 

T2 - length of the  channel sec t ion  (m) 

(m) 
A 
0 R - hydraulic radius  ( = - ) 

A - area  of the  cross  sec t ion  ( m 2 )  

0 - wetted perimeter ( m i  

k - reduction c o e f f i c i e n t  ( 1 ) 

n - c o e f f i c i e n t  of channel roughness ( smoth  0,01,  var iab le  sec t ions  0,05) 

Under conditions o f  a s t a b l e  p r o f i l e ,  uniform s lope  and roughness i n  a channel 
without b a r r i e r s ,  the equation (1.43) can be s implif ied a s  follows 

v = - .  1 R4 (m.2-l) (1.45) s n  

Ah I = -T; - s lope  of the channel 

The roughness c o e f f i c i e n t  depends on geomorphological condi tioris: the river- 
bpd m t e r i a l ,  the  unevenness of i t s  sur face ,  the  character  of the p r o f i l e  
changes, the b a r r i e r s  i n  t h e  r iverbed,  the r i v e r s i d e  vegetatior.,  t h e  meandering 
and sediment t ranspor t  (Tab. 1.8). The total roughness c o e f f i c i e n t  can be 
assessed on the bas i s  of the  sripp1e~iented forrrmla of Cowan (1957) 

n = m .  s .  k=l 4 "k (1.46) 
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TABIE 1.8 

Coefficient cha rac t e r i s t i c s  Value Coeff ic ient  Character- Value 
of of i s t i c s  

ear th  0,020 n4 negl igible  0,000-0,010 
"1 rock small 0,010-0,015 
rmter ia l  f ine  gravel ba r r i e r s  medium 0,020-0,030 
roughness coarse gravel high 0,040-0,060 

smooth, p la in  0,000 n5 l O W  0,005-0,010 
"2 smi11 r ipp les  0,005 vegetation medium high 0,010-0,02 5 
bed medium r ipples  :):it canopy 0,025 ,0,050 
roiighnes s dunes high and 0,050,0,100 

dense 

gent le  0,WO m laJ 1,000 
occ ,~s  iorlal 
frequent 

medium 1,150 
high 1,300 mpandering 

"3 
cross 
sect ion 
changes -0,015 

S low 1.000 
high 1 ; 500 
muddy sediment 

transport discharge 2 - 100 

Pa r t i a l  coef f ic ien t  for  estimation of the roughness coef f ic ien t  for  various 
boundaries according t o  Cowan (1957) supplemented by the coef f ic ien t  of the se- 
diment t ransport  impact. 

1.4 INTERREIATIONS OF SLJRFACF WATER AND GROllNJWATER RLTNOFF 
Runoff is a hydrologic process of r a i n f a l l  d i s t r ibu t ion  by the Earth 's  sin- 

face, which takes place i n  thc system of the l i tho-  and hydrosphere. This system 
consis ts  of na tura l  (m~r?tiological, geological, s o i l ,  vegetative) and anthropo- 
genetic elements (urban, rura l  and o ther  construct ions,  dykes, reservoirs ,  
drainage and sewerage networks e t c . ) .  The output of t h i s  system depends on the 
input, which is  characterized by 

(a )  
(b)  

meteorological data, especial ly  r a i n f a l l  d i s t r ibu t ion  
climatological data, or the  supply of so l a r  energy, 

and on the actual  s t a t e  of t h i s  systen,  which depends on i ts  previous function 
(degree of sa tura t ion)  and anthropogenetic factors  (water management a c t i v i t i e s ) .  

Under na tura l  undisturbed condj t ions ,  the surface outflow can be characteri- 
zed by meteorological and cl irratological factors  (Tab. 1.9). 

Surface runoff equals prec ip i ta t ion  minus intercept ion,  depression and deten- 
tion s torage,  changing in to  i n f i l t r a t i o n  and evaporation. The r a t i o  of the sur- 
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TABLE 1.9 

Category Area ( c l i m t e f  Sub-cate- Character is t ics  of discharge 
gory occurrence 

A.  

1. discharges only 
2 .  high 6 is charges 

a r i d  and 
semiarid law in  suniner 

Rivers whose 
t ropica l  and 3. high discharges 

depends subtropical 
mainly on 
rainf  a 11 humid 4. high discharges 

season 

i n  r a i n f a l l  periods 
i n  winter ,  extremely 

during sunmer 

out  of the sulmer 

cool humid 1. peak discharges especial ly  i n  
B .  spr ing,  influenced by r a i n f a l l  

2 .  Rivers whose hilly, 
f l m  depends nor them f a l l  

mainly on high 3. high discharges from snowmelt i n  
snowmelt and mountains s m e r  

g lac i e r  run- pemfros 4 .  temporary s treans downstream of 
off g lac ie rs  

Categorization of r ive r s  according to meteorological and climatological factors .  

high discharpes influenced by r a i r  

I 

TABLE 1.10 

Type of area Slope 
f l a t  'average s teep  
1% 1-5% 5% 

Resident ia l  closed blocks paved courts 0.70 0.80 0.90 
Apparment closed blocks with yards 0.60 0.70 0.80 dwe 1 1 ing 

open blocks 0.50 0.60 0.70 
detached m l t i - u n i t s  0.40 0.50 0.60 

Single-family attached 
houses with 
gardens detached 

0.30 0.40 0.50 

0.20 0.30 0.40 

Indus t r i a l  o ld  type densely covered 0.60 0.90 - 
modern wi.th laws 0.40 0.50 - 

~~ 

Parks, cemeteries, playgrounds 0.10 0.20 0.30 

St ree t s  , drives  , walks , roofs 0.70 0.80 0.95 
Railway areas  G.20 0.30 0.40 
Unimproved areas  0.10 0.20 0.30 
Grassland, f i e l d s  sandy s o i l  0.05 0.10 0.15 

heavy s o i l  0.17 0.22 0.35 

Forests  0.00 0.05 0.10 
Values of runoff coef f ic ien t  i n  r e l a t ion  t o  the type of the drainage area.  
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face runoff and t o t a l  l o s s i s  (recharge and evaporation) does n o t  change when 
the s t a t e  of the elements and the  energy supply i n t o  the  system remains constant .  
For p r a c t i c a l  reasons t h i s  r a t i o  is  considered a s  s t a b l e  even i n  the case of a 
s ing le  r a i n f a l l .  Such hypothesis leads t o  the lollowing s implif ied equations f o r  
each of the elements j :  

Q . = P . - (I. + D.) = P. - (Kai + Ei) (3 (1.47) 
s 1  g1 1 1 1 

and f o r  the t o t a l  a r e a  

Qs = 

Qs - 

Pi - 

G -  a 

C i  - 

Ai - 

n 
1000. 5 c; . Pi . Ai 

surface outflcw (m3) 

groundwa t e r / s o i l  recharge (m3 ) 

p r e c i p i t a t i o n  i n  element i (m) 

runnoff c o e f f i c i e n t  of element 

area of e l  eiaent (IJ, 

(1.48) 

(1.49) 

This s impl i f ica t ion  neglects  the time d i s t r i b u t i o n  of tlle input  data and the 
changing state of the  runoff system. The a c t u a l  runoff c o e f f i c i e n t  is not s t a b l e .  
i t  is not only a funct ion of the drainage a rea  roughness r (which chaiiges e . g .  
with the season) ,  i t s  shape and s lope i ,  geology g but also a function of the 
s o i l  s t a t e  

Factors r ,  i, and g a r e  r e l a t i v e l y  s t a b l e  and a r e  almost independent of 
meteoro logia l  conditions. r a c t o r  sf depends on f ros t  an6 s a t u r a t i o n  of s o i l .  I t  
determines the a c t u a l  runoff j n  the s p e c i f i c  hydrologic s i t u a t i o n .  

input da ta .  Data en the l e f t  s i d e  of the  
balance i . e .  p r e c i p i t a t i o n  P and surface runoff Q 

The t o t a l  annual runoff can be determined on the bas i s  of the cl imatoloaical  
s impl i f ied  equation o i  the hydrologic 

(1.51) P - Q  = G  + E  (m,m 3 per year)  
S P  

can be measured q u i t e  e a s i l y  and prec ise ly .  They a r e  i n  mst cases measured i n  
the long term and sys temat ica l ly ,  and a l s o  analyzed statist.ically. Data on eva- 
poration E and groundwater recharge G 
d i f f i c u l t  t o  m a s u r e  and, therefore ,  n o t  systematical ly  f o l l m e d  up. Groundwater 
recharge and evaporation can be expressed as a function of the l e f t  side o t  the 

on the r i g h t  sj.de of the equation, a r e  
8’ 
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equation 1.51 

E = f l  (P-C,) ( m , n i  ) 

c, = f 2 ( P -  9s ) ( m v  ) 

(1.52) 

(1.53) 

3 

3 
R 

The maximum possible  evaporation for  the measured long-term difference of rain- 
f a l l  and the surface runoff is 

(1.54) 3 
Em = P - Q s  (m,n ) 

In  th i s  case G = 0, the groundwater is  without recharge. 
g 

This phenomenon occurs in  deser t  catchment a reas ,  where a l l  the i n f i l t r a t e d  
water evaporates. This can be graphically i l l u s t r a t e d  by a s t r a i g h t  l i n e  with an 
angle of 45' (Fig. 1. 

E 
(mm) 

11). 

/ I .----- 
/ 

I-- - r 
P - Q s  ( m m )  

Fig. 1.11. Regional charac te r i s t ics  of the runoff: E - evaporation, ET1  - evapo- 
r a t i v i t y ,  P - r a i n f a l l  t o t a l ,  G - groundwater recharge, os - surface water run- 
o f f .  F: 

The second limiting- s tage  could theore t ica l ly  be reached when the difference 
of r a i n f a l l  and surface runoif recharges the  groundwater without any ebaporation. 
This case is graphical ly  illustra.ced by the horizontal  ax i s .  The prac t ica l  
values of the function f l  migrate between these two Limiting s tages .  They a r e  
a l so  l imited by the n1 value of po ten t ia l  evaporation corresponding t o  the supply 
of so l a r  energy i n  the area.  Curves f and f ,  express the average influence of 1 2 
the input  data of the relevant runoff system and can, therefore, be used a s  re- 
gional charac te r i s t ics  fo r  the assessment of the groundwater runoff and evapo- 
ra t ion .  

The system of the ra infa l l / runoff  process can be modelled on a physical o r  
mathematical bas i s .  The bas is  of the mathematical Tank blade1 assembled by 

SWAWARA (1974) is hydraulic. This model represents the catchment area by a set 
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of tanks, arranged ve r t i ca l ly  i a  a row. The number of tanks, t he i r  grouping and 
conf iguratTon deperta 01: the ca tclmeiit charac te r i s  t i c s  . Experience shows tha t  
the following two basic  systems a r e  su i t ab le  for  any prac t ica l  case 

(a)  four tanks arranged ve r t i ca l ly  f o r  humid areas ,  

(b) 
areas .  

several  rows of four tanks arranged ve r t i ca l ly  f o r  semi-arid and a r i d  

Fig. 1 .12 .  Separation of the runoff components, i ts course and physical princi- 
ples of the mtheniatical m d e l  of the runoff process according t o  SUGAWAHA 
(1974): ql - surface runoff ,  % - ground surface,  93 - intermediate outflow 
(above the groundwater t ab le ) ,  - groundwater runoff with short-term and q - 
with long-term delay before pen3ra t ion  i n t o  the r ive r ,  21 - i n f i l t r a t i o n ,  
22,23 - percolat ion i n t o  groundwater, 24 - deep percolat ion.  Water tables: hi - 
a t  low, h, - a t  medim, h3  - a t  high r a i n f a l l .  

. Tanks a r e  equipped with s ide  ou t l e t s  and bottom ou t l e t s .  The outflow from 
the s ide  ou t l e t s  simulates the following components of the surface runoff (Fig. 
1.12): 
- the 
one to  
- the 
time. 
- the 

top tank the surface and ground surface runoff ,  reaching the channel i n  
three days, 
second tank the intermediate runoff ,  reaching the channel i n  a week's 

th i rd  and fourth tank the groundwater runoff, reaching the channel i n  one 
month, o r  i n  a year ' s  time. 

The top tank generally has two s ide  ou t l e t s ,  while the other  tanks a r e  
equipped with one s ide  o u t l e t  only. The bottom out1et:s of a l l  tanks simulate the 
i n f i l t r a t i o n  o r ,  i n  the case of the fourth tank, the deep percolation. The out- 
f lm  from ou t l e t s  is simply ewressed  by a l inear  o r  square re la t ion  on the 
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storage amount : 

qk =ak . Xk = f,(t) 

qk - outflow from the ou t l e t  

Xlc - storage :imunt 

4( - o u t l e t  coef f ic ien t  

(1.55) 

The following simple square r e l a t ion  is  used whenever the l i nea r  re la  t ion  
does not generate sa t i s f ac to ry  r e su l t s :  

2 qli =Nk . Xk = "<(t) 

'fie nonlinear course 
of the pa r t i a l  r e su l t s :  

(m3.s-1) (1.56) 

of the output data is a consequence of a s m r i z a t i o n  

. 'k (m 3 .s .-1) (1.57) 

r a i n f a l l ,  not f i l l i n g  LIP the top tank up t o  the f i r s t .  s ide  o u t l e t ,  does 
not produce any runoff. Short floods with a rapid increase in  discharge) can be 
modelled more prec ise ly  by using more s ide  ou t l e t s  i n  the top tank: The satura- 
t ion of the s o i l  layer  can be expressed by a r e s t r i c t i o n  of the bottom outflow. 
Evaporation produces the decrease i n  the storage amount i n  the f i r s t i t a n k .  The 
number of tanks, t he i r  equipment and arrangement represent  the behaviour of the 
catchment a rea ,  This arrangement has t o  be 
r e l a t ion  of the input and col lected output da ta .  

ca l ibra ted  t o  achieve the desired 

Catchment areas  i n  semi-arid and a r i d  regions have t o  be divided in to  zones 
and represented by several  rcws of ve r t i ca l ly  grouped tanks. Evaporation in  the 
period without prec ip i ta t ion  has t o  be 
the top tank. Deformations of- the discharge 
by s i m i  l a r  tanks. 

modelled by a space without an ou t l e t  i n  
by ri.ver channels can be nodelled 

The 'Tank blodel i s  able to extend runoff data series o r  to con~plete missing 
data by simulation. The most important a c t  to achieve the required accuracy is 
the assessment of mean prec ip i ta t ion :  a rea l  f luctuat ions i n  prec ip i ta t ion  a r e  
high,  both in  smll  and large catchment a rea .  

Purely mthematical  models of the ra infa l l / runoff  process can be derived from 
equations describing the physical substance of the hydrological process (Fig. 
1.13, 1.14) and the hydrologic balance. I r~pu t  data fo r  such a nodel include 
r a i n f a l l  records, catc'ment and iret:eorological cha rac t e r i s t i c s ,  while the ou tp i t  
d a t a  cover surface and groundwater discharges, i . e .  entry data fo r  the erosion 
process (Fig. 1.22). 

Mathemtical simulation models require  de ta i led  i . n f o m t i o n  about nmerous 

(Fig. 1 .14) ,  which i s  very seldom avai lable  in  the precise  form coef f ic ien ts  
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required. lhese mdels a r e  determinis t ic ,  bu t  a s tochas t ic  approach has t o  be 
adapted to m k e  tliem function r e l i ab ly .  

I 1 INPUT precipitation-rain, snow,dew etc,humidity, temperature 

Fig. 1.13. Schematic representat ion of the model components of the hydrological 
cycle i n  rectangular gr id :  evaporation and canopy intercept ion model, snarmelt 
(layered) and oveland flow model (two dimensional), r i ve r  flow and reservoir  
operation model, root  zone i n f i l t r a t i o n  and recharge model (layered, one dimen- 
sional unsaturated flow fo r  each gr id  element), groundwater model (layered, 
storage and saturated flow). 
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Fig. 1.14. Mathematical model of the water cycle. Explanation of m i r i  equations 
is given i n  tex t .  Outputs of the run-off process form inputs of the erosion pro- 
cess m d e l  (Fig. 1.24). SGE - sheet /gul ly  erosion,  CHE - channel erosion, R I  - 
recharge l inf i l t ra t ion ,  A r ,  A;, A , A f ,  A 

P 

1 .5  GROUNDWATER LEVEL REGIJIATION, SOIL NISTURE AND SOIL STRUCTIiRE FORMATION 

- anthropogenetic fac tors .  

Groundwater flow i n t o  s t reamslreservoirs ,  o r  v i c e v e r s a ,  depending on the re- 
l a t ive  a l t i t u d e  of the relevant  water leve ls .  In  th i s  case of the higher surface 
water leve l ,  i n f i l t r a t i o n  i . e .  water supply to  aquifers  occurs. Under conditions 
of the lower surface water level  groundwater which drains  in to  a stream forms 
i ts  base flow. 

Changes in  th i s  regime of i n f i l t r a t i o n  o r  drainage can occur w i t h  time a s  
stream o r  groundwater leve l  s h i f r  (Fig. 1.15). The low r a t e  of groundwater flow 
causes a s h i f t  i n  time and a reduction i n  the values of groundwater table  fluc- 
tuat ion.  The f i l t r a t i o n  r e su l t s  i n  a gradual improvement of the qua l i ty  of the 
i n f i l t r a t e d  water . 

The period of progression of the groundwater in to  the stream channel/reservoir 
depends on the coef f ic ien t  of hydraulic conductivity, e f fec t ive  porosi ty ,  dis- 
tance and head 
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n . LL 
>-?+IT 

t - period of progression (days) 

ne - e f f e c t i v e  poros i ty  (%) 

L - s h o r t e s t  d i s tance  from the  stream channel (m) 

kf - coef f ic ien t  of hydraulic conduct ivi ty  

h - head (m) 

(m per  day) 

(1.58) 

Relationship I D isconnected  1 Mutual 1 Mixed 1 Complicated 

Sc he m o t  ~c 
representa t ion  

(c ross  sec t ion)  

hydrogroph 

Impact on  Groundwater on  d e p e n d s  on  t h e  
head depends on the heo 

Fig. 1.15. In te r re la t ionships  of runoff ,  water tab les  and q u a l i t y  of the ground- 
water. Water tab les :  1 - water course, 2 - independent a q u i f e r ,  3 - aqui fer  
dependent on the stream, 4 - confined a q u i f e r ,  

The d i r e c t i o n  of the flow between the sur face  and the groundwater influences 
the water q u a l i t y :  intruding water changes the  water q u a l i t y  of the e f f l u e n t .  
Both processes, and espec ia l ly  i n f i l t r a t i o n ,  the process of sur face  water pene- 
t r a t i o n  i n t o  the groundwater can be slowed d m  by clogging, i . e .  the blocking 
of pores and cracks by suspended matter. During drainage, a reverse  process 
occurs, suffusion,  which gradual ly  speeds up the groundwater movement. 

Soi l  moisture, which is of bas ic  importance f o r  the water supply of p lan ts ,  
is less supplemented by groundwater than by prec ip i ta t ion .  Gravi ta t ional  poten- 
t i a l  is less important f o r  i t s  explo i ta t ion  by p lan ts  than the c a p i l l a r y  and 
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osmotic forces ,  whose function can be measured a s  the to t a l  s o i l  suction. This 
t o t a l  s o i l  suct ion consis ts  of the matric suct ion,  numerically equal to the 
capi l la ry  pressure, and the so lu te  suct ion,  numerically equal to  the osmotic 
pressure. These depend on the s o i l  texture  and s t ruc tu re ,  on the interconnection 
of pores and cracks, on the chemical propert ies  and temperature of the s o i l  and 
water, but espec ia l ly  on the moisture content expressed by the r a t i o  

w = - . 100 (7:) (1.59) "W 

VO 

w - moisture content (volumetric) 
3 V - t o t a l  volume of water i n  pores and voids ( m  ) W 

V, - t o t a l  volume of the rock o r  s o i l  <m3) 

The re la t ionship  of the moisture content and the to t a l  s o i l  suct ion has t o  be 
expressed using the natural  logarithm 

pF = In of the to t a l  so i l  suct ion = 3 + 981 Pa (m of water) 

(Tab. 1.11) 

TABLE 1.11 

(1.60) 

Hydrolimits Suction Moisture 
pressure content 

PF % 

Definition I 

Ful l  
capacity 0 25-60 f i l l e d  up with gravi ta t ional  and other  
(saturated)  

S ta t e  i n  which pores and cracks a r e  

water. Corresponds to the capi l la ry  
porosity . 
Sta t e  i n  which water is held i n  the s o i l  Field 

capacity 2.5-3.0 10-40 a f t e r  the grav i ta t iona l  water has drained 
FC away. 

Point of 
decreased 3.1-3.5 
ava i l ab i l i t y  

S ta t e  i n  which the capi l la ry  conductivity 
4-35 was interrupted.  

Wilting 
point  4.18 2-30 the water input  (depends a l so  on the p lan t  

S t a t e  i n  which evapotranspiration exceeds 

wp species) .  

Adsorption 
water 4.8-5.2 
capacity 

1-15 S ta t e  i n  which the s o i l  does not contain 
e i the r  grav i ta t iona l  o r  cap i l la ry  water. 

Categorization of s o i l  state according to  its suct ion pressure and moisture re- 
tent ion from plan t  cu l t iva t ion .  

The changing s o i l  moisture and the t o t a l  suct ion pressure form charac te r i s t ics  
in te rva ls .  On the boundaries of these in te rva ls  the water supply of the plants  
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changes i n  a way which q u a l i t a t i v e l y  influences the develop,nent of the p lan ts .  
The cent re  of the je  i n t e r v a l s  has a c h a r a c t e r i s t i c  value of the t o t a l  s o i l  suc- 
t ion and moisture, depending on the  s o i l  category (Fig. 1.16). 

Fig. 1.16. I n t e r r e l a t i o n s  of the s o i l  porosi ty  and humidity with the suct ion 
pressure, po ten t ia l  and s o i l  moisture re ten t ion  data according to  Kutilek 
(1979). 

The water regime of s o i l s  depends on 
s o i l  category, i t s  tex ture ,  s t r u c t u r e  and permeability, character ized by the - 

coef f ic ien t  of the hydraul ic  conduct ivi ty ,  o r  by the course of the t o t a l  s o i l  
suct ion,  
- 

reach of the c a p i l l a r y  zone, 
- 

- 
s t ruc ture  and moisture during its explo i ta t ion ,  
- cl imatological  charac te r i s  t i c s .  

the pos i t ion  of the s o i l  p r o f i l e  with regard t o  the groundwater leve l  and the 

the rcot system of the p l a n t s ,  
anthropogenetic f a c t o r s ,  including espec ia l ly  changes i n  the s o i l  texture ,  

Rode (1556) c l a s s i f i e s  the water regime of s o i l s  on the bas i s  of the annual 
r a t i o  of the r a i n f a l l  and evapotranspirat ion (Tab. 1.12).  It  is  useful  to add 
the swampy regime to t h i s  c l a s s i f i c a t i o n ,  which occurs when the water level per- 
manently penetrates  above the  
in te r re la ted  wi th  the water regime and the ac t ion  of c l imatological  €actors  
(Tab. 1.13). 

s o i l  surface.  'Ihe gradual development of s o i l  i s  
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a 
& 4 &  

3 
2 

!? 
u 

e .i 

aJ 
10 
Cd 

$4 

.d 
2 

TABLE 1.12 

Sierozem Chestnut Laterite s o i l s  
Red and yellow 

aJ E podzolic s o i l s  deser t  

a 0  Red-yel low 

s o i l s  
-c 

G uu) s o i l s  CdN 

E e E  podzolic s o i l s  
aJ .c 6 n o  Podzolic s o i l s  

Podzol s o i l s  

Tundra soi ls  

P e m f r o s  t 

Regime Character is t ics  Ratio of annual 
prec ip i ta t ion  
and evaporation 
t o t a l  

1. Permafrost The s o i l  water is p e m n e n t l y  frozen >1 

2 .  Flushing The s o i l  is completely wetted several  
times a year 

>1 

3. In te rmi t ten t  Soi l  is not flushed every year tl 

4 .  Unflushed I n f i l t r a t i o n  does not recharge groundwater ( 1  
reserves ,  the s o i l  p ro f i l e  being only 
p a r t i a l l y  wetted 

5. Evaporative Soi l  p ro f i l e  moisture is supplemented 
from groundwater 

6. I r r iga t ion  So i l  regular ly  wetted by i r r i g a t i o n  <1 
P + I _ )  
7 - 1  

7 .  Marshy Capillary r i s e  permanently reaches the 

water 
s o i l  surface,  oversaturated by ground- I - 

P Categorization of s o i l  water regimes according to  the r a t i o  r = 
annual prec ip i ta t ion  to t a l  P and annual mean evaporation t o t a l E  
Rode (1956). I - annual i r r iga t ion  r a t e  

of the average 
according to  

TABLE 1.13 
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1 .6  CLIMATOLOGICAL FUNCTIONS OF WATER 

The water cycle is one of t:he basic processes which regulate the climate. The 
characterist ic properties of water which influence the climatic conditions de- 
pend on i t s  imlecular structure.  The climatological regulating functions of 
water depend on a number of unique physical characterist ics:  1-he high value of 
the specific heat,  the high values of the la ten t  heat of fusion and evaporation, 
the high coefficient of heat reflectance, the extremely law heat conductivity, 
and the anomalous density decrease below 4OC, differing from the fusion point 
(Tab. 1.14). 

TABLE 1.14 

C l imt i c  impact of water Fundamental cause 

1. Accumulation and slow High spec i f ic  heat Is = 4.19 . 10 3 J.kg.K-' 
transfer of heat ( a t  2OoC) 4-5 times exceeding that of a i r  and 

rocks 
High la ten t  heat of fusion If = 3.55 . lo5 J.kg-l 
( a t  O ~ C )  
High la ten t  heat of evaporation 
Ie = 2.26 . lo6 J.kg-' ( a t  100°C) 

2 .  Limitation of energy 

High coefficient of heat reflectance 
khr = 0.582 W.m-l.K-l 

input frcm universe 

3 .  Limitation of heat 
radiation 

4. Regulation of energy Low heat conductivity 
transfer between the Fresh water (2OoC) 0.557 w.n~- ' .K-~ 
1 i thosphere, Sea water (18OC) 0.561 W.m-l.K-l 
hydrosphere and Ice 1. I73 W , m-'. K-I 
atmsphere Snaw 

Highest density a t  4OC 

5. Influence on temperature High spec i f ic  heat and low heat conductivity 
inversion 

______~ ~~~ 

6. Influence on microclimate High specific heat and high la ten t  heat of 
fusion and evaporation. I r regular i ty  of the 
highest density occurrence ( a t  4OC). 

Climatic impact of water and its fundamental causes as a function of i t s  excep- 
tional molecular characteris t i cs .  



The coef f ic ien t  of hea t  ref lectance occurs in  the ref lectance of so la r  energy 
and i n  the hea t  transmissivity of the atmosphere. The Earth r e f l ec t s  34% of the 
so l a r  energy on average. Two th i rds  of t h i s  value, i . e .  23% of the t o t a l ,  i s  re- 
f lec ted  by clouds, o r  accumulated vapour in  the atmosphere. The increase in  the 
water vapour pressure leads to  a decrease i n  the hea t  transniissivity of the a t -  
mosphere. The difference between the average values of the heat  transmissivity 
of the equator ia l  and the polar  zone, with lower hmiidi ty ,  exceeds 13%. 

Water vapour is  the n l a i r i  cause of the hot-house e f f ec t  of the atrriosphere. I t  

in te rcepts  infrared rad ia t ion  in  the sphere of the  wave length 4 , 4 f i <  2. < 8,5+ 

and l l p <  I ( 8 0 p .  The hot-house e f f ec t  of the atmosphere consis ts  i n  the input 
of rad ia t ion  f r an  the Universe to  t h e  Earth with small losses during daytime and 
in  the output of the hea t  from the l i thosphere t o  the Universe with high losses  
during nighttime. 
face the infrared rad ia t ion ,  forming 66 - 75 % of the radiated energy. Carbon 
dioxide C02 and ozone 0 a l s o  take pa r t  i n  t h i s  e f f e c t ,  but i n  a very limited 
part of the spectrum, th i s  having f a r  less influence. 

The atmosphere re ta ins  and r e f l ec t s  hack to  the Earth 's  sur- 

3 

Large water formations such a s  seas ,  iceberg., , mrshes  and dambos, reservoirs  
and water courses a c t  a s  thermal regulators .  Evaporation and t ranspirat ion need 
a large quant i ty  of thermal energy. This energy is released during condensation 
and accepted by the surrounding a i r ,  thus causing an equalizing of thermic 
differences.  Due to  the high spec i f i c  hea t  of water, the process of i t s  warming 
and cooling is slower than the process of the warming and cooling of s o i l .  The 
differences i n  winter and sumner temperatures, o r  day and night temperatures a r e  , 
therefore ,  smaller i n  the v i c in i ty  of water formations. The loca l  c l k t e  is in- 
fluenced by the thermal i n e r t i a  manifested by a slow t ransfer  of heat t o  the 
environment. The degree of t h i s  influence depends on the volune of the function- 
ing water mass and a l s o  ac t s  over considerable dis tances ,  demonstrated by the 
cont inental  nature of the climate. 

Water reservoi rs ,  marshes, dambos, snow and ice, a l s o  functioning a s  runoff 
regulators ,  thus propagate th i s  thermal influence along water courses. The re- 
g u l a t i w  function of marshes and damhos qua l i ta t ive ly  d i f f e r s  from the influence 
of reservoi rs .  Marshes and dambos, containing 80 to  97% of water, bond on organic 
mat ter .  The content of water i n  marshes cannot be decreased below 70% by drain- 
age. Evapotranspiration from a marshy area forms 30 - 50% of evaporation from an 
open water surface,  not  taking away a s  much energy. 

Snow and i ce ,  thermal and runoff regulators ,  bas ica l ly  occur in  two forms 
( a )  temporary s n m  and ice, thawing i n  the warm season, 
(b) permanent snow and i ce ,  especial ly  Antarct ic  and Greenland icebergs, sea 

P e m n e n t  o r  perennial i ce  and snow occur depending on the climate, a l t i t ude ,  
icebergs and mountain g lac ie rs ,  permanent snow , permafrost. 

l a t i t ude  and morphology. I f  the climate is very rigorous, a layer  of frozen 
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ground, permafrost, m y  be formed, pers i s t ing  from year  t o  year ,  Thick snowpack 
tends t o  impede the f o m t i o n  of permafrost. 

I n  areas  where more snow and i c e  accumulate than ac tua l ly  m e l t  and adjoining 
areas of luwer a l t i t u d e  where the wastage of frozen water exceeds its accumula- 
t ion,  a sluw movement of snuw and i ce  mass from the upper area to the lower one 
may occur when the thickness of the g lac ie r  exceeds 15 t o  30 m. The speed of t h i s  
mvement depends on the g lac ie r  thickness, i t s  temperature and the slope of the 
ground. I n  th i s  way, frozen water is t ransferred t o  areas  with more favourable 
conditions for i t s  par t ic ipa t ion  i n  the hydrologic cycle (see a l s o  Tab. 1.1). 

The hydrologic and microclimatic influence of snow and placiers  a l so  functions 
by means of supplied r ive r s .  Glaciers thaw more slowly than snuw, thus offer ing 
high r ive r  discharges before the beginning of the s m r  season, when i r r iga t ion  
requirements m y  be expected to  be highest  (Tab. 1 .9 ,  Tab. 1.15). 

TABLE 1.15 

Season Albedo Snowpack Diurnal Runoff Runoff Longterm 
thickness f luc tua- a f t e r  storage 

t ion  r a i n f a l l  impact 

Sprinz High Highest S l igh t  Moderate Subdued Dry & warm 
increas- delayed 
ing I years = 

= Increase in  S m e r  Moderate Moderate High High Sl ight  
delay to t a l  runoff 

Autumn Low Low Moderate Moderate No delay Wet & cool 
years = 

Winter Very high Moderate N i l  S l igh t  Stored = Decrease i n  
to t a l  runoff 

Seasonal change i n  glacier-runoff character is  t i c s  according t o  MEIER (1964). 

The regulat ing functions of water a r e  a l so  a consequence of i t s  low heat  con- 
duct ivi ty .  Heat flaw is the most e f fec t ive  form of hea t  propagation i n  l iquids .  
Under conditions of r e s t r i c t ed  flow below the ice cover, the heat  losses  of the 
water formation a r e  low. The snowpack has an extremely low value of the heat  
conductivity. The insu la t ing  capabi l i ty  of water therefore appears i n  the winter 
season, remarkably enough, when th i s  is urgently required for  the maintenance of 
the temperature of the s o i l  surface.  

The low hea t  conductivity of the snowpack means tha t  the heat  output t o  the 
atmosphere does not  exceed the hea t  input  from the deeper formations. The s o i l  
temperature below the snowpack can be up to  15OC higher i n  comparison to  the 
temperature of soils without the snowpack. The insu la t ing  e f f e c t  of the snowpack 
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does not  only depend on its thickness, but  a l s o  on the s n m  qual i ty .  
The snowpack has a cooling e f f ec t  on the adjoining,  warmer layer  of atmos- 

phere, thus causing ground inversion of temperature, especial ly  i n  the spr ing 
season, and an associated increase i n  r e l a t ive  humidity. Such inversions above 
the open water surface a r e  not a s  intensive and occur l e s s  of ten.  

The a i r  humidity can be characterized by the water vapour pressure. I ts  value 
osc i l l a t e s  between 0 and 40 milibars  (0  - 4000 Pa) (Fig. 1.17). This pressure 
decreases with a l t i t ude :  a t  1750 m a . s . 1 .  a t  one half  and a t  5000 rn a t  one f i f t h  
of its or ig ina l  values a t  sea leve l .  The content of water vapour in  the atmos- 
phere is on average 0.2% i n  the polar  zone and 2.5% in  rainy,  t ropical  regions. 
It may, loca l ly ,  exceed 4%. 

mb 

30 

2 0  

10 

0 
0 10 20 *c 

Fig. 1 .17.  Relation between temperature and sa tura t ion  vapour pressure above and 
below O°C. 

The maximum amount of water vapour i n  the a i r  depends d i r ec t ly  on the tempera- 
ture .  The s t a t e  i n  which water vapour can e x i s t  i n  equilibrium with a plane s u r  
face of l iqu id  water a t  the same temperature is  saturat ion.  The r e l a t ive  humidity 
is the r a t i o  of the ac tua l  vapour pressure to  the sa tura t ion  vapour pressure a t  
the same temperature 

e 
(%) 

U - r e l a t ive  humidity (Z) 

W u = - . 100 
ES 

ew - ac tua l  water vapour pressure (mb, 1 mb = 100 Pa) 

(1.61) 

E - sa tura t ion  water vapour pressure (mb) S 

The a i r  humidity i s  continuously changed by evapotranspiration, by the a i r  
flow and by temperature changes. The dew-point temperature is the temperature to  
which the a i r  must be cooled a t  constant pressure t o  reach sa tura t ion  with a 
given water content. Any fur ther  decrease i n  temperature thus causes condensa- 
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tion, occurring i n  d i f f e ren t  forms of the horizontal  and ve r t i ca l  p rec ip i ta t ion  
(Fig. 1 .7)  depending on the a l t i t u d e ,  temperature and other  conditions of the 
environment, e .g .  morphology and temperature of the affected surface. 

The da i ly  minimum of the r e l a t ive  humidity occurs simultaneously with the 
Qi ly  r r a x i m  temperature a t  constant water vapour pressure. Changes i n  the 
water vapour content i n  the atmosphere cause changes in  the r e l a t ive  amounts of 
the four pr incipal  gases (nitrogen N ,  oxygen 0, hydrogen H and carbon dioxide 
CO ) and minute t races  of other  gases, thus influencing its physical, chemical 
and biological charac te r i s t ics .  

The term drought ( lack of r a i n f a l l ) ,  which negatively a f f ec t s  both the l i f e  
of m n  and the development of p lan ts ,  bas ica l ly  has two d i f f e ren t  connotations: 

2 

(a)  c l imat ic  drought, caused by lack of prec ip i ta t ion  or  by i t s  inadequate 
or  i r regular  occurrence - par t icu lar ly  i n  the growing season o r  caused by high 
temperature, occassioning extreme evapotranspiration, 

(b) local  drought, which may a l s o  occur i n  areas  with heavy r a i n f a l l  during 
the growing season, occurring i n  regions with permeable s o i l s ,  where excessive 
runoff impedes a su f f i c i en t  water supply of plants .  

The degree of the cl imat ic  drought depends especial ly  on the average to t a l  
r a in fa l l  o r  on i t s  r a t i o  to  the mean annual temperature (Tab. 1.16). 

TABLE 1.16 
I 

C1 ima te Mean annual Rainfal l  
precipi  ta t i~on  fac tor  
t o t a l  (m) r (m/Oc. year)  

Wet > 500 > 60 

Semiarid 400- 500 40-60 

D r y  (steppe and semi-desert) 200- 400 < 40 

Extremely dry ( a r id )  < 200 <( 40 

Categorization of climate according t o  the mean annual prec ip i ta t ion  t o t a l  and 
i n  re la t ion  to the  r a i n f a l l  fac tor .  

Climte is the average cycle of weather cha rac t e r i s t i c  fo r  given area.  The 
course of humidity and temperature can be considered a s  factors  which determine 
the type of climate. The climate can be categorized according t o  the mean annual 
to ta l  p rec ip i ta t ion  and i n  r e l a t ion  t o  the r a i n f a l l  fac tor  according to  Koeppen 
(1920) (Tab. 1.16, 1.17) 

(mn/ OC . year)  (1.62) P r = T  

r - r a i n f a l l  fac tor  
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TROPICAL 

P - annual average prec ip i ta t ion  t o t a l  (mm per year) 

T - mean annual temperature (OC> 

TROPICAL 

TABLE 1 . 1 7  

mu, SEMI DRY AND WET MONSOON 

Flora 

35OC 

10°C 

ooc 

-5OOC 

RAINY 

Desert Steppe Savanna Forest  Jungle 
P ra i r i e  

LATITUDE 

ARID 1 SDII 
AE I D  

MARITIME L, 5j 0 SUMMER B k s  COOL SIlMMER 
I I 

TAX4 r-------- 1 

1 HIGH I 
TUNDRA I MOUNTAIN ! 

Preva i 1 ing 
inf  hence  

Equator & 
t rop ica l  
wind 
sys tern 

Tropical & 
polar  
wind 
sys tern 

Polar & 
a r c t i c  
wind 
sys tern 

I 

0 41% 
Humidity -b (40mbar) 
Total annual r a i n f a l l  

Categorization of  c l i m t e  according to humidity and mean annual temperature, 
cha rac t e r i s t i c  f l o ra  and prevai l ing fac tors  of inf hence .  Completed according t o  
the s t ruc tu re  of Cr i tchf ie ld  (1960). 

The regulat ing functions of water vapour, i ce ,  snow and water a c t  i n  depen- 
dance on the supply of so l a r  energy, deciding e .g .  on the predominant a i r  circu- 
l a t ion  system. They a r e  interconnected with numerous fac tors  depending on the 
locat ion,  especial ly  the exposure and a l t i t u d e  of the region. The annual and 
da i ly  amplitude of temperature, upon which the cont inenta l i ty  of the climate 
depends, increases with the dis tance 
water bodies, s o i l s  and vegetat ive canopy influence the charac te r i s t ics  of the 
meso- and microclimate. 

from oceans. Regional and local morphology, 

1.7 BIOGEOCHEMICAL CYCLE SYSTEM 
The mechanical and t h e m 1  energy which water acquires during the hydrological 

cycle ,  and i ts  chemical energy, i s  consumed by 

(a) the mechanical and chemical destruct ion of  the land surface during rain- 
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f a l l ,  runoff and weathering, i . e .  by hydrolysis ,  hydration, dehydration, leach- 
ing, dissolving , dis in tegra t ion ,  absorption e t c . ,  

t ransportat ion and corrosion of sediments, 
deformation of banks and r iverbeds,  
overcoming of d i f f e ren t  res i s tances  during flow and undulation, in te rna l  

(b) 
(c) 
(d) 

and external f r i c t i o n ,  water hammer, 

(e)  
Water is the widespread agent of erosion,  entrainment, t ransportat ion and de- 

biological  processes of p lan t  and animal production, 

position of sediment. The system of these complex processes forms the most 
important ab io t i c  cycle  in  the environment of the water cycle i n  the proper 
sense. I t  enables the c i rcu la t ion  of an 
biogeochemical cycle of elements. This cycle is characterized by a continuous, 
periodic o r  s tochas t ic  

organic and organic compounds of the 

(a)  
ments, 

destruct ion and t ransfer  of compounds and mixtures of d i f f e ren t  e le-  

(b) dissolving,  d i s in tegra t ion  and integrat ion of gaseous, l iqu id  and so l id  
mineral and organic mat ter ,  

(c )  
This cycle regenerates nutriments and thus enables the course of the l i f e  

process. Only a small pa r t  of the stock of elements and the i r  compunds, exis t -  
ing i n  the pedo-, l i tho- ,  hydro- and atmosphere, is  activated by the b io t i c  and 
abiot ic  processes and takes pa r t  i n  the biogeochemical cycle. Erosion i s  the 
process of ac t iva t ion .  Eroded matter, including bioelements, i .e. elements whose 
organic compounds form l iv ing  matter ,  a r e  entrained,  transported and deposed a s  
sediments (Tab. 1.18). 

synthesis of new compounds, a l so  enabling the i n i t i a t i o n  of new cycles. 

TABLE 1.18 

Biogeoelemen ts 

Macrobiogene t i c  Microbiogene t i c  Oligobiogenetic ( t race)  

Carbon C Calcium Ca Si l icon  S i  
Oxygen O Irov. Fe Alluminium A1 
Hydrogen H Magnesium Mg Manga,anese Mn 
Nitrogen N Sodium Na Iodine J 

Phosphorus P Kalium K Zinc Zn 
Sulphur S Chlorine C 1  Copper Cu 

Boron B 

Fluorine 
Arsenic 
Lead 
Ti  tan 
Cesium 
Selenium 
S troncium 
Rub id  ium 

F 
As 
Pb 
T i  
cs 
Se 
Sr  
Ru - 

Vanadium V 
Chromium C r  
Molybden Mo 
Nickel N i  
Cobalt CO 

Galium Ga 
Vismut B i  

e t c .  

Categorization of biogeoelements. 
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Sediments are  transferred from the higher a l t i tudes with less favourable 
topographical and climatological conditions for cultivation to  l m e r  elevations 
of f e r t i l e  plains and more favourable clirrate. The boulders, the gravel and 
par t ia l ly  a lso the sand move near the bottom as bed load. Fine sand and some 
organic par t ic les  f loa t  a s  suspended load; s i l t ,  clay swim as wash load and 
trees,  plants,  leaves a s  floating debris (Fig. 1.4).  

During low floods coarse sediments remain in the channel: inundation con- 
tains fine par t ic les ,  whose composition and s ize  i s  more suitable for the for- 
mation of l iving mtter. Suspended and wash load, partly of organic origin,  and 
floating debris regenerate the bioenergetic potential ,  i . e .  the f e r t i l i t y  of 
so i l s .  During superfloods coarse materials may also enter the flood plain and 
affect  the s o i l  f e r t i l i t y  i n  a negative way. 

TABLE 1.19 

Continent Ca tchmen t Mean annual Decrease of the land 
area sediment transport surface during 1000 
m i l  .km t . b - 2  109 years m 

2 

Europe 9.3 34.8 0.32 23.2 
A s  ia 26.9 591.0 15.91 394.0 
Africa 19.9 27.0 0.54 18.0 
North America 20.7 94.6 1.96 63.1 
South America 19.4 61.8 1.20 41.2 
Aus t ra  1 ia  5.2 44.4 0.23 29.6 

Totallaverage 101.4 198.8 20.16 132.5 

Annual sediment transport and decrease in  the land surface according to Holeman 
(1968). 

I t  is a basic prerequisite for intensive agricultural  production that the 
production process should not be interrupted too often by floods and certainly 
not a t  harvest time. Intensive cult ivation develops, therefore, in  areas where 
the natural processes of inundation and regeneration of nutriments is already 
a t  least  par t ia l ly  interrupted. 

Wind erosion returns part of the sedimented matter from dry land to  upper 
elevations. The greater par t  accumulates i n  seas and reservoirs. It i s  par t ia l ly  
absorbed by the biomass. I t  also penetrates below the reach of the sun's rays, 
thus escaping from the biologic cycle. 

Sediment represent a load on the geological formations of the Earth's crust  
and thus influence its balance. In such a way, they are  one of the factors which 
have an impact on volcanic ac t iv i t i e s .  New ratter which occurs during volcanic 



ac t iv i t i e s  on the Earth 's  surface enters the erosion process and thus closes the 
biogeochemical cycle. 

Natural biogeochemical cycles,  when not disturbed by human a c t i v i t i e s ,  a r e  
with some exceptions almost balanced. They reproduce 90 - 98% of the entering 
matter, thus maintaining the balance of quantity,  s t ruc ture  and concentration, 
forming a s tab le  basis for  the b io t i c  environment. All organisms conform to  th i s  
s t a t e  i n  the long term. The inequality of the biogeochemical cycle i n  the span 
of geological time leads t o  the migration and d i f fe ren t ia t ion  of species,  to 
dispersion o r  concentration of elements and the i r  compounds i n  d i f fe ren t  par t s  
of the region and consequently to the formation of d i f fe ren t  ab io t ic  environments 
and ecosys tern.  

An index of element migration, applied by Polynov (1936), is  expressed by the 
r a t i o  of the p e r c e n t a s  quantity of the element i n  the hydrosphere to  the p e r  
centage of i t s  quantity i n  the lithosphere. Kovda (1975) proves on the basis of 
this index tha t  chlorine C 1 ,  sulphur S ,  iodine I ,  calcium Ca, natrium Na, magne- 
sium Mg, fluorine F, strontium S r ,  zinc Zn, uranium U and molybdenum Mb present 
high migration, while s i l i con  S i ,  potassium K ,  phosphorus P ,  baryum Ba, manganese 
Mn, rubidium Rb, copper Cu, nickel N i ,  kobalt Co, arsenic As, lithium L i  and 
especially alluminium A 1  and iron Fe present low migration. Divergences occur 
locally,  especially through changes i n  the conditions for oxidation or reduction 
and through the synthesis of integrated compounds. 

i 

The migration of biogenic elements is  of c ruc ia l  importance for the creation 
and growth of l i v ing  matter. Of the macrobiogenetic elements only phosphorus 
creates an unbalanced cycle. 
plants. They serve a s  nu t r i t i on  fo r  animals, concentrate f i r s t  of a l l  i n  the i r  
bones and then en ter  the s o i l  i n  t he i r  excrements a s  well a s  a f t e r  extinction. 

I n  the course of the erosion process 3-4 m i l .  tons of phosphates a re  trans- 
ported annually to  the sea. Only one t h i r t i e t h  of t h i s  quantity returns to dry 
land as a product of f ishing, o r  as guano e t c .  The natural  processes supplement 
its ac t ive  stock insuf f ic ien t ly .  The c i rcu la t ion  of phosphorus is activated by 
anthropogenetic measures: phosphates a r e  a component of most f e r t i l i z e r s  a s  well 
as of polluted waters. Blast-furnace s l ag  a l so  contains phosphorus. Nevertheless 
the stock of phosphorus i s  gradually diminishing, because th i s  element is absor- 
bed by plants (Fig. 1.18). 

During the c i rcu la t ion  of sulphur, bacteria,  th iobac i l l i  and desulphovibrions 
a c t  i n  the s o i l ,  forming sulphates by oxidation and sulphides by reduction. The 
s o i l  is  enriched with sulphur by means of r a i n f a l l .  Organic matter accepts sul- 
phur from the s o i l  and surrenders it again during decomposition. The erosion 
process transports par t  of the sulphur compounds to  reservoirs and oceans, from 
which f o m t i o n s  sulphur escapes to  the atmosphere i n  the form of gaseous c m  
pounds (Fig. 1.19). 

Anorganic compounds of phosphorus a re  absorbed by 
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Fig. 1.18. Biogeochemical cycle of phosphorus as a subsystem of the hydrological 
cycle. The unbalanced cycle of phosphorus is controlled by volcanic and biologi- 
cal  processes. 

The amount of carbon dioxide C02 i n  the atmosphere is regulated 60% by 
oceans and 40% by the photosynthesis of plants. These processes a l so  regenerate 
the stock of oxygen 0. Carbonates are  transported during erosion to the sea or 
enter organic matter from the s o i l .  Carbon dioxide escapes from organic m t t e r  
during respiration, burning, disintegration and from s o i l  and water surfaces 
direct ly  back to the atmosphere (Fig. 1.20). 

The circulation of oxygen 0, hydrogen H and nitrogen N,  whose m i n  stock is 
the atmosphere, i s  balanced. Forests, covering 9% of the Earth's surface, pro- 
duce 48 mld. tons of oxygen annually, i . e .  47% of the total  production. The rest  
is almost completely the share of oceans: the production of rivers and reservoirs 
is important from the point of view of meso- and microclimate only. Oxygen and 
hydrogen compounds , such as s a l t s  , oxides e tc .  , forming so i l s  , rocks and organic 
matter take par t  i n  the whole biogeochemical cycle. 

t ion,  extinction and industrial  processing. Saprogenic bacteria, acting during 
decay and a m n i f i c a t i o n ,  help to create a m i a  NH3. Under the action of n i t r i -  

The nitrogen N i s  a component of proteins, thus entering the waste from diges- 
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ficating bacteria the amonia changes in to  n i t r i t e s  and than n i t r a t e s .  Nitrates 
enter p lan t  matter d i r ec t ly  and, pa r t ly  by den i t r i f i ca t ing  bac ter ia ,  a r e  d e c o r  
posed. Free nitrogen, the r e s u l t  of t h i s  process, is accepted by the atmosphere 
(Fig. 1 .21) .  Goldschrnidt (1954) states that 0.75 g-.m-2 of nitrogen enters in to  
the c i rcu la t ion  i n  zones with a mild climate and almost 3 g.m-* i n  zones with a 
humid, tropical climate . 

Fig. 1.19. Biogeochemical cycle of sulphur as a subsystem of the hydrological 
cycle. 9: Fycle of sulphur is activated especially by microorganisms and volca- 
nic a c t i v i t i e s .  

1 .7 .1  Water Erosion a s  a Process Evoked by the Water Cycle 
The chemical and mechanical energy of wind, i ce ,  r a i n f a l l ,  runoff and sedi- 

ments, ac t ing  during the hydrologic cycle i n  the system of the pedo- and litho- 
sphere, r e su l t s  i n  the erosion, d i s in tegra t ion  and wearing away of the land 
(Tab. 1.19). The interplay of ac t ing  forces depending on hydrometeorological 
factors,  geomorphological conditions, namely of 
- the density and composition of the vegetative cover, 
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- mater ia l  and s t r u c t u r e  of the sur face  l a y e r ,  

and of  the durat ion of t h i s  process decides on its course and form. From t h i s  
point  of view, i t  is possible  to d i s t i n g u i s h  

( a )  s h e e t  erosion - detachment and rerroval of the mater ia l  from the e n t i r e  
land sur face  by wind, r a i n f a l l  and overland flow, which may be e i t h e r  
- 

i n  t he  so i l ,  o r  
- 

s e l e c t i v e  and change the s o i l  t ex ture  together  with the content  of nutriments 

s t r a t i f i e d ,  when the e n t i r e  mould l ayer  is washed away, 

Fig. 1.20. Biogeochemical cycles  of carbon and oxygen a s  subsystem of the 
hydrological cycle .  The content  of oxygen i n  the a tmsphere  is mainly control led 
by oceans and by the photosynthesis of t e r r e s t r i a l  f l o r a .  

(b) pre-channel e ros ion ,  exer ted by forces  of concentrated pre-channel flow, 

channel erosion,  exer ted by forces  of concentrated water flow i n  stream 
forming furrows, c u t s ,  wash-outs, pot-holes and fiullies, 

beds, stream banks and f l m d - p l a i n s  (Fig. 1 .22) .  

NEAL (1938) connects the  p o t e n t i a l  i n t e n s i t y  of shee t  erosion 

( c )  

(t.ha-' .min-') (1.63) G = K. . i'" 
S 

Gs - washed s o i l  ( t .ha  -1 ) 

(O) I - gradien t  of the s lope  
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i - r a i n f a l l  i n t e n s i t y  

K - c o e f f i c i e n t  of l o c a l  condi t ions 

Fig.  1 .21 .  Biogeochemical cvcle  of n i t rqcen  a s  a subsysteiii of the hydrologic 
cycle. The m i n  reserve of n i t rogen  is i n  the  atiiinsphere. 

From the chemical point  of view, espec ia l ly  ni t rogen N: potassium K ,  calcium 
Ca, magnesium >\q a r e  washed away, while sulphur S ,  chlor ine  C 1  and phosphorus P 
bond i n  the organic and anorganic s o i l  p a r t i c l e s .  IJashed s o i l  p a r t i c l e s  nay be 
intercepted by the grassl.ands, meadows and 
d i r e c t l y  ad jo in  the stream channel. Pl.ants i n  such grassland zones accept  n i t ro-  
gen N qiiite e a s i l y ,  potassirmi K, calciiiiii Ca and phosphorus P a r e  accepted only 
p a r t i a l l y .  Sulphur S ,  natriuni Na and the r e s t  of potissiuni K as well as of cal- 
cium Ca and phosphorus P a r e  car r ied  away by the sur face  runoff .  

pas tures ,  when eroded lands do not  

The ener,qy of the  overland flow increases  wi th  its depth and ve loc i ty .  This 
f l o w  is acce lera ted  and i t s  dischar,ee 
q u a l i t a t i v e  change of the s h e e t  erosion i n t o  the pre-channel erosion depends 

g r w s  with the  length of course. The 
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especial ly  on the combination of the s o i l  surface charac te r i s t ics ,  r a i n f s l l  in- 
tens i ty ,  gradient of the  s lope and i ts  length. The f o l l m i n g  formula ca3 be 
derived for  the c r i t i c a l  length of the s lope,  i . e .  the length where the less 
dangerous sheet  erosion changes due to  the 
in to  pre-channel erosion: 

L = a . f ( i , r , t )  (m) (1 .64)  

concentrated flow and evoked forces 

L - c r i t i c a l  length of the s lope 

i - gradient  of the slope 

(m) 

( X I  

a - coe f f i c i en t  of s o i l  charac te r i s t ics  (0.5-4,5 : 1 - l eve l led  f i e l d s ,  1.7- 
2.3 - meadows) 

r - r a i n f a l l  and climate fac tor  

t - time fac to r ,  depending on the durat ion of r a i n f a l l s  of high in tens i ty  

Fj.g. 1 .22.  Flow chart diagram of the erosion process. Rainfal l  and runoff, the 
output of  the  runoff system, a r e  inputs of the erosion system. Output is: the 
sediment flow, s e t t l e d  sediments and the water qua l i ty .  

Sol id  s o i l  pa r t i c l e s  en te r  the movement of the concentrated overland flow a t  
the moment when its speed achieves the value of the speed l i m i t .  This value 
depends on the weight, s i ze  and shape of the relevant  p a r t i c l e s ,  which can be 
expressed by a simple formula 

v C =s.v (m.s-’) (1.65) 

v - speed limit of sediment motion 

s - coe f f i c i en t  of shape 

d - s i z e  cha rac t e r i s t i c s  (Tab. 1.20) 

(m. s-l> 
C 
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TABLE 1.20 

Material Grain Speed Material Grain Speed Coefficient of 
s i ze  l i m i t  s i ze  l i m i t  shape 

(m> (m.s-l> (m> (m.s-l> value ( s )  
Grain parameter 

Sand 3 0.108 Cobble 27 0.650 round 4.46 
rounded perimeter 

6 0.189 Cobble an- 60 0.975 e l l i p t i c  4.43 
gular ,  sharp long semi-axis 

20 0.325 Boulders 100 1.400 angular 3.45 
longest edge 

Values of speed l i m i t s  vc and shape coef f ic ien ts  s .  

Levi (1948) s ta tes fo r  nonhomogeneous sedimen ts 

(1.66) 

d - maximum, minimum and medium s i ze  of sediment pa r t i c l e s  (m) dm3x’ dmin’ s 

g - gravi ta t iona l  constant (m. s-2) 

h - depth of flow (m> 

A decrease i n  the flow r a t e  below the speed l i m i t  causes a sedimentation of 
the s o i l  pa r t i c l e s .  A s t ab le  sediment s i z e  is characterized by a s t ab le  gradient 
of the stream channel slope, as can be proved on the  bas i s  of Ch&y’s formula: 

c I In; = vc 

c .  2 R . i b = s 2 . d  

(1.67) ib = .% ’ d -  - cb . - d 
R 

ib - balanced slope gradient  (without erosion and sedimentation) 

cb - coef f ic ien t  of the 

R - hydraulic radius  

Vden t in i  (1893) s t a t ed  

balanced s lope 

(m) 

cb = 0,093 f o r  the s lope of the river bed up t o  25% and 

V - volume, n - number of cobbles 
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The balanced slope gradient for smaller grain sizes follows direct ly  from 
k & y ' s  equation: 

V 

(1.68) 

The current velocity is not uniform throughout the cross section and leads 
to  the transport of particles of different s ize:  For practical  reasons the be- 
ginning of the motion of a considerable quantity of suspended matter is impor 
tant i . e .  the relevant c r i t i c a l  discharge, whose occurrence is some 180 days per 
year under conditions of stable natural r iver  beds. 

Integrated processes of physical, chemical and biological character during 
wind, ice ,  water and gravity erosion, entrainment, transportation and deposition 
of sediments, forming the Earth's surface and enabling the circulation of bio- 
geoelements, are  greatly affected by human ac t iv i t i e s .  The universal equation 
for predicting erosion rates can be expressed by the function 

Ge = f (XI, X2> X 3 ,  Xh, Xg, x6, X7, x8 )  (1 .69)  

C, - erosion r a t e  (t.ha-1) e 
X1 - c l i m t i c  factor ( ra infal l  and wind intensity,  ice phenomena) 

X2 - hydrologic factor (concentration of the surface runoff) 

X3 - topographical factor (slope-length, steepness and exposure) 

X 

X5 - geological factor ( s t ab i l i t y  of the ground) 

X 

X, - management practices factor (crop managenlent, irr igation) 

X8 - anthropogenetic factor (effect  of land developmnt/disturbance and protec- 

- s o i l  factor (structure,  texture, resulting in s o i l  erodibil i ty) 4 

- vegetative cover factor (depending also on season) 6 

tion measures) 

The analytic t ractabi l i ty  of the function is complicated by the need to 
express the space-time characterist ics of relevant factors,  e.g. the coincidence 
of the r a in fa l l  occurrence and of different  characteris t ics  of canopy during 
relevant growth stages : harvesting, bed preparation and other management prac- 
t ices . 

1.7.2 Water Quality as a Product of its Circulation 
Water i n  nature is a multiconstituent compound whose substance is hydrogen 

dioxide 3 0  containing dissolved and 
cations , anions and nonionic constituents of anorganic and organic origin,  as 
w e l l  a s  aquatic flora and fauna. 

dispersed gaseous , liquid and solid 
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The unique chemical charac te r i s t ics  of the hydrogen dioxide H20,  c a p i l l a r i t y  
with other  unique physical cha rac t e r i s t i c s ,  a r e  a consequence of the excentr ic  
position of oxygen with regard to  the centroid of the water molecule. The very 
high d i e l e c t r i c  constant of water permits i t  to decompose molecules of soluble  
compounds i n t o  ions and dissolve complicated mtter, a l so  forming s o i l s  and 
rocks. 

Fig. 1.23. Water and a i r  as  basic  media of the g e e  and biological  processes a s  
w e l l  a s  of the matter and energy t ransfer  between continent and oceans. 

Water qua l i ty  consis ts  of d i f f e ren t  proper t ies ,  which a r e  important when de- 
ciding about i t s  possible  u t i l i z a t i o n .  These propert ies  include temperature and 
colour, t a s t e  and odour, caused by the presence o r  absence of chemical sub- 
stances and expressed by the  a l k a l i n i t y ,  ac id i ty ,  hydrogen-ion concentration, 
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content of carbonates (hardness), oxygen demand, sodium adsorption r a t io ,  a s  
well as by the presence of different ionic and nonionic constituents incl .  
microorganisms etc.  
of water are  formed by its contact with the environment during i ts  circulation. 
Water quality changes most during i ts  penetration through the so i l  and rock en- 
vironment, but a lso during i ts  contact w i t h  the atmosphere, vegetation, s o i l  
and rock during surface runoff and r a in fa l l ,  further by mixing with water from 
deeper s t r a t a  and by mixing and reacting with matter entering the system of at-  
mosphere, hydro-, pedo- and lithosphere in  the course of h w n  ac t iv i t i e s  
(Fig. 1.23). 

Various physical, chemical and biological characteris t i c s  

The complex of processes which create the characterist ics,  constituents and 
properties of water is  called mineralization. The course of these processes 
depends a l so  on the energy input, i . e .  on the temperature, pressure and mechani- 
cal energy which crush the reacting particles,  and on the concentration of act- 
ing components which come into mutual contact. Pores, cracks and cavities ac t  
as natural regulators of water quality: the r a t e  of relevant processes a lso 
depends on the s ize  of the acting surface, and on hydraulic parameters, es- 
pecially on the  flow rate ,  deciding about the duration of the contact of 
relevant constituents. Soil  also functions as a natural f i l ter ,  catching a sub- 
s t an t i a l  part  of polluting natter and disposing i t  by subsequent biochemical 
processes (Tab. 1.21). 

TABLE 1.21 

Mineralization cha rac teris t i c s  

Me teogenic 
Po tamogenic 
(f luviogenic) 

Mineralization i n  the atmosphere 
Mineralization i n  streams and r ivers ,  dependent on 
the s ize ,  shape and geology of the r iver  bed and 
on the velocity of the f lm as  w e l l  a s  on water 
temperature. 
Mineralization i n  lakes and other standing waters. 
Mineralization i n  groundwater, dependent on the 
petrographic and chemical characteris t i c s  and on 
the influence of the underground atmosphere on the 
in f i l t r a t ed  water and groundwater . 
Mineralization in deep aquifers determined especially 
by temperature, pressure, mgration, conservation and 
diaqenesis of the groundwater i n  a way that is  com- 
position closely depends on the depth. 

Limogenic 
L i  tomorphic 

Ba thymrphic 

Categorization of the mineralization processes which determine water quality, in 
undisturbed natural conditions. 
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The following physical and chemical processes take pa r t  i n  the formation of 
natural  water qua l i ty :  

(a )  
(b) 
(c )  
(d) 

phere, 

(e )  
( f )  
( n )  

t ransfer  and d i f fus ion  of oxygen and other  gases, 
destruct ion and crushing of matter and i t s  diffusion i n  water, 
dissolving soluble  and semi-soluble components of s o i l ,  rock and a i r ,  
leachinn of mineral and organic pa r t i c l e s  from the soil, rock and atmos- 

mixing, d i lu t ing  and chemical react ing of waters of d i f fe ren t  qua l i t i e s ,  
separat ion of non-soluble prec ip i ta tes  and sedimentation, 
adsorption and desorption of soliited compounds on atmospheric, s o i l  and 

rock pa r t i c l e s  and exchange of ions ,  
(h) radioact ive decay of elements. 
The in t ens i ty  of the physical processes of dissolving and ion exchange, and 

a l so  the chemical processes, especial ly  those of dissociat ion and hydrolysis, 
depends on the sa tura t ion  of the so lu t ion  by the mineral components. 

The sa tura t ion  index 

(1.70) 

[A] [B] - concentration of ions of the nonsoluble matter 

S - constant 

This sa tura t ion  index indicates  the d i rec t ion  of the react ion.  I = 1 mrks 
S 

the balanced state, Is < 1 dissolving,  Is> 1 separation of the insoluble 
component. The r a t e  of re levant  physical and chemical processes is proportional 
to  the concentration gradient .  This can be expressed by the equation 

(1.71) 

dc -1 s-l - r a t e  of the adsorption and desorption processes (mg.1 , ) 

k - coef f ic ien t  of the ac t ive  surface (s-l) 

C - concentration of the dissolving component (mg. 1-I) 

cb - balanced concentration (w. 1-3 

t - time ( S )  

Integrat ion of fe rs  

co - i n i t i a l  concentration 
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and consequently 

-kt c - Cb 
-- - e  c - c  o b  

(1 .72)  

With regard t o  the r e l a t ive ly  small value s of the balanced concentrations, cb 
can be neglected 

(1.73) 

These equations prove tha t  the r a t e  of dissolving rock and s o i l  p a r t i c l e s ,  
and also the r a t e  of dissolving deposition of insoluble compounds i n  the rock 
environment of pores and cracks, is  governed by exponential r e l a t ions .  'Ihe speed 
of these processes is  higher i n  an environment where ac tua l  concentrations 
d i f f e r  remrkably from the balanced concentration than i n  an environment where 
th i s  difference is smll (Tab. 1 .22 ) .  

'Ihe balance of running dissolving and ion exchanging processes i n  the system 
soil/rocklnrater depends on the so lub i l i t y  of the rock, on the chemical car'posi- 
t ion of the water and i ts  temperature, on the ac t ing  surface,  depending on the 
porosi ty  and s i ze  of the rock pa r t i c l e s .  The dependence between the so lub i l i t y  
and the s i z e  of the s o i l  pa r t i c l e s  can be expressed a s  

(1 .74 )  

ck - so lub i l i t y  of smll  c rys t a l s  

cr - so lub i l i t y  of pa r t i c l e s  with the s i z e  r 

a ,  b- cons tan ts 

( s i ze  10-%,I 

Diffusion r a t e  a t  the constant value of the concentration gradient  

(1.75) 

dn 

dc - 

= change of the number of mols passing t h r o u h  area f 

- concentration gradient  

D - di f fus ion  coe f f i c i en t  

f - area 

I n  most cases ,  the concentration gradient depends on time, which describes a 
p a r t i a l  d i f f e r e n t i a l  equation, whose so lu t ion  leads to the r e l a t ion  
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(1.76) 

cs - concentration of the saturated solution 

y - integration variable. 

TABLE 1.22 

a) 1)issolving of gases b) Dissolving of minerals 

02"2 ,C02,H2S,HC1,m3,Ar 
Kr,Xe,Ne,Hc MnC03 a td. 

%GO3 ,Fe(0H)3 ,NaC1 ,FeC03, 

qS 
ql. Cl + q2.c2 = 100 . Mixing of waters: 

Chemical reactions : 

A) Oxygen 0: B) Calcium Ca 

Ca2+ + ~032- 
a2+ + C02 + H 2 0 Z C a  2+ +2 HC0; 

O2 + 4 H+ - 2 H20 - A CaC03 A - O2 + 2 H - H20 + 2 H' d 

H2°2 

H7°2 

C) Iron Fe 

Fez+ + H20 

Fe(0H)' + H20 

Fe(OH)2 + H20 

Fe3+ + H20 

Fe(OH)'++ H20 

Fe(0H); + H20 

Fe(OH)3 + H20 

D) Manganese Pln 

k2+ + H20 - d MIn(0H)' + H+ Fe (OH)' + H+ 

Fe(OH)2 + H+ &(OH)++ H20 Mn(OH>2 + H+ 

Fe(OH); + Ht Mn(OH)z +H20 MII(OH)T + H+ 

FeC0H)2+ + H+ 

F~(oH)~+ + H+ Al(OH)g+ OH- A102 + 2 H20 

Fe(OH)3 + H+ A1(OH)3+ %O - A1coH); + H+ 

Fe(0H); + H+ Al(0H)Z - A10; + 2 %O 

E) Alluminium Al: 

d 

G) Sulphur S: F) Silicon Si: 

caA12si208 + H ~ O  + 2 H+ - S + 2 H f  - SO:- + 4 H' d 
A - A12Si205(OH)4 + Ca2+ 

NO3 + 10 H' 

H2S 

30 + €$SO3 

A 

H) honia NH4: 

No; + H20 

NOS f 2 H' 

2- - 2 s- 
L 3 H20 + S - H2S03 + 4 H+ - 2 OH- + NO; 

- HN02 + H20 

d 

L - NK4 + 3 H20 
L 

Selected characteristic physical and chemical processes which form water (es- 
pecially groundwater) quality. 
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Chemical reactions mostly take place when water of different origin is 
mixed. Where these reactions are missing, the result ing water composition is 

q1 . c1 + q2 . c2 = 100 . c (1.77) 
S 

q l ,  q2 - quantit ies of mixed waters (XI 

c1 , c2 - concentration of non-reacting components i n  mixed waters (g. 1-I) 

cS - result ing concentration (g. 1 - 5  

Solid par t ic les  suspended in  water are  affected by chemical and physical, 
especially hydraulic forces. Under prevailing hydraulic forces, the intensity 
of the interception of sol id  par t ic les  in  rock formations is low: their  function 
m y  even wash out rock par t ic les ,  i . e .  cause suffusion. 

Under the prevailing influence of chemical forces there occurs a gradual 
clogging of pores and 
l i c  conductivity . 

physical and chemical reactions. Slightly polar substances are  intercepted 
quite easi ly  and i n  the proximity of the 
stances a re  d i f f i c u l t  to intercept. The interception of basic, alkaline compo- 
nents depends to a remarkable extent on their  chemical composition. Iwasaki 
(1974) states that  the decrease i n  the concentration percentage is proportional 
to the actual concentration 

cracks, result ing i n  a decreasing coefficient of hydrau- 

The course of the groimdwater flow depends, therefore, on the coincidental 

i n f i l t r a t i o n  point. More polar sub- 

‘ = ( A + K . s ) . c  (1.78) E 

c - concentration percentage (%I 
L - the thickness of the layer Cm> 

A,K - constants 

s - the volume of suspended particles intercepted by the uni t  volume of the 
layer 

The volume of intercepted par t ic les  

+ - -  ; - -vf . (1.79) 

vf - apparent velocity of the groundwater flow (m per day) 

The above-mentioned physical and chemical processes usually determine the 
quali ty of MtUrd waters i n  the underground: 
it. These processes are often accompanied by biological, o r  bacteriological 
processes. These usually depend not only on the thermal energy input or output, 
but a l s o  on luminous energy. 

on the Earth’s surface and above 
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F r m  the biological point of view, the complex of local physical, chemical 
and other conditions is  named biotope. The development of a biocoenosis, a 
comnunity of organism, depends on th i s  biotope. Each type of biotope contains 
not only charac te r i s t ic  organisms, but a l so  organisms which a re  usual i n  other 
biotopes and which have been brought i n  by chance. 

The result ing water quali ty can be c lass i f ied  
(a) formally 
(b) genetically 

(c) 
(d) 
Systematic categorization, enabling an exp l i c i t  genetic c lass i f ica t ion  on 

the basis of formal Thysical and chemical factors,  has not ye t  been developed. 
Different c lass i f ica t ions  a re ,  therefore, used for the c lass i f ica t ion  of sur- 
face waters and groundwa te rs  . 

i n  accordance with the poss ib i l i t i es  of its u t i l i za t ion ,  
i n  accordance with i ts  influence on biological factors.  

Groundwater can, i n  accordance with its chemical composition, be c lass i f ied  
as 

(a) 
(b) 
(c) 

water . 

plain - containing less  than 1 g of dissolved substances in  1 l i t e r ,  
brackish - containing 1 to  30 g of dissolved substances i n  1 l i t e r ,  
brine - containing more than 30 g of dissolved substances i n  1 l i t e r  of 

Waters which contain m r e  than 1 g of carbon dioxide CO2 i n  1 l i t e r  a re  de- 
noted as acidic.  Natural mineral waters contain e i ther  more than 1 g of dissol- 
ved substances or  of carbon dioxide. Waters whose healing properties have been 
sc ien t i f ica l ly  proved m y  be described as medicinal, o r  curative. The c lass i f i -  
cation and terminology of mineral waters can be derived from pa r t i a l  c lass i f i -  
cation according t o  the content of dissolved gases, quantity of dissolved 
so l ids ,  main ion components, biologically and pharmaceutically important compo- 
nents, chemical reaction, radioactivity , osmotic pressure and temperature. 
T h e m 1  waters whose temperature generally exceeds 25OC can be c lass i f ied  as 

- hypo t h e m  1 25-35OC 
- isotherm1 35-42OC 
- hyper t h e m  1 > 42OC. 

The c lass i f ica t ion  of groundwaters on the basis of the i r  chemical composition 
is governed e i ther  by the prevailing ions o r  by the prevailing ion combinations. 
J e t e l  (1975) connects both these principles i n  the following way and differen- 
t i a tes :  

- classes S, C ,  N, C 1  - accordinE t o  the representative anion SO4, H a 3 ,  N ,  C1,  
- groups according to  the representative cation Na, K ,  M g ,  Ca. 

Contents ( r )  of other ions a re t o  be added to  the similar main ions: Mn" and 
Fe2+ to Ca2+, NO to  C l -  and alkalines to  Na', cO$- to HW;. 3 
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- 
(Tab. 1.23). 

species  and the  value of the t o t a l  mineral izat ion,  e . g .  CINa - 0,014 g.1-'. 

TABLE 1.23 

Index Hypothetical combinations Charac te r i s t ic  r e l a  t ionship 

species  according t o  combinations of the  m i n  ions ,  m r k e d  by Rown f igures  

The symbol of groundwater q u a l i t y  forms marks of the main anions,  ca t ions ,  

i1 

of ions 

1 NaCl Na2S04 NaHW3 rHCQ3> r(Ca+Mp) 
Mg(HC03)2 rNA > r(C1+S04) 

(HCO3)2 

Na2s:4 
I1 N a C l  

MWq Mg (Hm3 12 
Ca(HC03)2 rHC03 < r(Ca+Mg) < r(HC03+S04) i.e. 

r(Cl+S04) > rNa > r C 1  
NaC1 Na2S04 

M@04 

CaS04 Ca(HC03)2 

I I I a  NaCl 

M S 1 2  MgS04 Mg(HC0312 
Ca(HC03)2 rCa < r(HC03+S04) < r(CaiMg) i .e. 

NaCl r(Na+Mg) > r C 1  > rNa 
MgC12 MgS04 

CaS04 Ca(HC03)2 

I I I b  NaCl 
M S l  rCa > r(HC03+S04) i .e.  
CaC12 CaS04 r C 1  > r(Na+Mg) 

I V  NaCl Na2S04 

MgS04 
&SO4 

NaC 1 MgS04 
M g C l  Caso4 

N a C l  caso4 

H2S04 rHm3 = 0 

H2S04 

MgC12 
CaCl2  

Groundwater ca tegor iza t ion  depending on ion cmbina  tions according to Alekin 
(1970). I V .  species  categorized according t o  Florea (1970). 
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The q m l j  ty  of  sur face  waters depends t o  a g r e a t  ex ten t  on hydrological ,  
meteorological and antropogenetic fac tors  and changes considerably with time. 
The chemical composition of these water is  not  the preva i l ing  agent of t h e i r  
qua l i ty  . 

Their mineral izat ion is  remarkably lower than t h a t  of groundwaters. The 
qua l i ty  of siirface water ,  therefore ,  is t o  be defined on the bas i s  of fur ther  
c h a r a c t e r i s t i c  ind ica tors  : oxypen regime, microbiological and other  ind ica tors  
(Tab. 1.24) and a l s o  with regard to  i t s  possible  u t i l i z a t i o n .  

Oxygen demnd is  the a b i l i t y  of substances t o  u t i l i z e  the dissolved oxygen 
for  t h e i r  s t a b i l i z a t i o n .  Chemical oxygen denland (COD) is  a measure (mg 02, 1-l) 
of the mater ia l s  present  i n  water which may be readi ly  oxidized, i n  order t o  
ascer ta in  the amount of organic  and reducing mater ia l .  Biochemical oxygen de- 
mand (BOD) i s  the amount of oxygen used by aquat ic  microorganisms i n  t h e i r  
metabolic processes. The evaluat ion of the 
t ion concerning the content  of b io logica l ly  degradable and r e s i s t a n t  consti- 
tuen ts . 

The amount of  dissolved oxygen (mg.1-') depends on the water qua l i ty .  The 

ROD r a t i o  o f f e r s  the bas ic  informa- 

difference between the maximum poss ib le  concentration of oxygen (depending on 
temperature - Tab. 1.24) and the a c t u a l  concentrat ion is termed oxygen d e f i c i t .  
Their r a t i o  is marked a s  s a t u r a t i o n  r a t i o .  

value of  t o t a l  dissolved s o l i d s  TDS (mg.1-') and the value of suspended r a t t e r :  
The concentrat ion of ions is  present ly  followed i n  mult iples  of the content of 
rmtter i n  a system, whose number of molecules is equal to the number of atoms 
i n  12.10%g of carbon isotope I2C a t  1 l i t e r  ( m l . l - ' ) .  The ions C1- , SO:-, 
Na+ , Ma2+ are followed i n  p a r t i c u l a r .  

Const i tuents  which may s i g n i f i c a n t l y  a f f e c t  the appl ica t ion  of water for  
benef ic ia l  purposes include ca t ions ,  namely sodium Na+, potassium K+ , i ron  Fe+ , 
and Mn+ , calcium Ca+ and magnesium Mp' , f u r t h e r  anions,  namely n i t r a t e  NO; and 
amonia NH- 
hydroxide OH 
k a l i n i t y  and hardness. Nonionic cons t i tuents  include espec ia l ly  detergents ,  o i l y  
substances, phenols, cyanides and s i l ica  ( s i l i c o n  dioxide Si02). 

calcium carbonate, was i n  the p a s t  followed a s  water hardness and is present ly  
replaced by a separa te  following up of both these ca t ions .  

Very important ind ica tors  of the b a s i c  chemical compositipn include the 

ch lor ide  C1- , and a l s o  bicarbonates HCO- , carbonate CO- and 
, a r e  general ly  considered i n  the l i g h t  of t h e i r  inf luence on al-  

4 ;  3 3 

The sum of the  ca lc i im and magnesium, expressed as an equivalent  amount of 

An important in tegra ted  property of water is  the hydrogen-ion concentration 
pH, the negat ive logarithm t o  the base 10 of the hydrogen-ion concentration. A 

balance between d issoc ia ted  hydrogen and hydroxyl ions denotes a pH value of 
7.0, bu t  t h i s  value has no special s i p i f i c a n c e  as a n  expression of a l k a l i n i t y  
and a c i d i t y .  
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TABLE 1.24 

Class I a  I b  I1 111 IV 

Characteris t i c s  very clean s l igh t ly  intensively deterio- 
clean polluted polluted rated 

a )  Indicators of the 
oxygen repime 

Dissolved oxygen mg.1 
mg. 1 

Oxidizabili ty by mg.1 
permangana t e  

> 7  > o  > 5 > 3  < 3  
( 2  ( 5  <lo (15 >15 
< 5  (10 <15 < 25 >25 

-1 
-1 

mD5 

Saprobi ty oligo- p-meso p-d- d- meso poly - 
meso 

b) Chemical indicators 
Dissolved matter mg .1 
Suspended mtter mg. 1 

c)  Special indicators 

PH 

<300 <500 (800 (1200 >1200 
< 20 < 20 < 30 < 50 > 50 

-1 
-1 

>6.5 (8.5 6.5-8.5 6.0-8.5 5.5-9.0 (5.5 >9.0 

< 22 (23 <24 0 6 >26 
1) Tempera ture 

d) Indicators of the 
microbiological 
pollution 

Coli index pc.1 <lo3 <lo4 <lo5 <lo6 > 106 

Categorization of surface waters according to  the basic indicators of water 
pollution. 1) i n  mild continental climate. 

A pH value of l e s s  than 7 .0  denotes an  excess of hydrogen ions. Such water is 
called ac id ,  when the value pH is below 4.5. Acidity is caused especially by 
f ree  mineral and carbonic ac ids .  

A pH value greater than 7.0 indicates an excess of hydrogen ions, the alka- 
l i n i t y ,  i . e .  a b i l i t y  of t h i s  water t o  neut ra l ize  ac ids .  Alkalinity is  caused 
especially by hydroxide, carbonate and bicarbonate. 

Sensoric properties such as temperature, colour, tu rb id i ty ,  odour and t a s t e  
a re  very important indicators of water qua l i ty ,  influencing i t s  u t i l i za t ion  for 
drinking purposes. They depend on the chemical and biological ccinposi t ion of 
water . 

A simple indicator of water qua l i ty  is the e l e c t r i c a l  conductivity, which 
depends on the concentration of s a l t s  and re fers  t o  the conductivity of a one 
centimeter cube of water a t  25OC. 



On the basis  of a se t  of graduated ind ica tors ,  surface waters can be divided 
into several c lasses  (Tab. 1.24). For a b e t t e r  appreciation several less f a v o u r  
able values should be col lected uniformly throughout the year. The c lass i f ica-  
tion i t s p l f  has t o  be car r ied  out  using ar i thmetic  means a f t e r  the exclusion of 
values influenced by heavy r a i n f a l l s .  

On the basis  of the u t i l i z a t i o n  of water f o r  drinking purposes three classes  
can be distinguished 

(a )  water requir ing mechanical treatment and d is infec t ion  only, o r  not re- 
quiring treatment a t  a l l ,  

(b) water requir ing chemical treatment, 
(c )  water not su i t ab le  enough o r  unsui table  for  municipal water supply 

(high content of nitrogen N ,  i ron Fe o r  mnganese Mn, high mineralization, high 
content of calcium Ca and magnesium Mg, f luorine F ,  a s  well a s  chemically, 
radiological ly ,  b io logica l ly  o r  bacter iological ly  highly pol luted waters. 

1.8 HYDROLOGIC CYCLE AS REGUIATOR OF BIOLOCICAL PROCESSES 
The biosphere is  an open system of anorganic and organic, l iv ing  and withered 

matter on the Earth, transforming so la r  energy by means of biological  processes. 
Complicated water solut ions of compounds of biogenetic elements formed by 

l iv ing  environment before the gradual development of l i f e  (Fig. 1.24). The pre- 
sence of b ioe lments  i n  water a s  w e l l  as the presence of water i n  nutriments and 
organic matter has a basic  importance fo r  metabolic processes and the prowth of 
l i v i n r  mtter (Tab. 1.25). 

Living matter, o r  biomass, consis ts  of the three main components: proteins ,  
f a t s  and sacharids .  During the decay of organisms, absorption and dis integrat ion 
of nutriments, water is separated from a l l  the mentioned canponents (Fig. 1.24). 
The c i rcu la t ion  of matter can be followed a s  chains of nu t r i t i on  in  connection 
with the energy t ransfer .  Organisms can be c l a s s i f i ed  according to  the i r  rela- 
t ion to  th i s  c i r cu la t ion  a s  producers, consumers and destructors .  

Organisms which produce organic matter by consuming anorganic compounds 
(microorganisms, f lo ra  e t c .  ) a r e  termed a s  producers. Organisms which a r e  not 
able to  perform th i s  function and consune organic matter, formed by producers 
and other  consumers, a r e  termed a s  consumers (animals e t c . ) .  Destructors a re  or- 
ganisms which decompose organic matter, thus producing anorganic canponents 
(microorganisms e t c . )  (Tab. 1.26). 

interconnected with the b i o t i c  and ab io t i c  environment, thus forming closed and 
independently functioning systems, whose b i o t i c  s t ruc tu re ,  cycle of nutriments 
and energy f l w  can be exact ly  determined (Fig. 1.25). 

The energy i n  ecosystems bas ica l ly  has three forms: 
k ine t i c  energy - whose manifestation is external  motion, 

In  ecosystems, subsystems of the biosphere, these b i o t i c  c m u n i t i e s  a r e  

- 
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potent ia l  energy - accimulating i n  re la t ion  to  the environment, 
in te rna l  energy - mni fes t a t ed  by in te rna l  movement and in te rna l  re la t ions .  

TABLE 1 . 2 5  

Function Description 

Solution 
dissolving anorganic and organic compounds , forming foodstuff and nut- 
agent riments. 

Chemical 
ac t iva to r  

Water dissolves  p a r t i a l l y  o r  fu l ly  the prevai l ing pa r t  of 

Water f i s su re  molecules, whose motion enables the approach 
and mutual react ion of molecules of d i f f e ren t  compounds. 

Heat 
regula to r  

The high spec i f i c  hea t  of water helps to  maintain a s t ab le  
temperature of organisms , without any excessive f luctuat ion.  
Its optimum value is  kept by evaporation of water, which 
requires  much energy because of the high l a t en t  heat  of 
vaporization. 

Regulator 
of 
pressure and regulated. 

Distr ibut ion 
agent d i f f e ren t  par t s  of the l iv ing  organisms. It  a l so  d i s t r ibu te s  

The propagation of pressure i n  water is uniform in  a l l  
d i rec t ions  , enabling the c e l l u l a r  pressure to be maintained 

Water d i s t r ibu te s  nutriments to  and takes away wastes from 

t h e m 1  energy, transporting it  from the place of i ts  
occurrence (muscles, l i ve r )  to  cooler par t s  ( sk in) .  

~ ~~ 

Economizing The u n i t  mass of these water organisms is the same as  tha t  
agent fo r  of water, thus removing the e f f ec t  of gravi ty  and econanizing 
water organisms the i r  energy requirements. 

Functions of water i n  the b i m s s .  

The transformation of energy during i ts  flow through the ecosystem takes 
place i n  accordance with physical laws, its manifestation is the motion and 
change of temperature. Apart f r an  the law of conservation of energy, the law of 
degradation of energy a l s o  makes i t s e l f  f e l t :  during any process pa r t  of the 
energy changes i n t o  heat .  According to  Darwin-Lotke's ru le ,  during a quick 
change of energy, heat  losses form one ha l f  of the energy to t a l .  Due to  these 
enerRy losses ,  any process in  ecosystems is  one-way. Heat losses  a re  transferred 
t o  the environment. 
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'rote I n s 

&achharoids 

rats -GLYCEROL CO,  H*0 

Fig. 1.24. Block diagram representing the decay of the basic  components of the 
biomass. Processes: AE - aerobic ,  AN - anaerobic, HY - hydratation, HU - humi- 
f ica t ion ,  N I  - n i t r i f i c a t i o n ,  DE - decarboxylation, dezamination, hydrolysis. 

The ecosystem is a ccrmnunity, including a l l  organisms of a cer ta in  space, and 
ab io t ic  elements, ac t ing  i n  the cl imat ic  regime, whose r e l a t ion  with the e n v i r o r  
ment is s t ab le  and determined, by the input and output of energy and matter. 

The formation of regional ecosystems depends on topographical, s o i l  and c l i -  
matological conditions with the prevai l ing influence of so la r  radiat ion 
(temperature) and r a i n f a l l  (Tab. 1 .27) .  I n  na tura l  ecosystems of €ores t s ,  
steppes, deser t s ,  water formations e t c .  the input of matter is not s ign i f icant ly  
affected by hmmn a c t i v i t i e s  (pol lut ion)  and s o l a r  radiat ion is the so l e  source 
of energy. 

I n  the framework of these regional ecosystems, depending on the nlacroclimte, 
local  ecosystems e x i s t ,  influenced especial ly  by the loca l  topographic, s o i l  and 
moisture conditions and by the conditions of the meso- and microclimate. With 
regard t o  the wetness of t h e i r  hab i t a t s ,  plants  can be c l a s s i f i ed  i n  four groups 
(Tab. 1.28). 
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TABLE 1.26 

Organic Nutriment Production Process Simplified formula 
groups substance 
(species)  

Producers anorganic oxygen Photo- 6 C02 + 6 H20 + 1612 W = 

(green compounds biomass synthesis  'gH12'6 + '2 
p lan ts ,  of biogeo- 

bac ter ia )  thes i s  C6H1206 + 6 S 

Chemosyn- 6 C02 + 6 H S + energy = sulphur e l  emen ts 2 

Biological 
uptake 

265 CH20 + 16 NH3+ PO4+ 

146,5 O2 -+ energy = 

c106H1 80°45Nl. 6' + 

159 CO, + 199 H,O 
L L 

Consumers organic waste or- decompo- 
(herbivore, matter: ganic s i t i o n  of C6H1206 + 6 O2 = 

carnivore proteins ,  matter sach- 6 c02 + 6 H20 + 161, l  kJ 
omnivore) sachharoids C02 haroids 

H20 f a t  

Detrivore Waste cop H20 decompo- 
(fungi ,  organic MI3, SO4 s i t i o n  
bac ter ia )  matter PO3, s a l t s  

Ca t.egorization of nu t r ien t  re la t ionships  i n  t e r r e s t r i a l  o r  aquat ic  ecosystem. 
Nutrients cont inual ly  circle within the  boundaries of the ecosystem. Fluxes 
across the ecosystem's boundaries l i nk  it with the environment, i .e .  nu t r ien t ,  
s o i l  and atmospheric compartment. 

Four zones of p lan t  cornuni t ies  can be distinguished along the water courses 
and reservoirs  a s  a r e s u l t  of the impact of water 
Tab. 1.29). 

Living processes and changes i n  ecosystems a r e  
mtter, especial ly  by means of water and a i r ,  and 
human a c t i v i t i e s  s t ab le  natural  ecosystems change 
pogene t i c  ecosys tern 

leve l  f luc tua t ion  (Fig. 1.26, 

mnaged by the  t ransfer  of 
energy. Under the influence of 
i n to  (of ten unstable) anthro- 

(a )  ag r i cu l tu ra l  ecosystem, where the dominant source of energy is so la r  
rad ia t ion  and the climate determines the type of cu l t iva ted  agr icu l tura l  p lan ts ,  
but  the flow of matter and energy is s ign i f i can t ly  influenced hy hunnn a c t i v i t i e s ,  

(b) i ndus t r i a l  ecosystem, where i n  addi t ion to  the supplemented input of 
matter , the energy input  is considerably supplemented by mn-made energy, 
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Fig. 1.25. Circulation of water and nutriments in  ecosystems: the transfer of 
mtter including water, proteins,  sachharoids, f a t  etc. is represented by thick 
black arrows, energy input and output by thin arrows. The impact of pollution 
(dotted arrow) changes the input of nutriments , improving l iv ing  conditions for  
detrivores , thus changing the ecological succession to  the disadvantage of c a r  
nivores f i r s t .  J - energy 

TABLE 1.27 

Minimum Optimum Maximum 

steppe desert  MaXinum - 
mixed and 

fo res t  fo re s t  

trop i ca 1 
wtirmnn tundra coniferous monsoon 

- s a l t y  tropical 
marshes jungle 

The dependence of the basic natural  ecosystem on temperature and r a i n f a l l .  
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TABLE 1.28 

Category Character is tics Selected species 

Hydrophytes grow i n  water swamps and water p lan ts ,  phytoplankton, 
bogs pondweed, r i c e ,  c a t t a i l  

Hygrophytes need moisture, not r e s i s t a n t  fe rns ,  moss 
aga ins t  drought 

Nesophy tes medium water requirements grasses ,  wood 
survive both shor t  periods 
of wetness and drought 

Xerophytes low water requirements c a c t i ,  haloxylon 
drought-resistant 

~~~ ~~~ 

Categorization of p lan ts  with regard to  the r e l a t ive  wetness of t he i r  habi ta t s .  

Fig. 1.26. The development of the f lo ra  i n  the sub l i to ra l  ( l ) ,  l i t o r a l  (lower - 
2 ,  upper - 3 )  and a sup ra l i t o ra l  ( 4 )  zone along a stream or  a reservoir  shore 
depends on the frequency of flooding and on the groundwater table .  Sof t  species 
occur espec ia l ly  i n  the l i t o r a l  zone, hardwood species in  the supra l i to ra l  zone. 

degradated ecosystems, where the addi t iona l  input of mtter (water, a i r  (c) 
and/or s o i l  pol lut ion)  changes the input of energy and r e su l t s  i n  the dis inte-  
gra t ion  of s t ab le  natural  ecosystems. 
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TABLE 1.29 

Zone Characteris t i c s  Charac te r i s t ic  
o r  l imi ta t ion  wood o ther  species 

Sltpra- flood only Hard: oak, maple, grasses ,  
li toral  exceptionally elm, ash-tree 

water tab le  

Upper- occasionally Soft :  willow, bramble, n e t t l e ,  meadow- 
l i t o r a l  flooded poplar, a lde r  s w e e t  , rush, w i  11 ow-herb 

water tab le  0150d 

Lower frequent water Sof t :  willow, brooklime, bulrush, monkey 
li to ra l  t ab le  f luc tua t ion  a lde r ,  hedge, flower, water celery,  

water mint, water forget- 
me-not, reed, reed-grass water table  C)360d 

Sub- p e m n e n t l y  no trees bog-pond weed, bulbous 
l i t o r a l  flooded rush, f loa t ing  clubrush, 

w a t e r l i l l y ,  water crow 
foot ,  strapweed 

Class i f ica t ion  of shore zones according to  the frequency of t he i r  flooding and 
charac te r i s t ic  representat ives  of re levant  p lan t  ecosystems! 

1.8.1 In te r re la t ionship  of Aquatic Ecosystems and Water Qual i ty  
An aquat ic  ecosystem, i . e .  a system of organic communities i n  a ce r t a in  

water f o m t i o n ,  where th i s  camunity l i ves  i n  a s t ab le  r e l a t ion  with its abio- 
t i c  environment, represents  an example of a closed chain of nu t r i t ion .  

I n  th i s  enviornment, Liebig 's  law of minimum is of par t icu lar  s imi f i cance :  
The missing enerEy o r  bioelement decides on the course of the production pro- 
cess. It  is impossible to  prove the presence of such l imi t ing  bioelements 
(usually phosphorus P, potassium K ,  nitrogen N e t c . )  i n  water, because i t  is 
changed in to  organic matter imnediately a f t e r  i t s  entry in to  the system. 

The production process is ,  i n  addi t ion to  t h i s ,  a l so  governed by the presence 
of matter s t imulat ing the growth, primarily of vitamins: tiamin, b io t in ,  cobal- 
tamine etc. The consequence of a high content of nutriments and s t imulat ing 
niatter i n  water is eutrophication, manifestated by i ts  biological  overproduction. 

Uhhlmnn (1975) expresses the c i rcu la t ion  of matter i n  the aquat ic  ecosystem 
by the d i f f e ren t i a l  equation. The change in  the concentration of biomass can be 
formulated a s  follows: 

dz x =  2k21.P.Z + 2k24.B.Z - k 2 32'F'Z 02.Z - lk42.Z - k (1.80) 
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2 - zooplankton 

P - phytoplankton 

B - bacter ia  

F - f i shes  

Ik - coef f ic ien t  of r a t e  for  react ion of the 1.range 

*k - coef f ic ien t  of r a t e  fo r  the react ion of the 2.range 

The index on the r i g h t  of the coef f ic ien ts  marks the receiver  (1s t  number) and 
the suppl ier  (2nd number). 

HYTOPLANKTON ZO0PL:NKTON FISHES 
1 

BIOMASS 
I $  ENERGY 

MATTER 

Fig. 1.27. Couplings of the aquat ic  ecosystem according to Ihlmann (1935): 
phytoplankton ( l ) ,  zooplankton (2), f i shes  ( 3 ) ,  bacter ia  ( 4 ) .  Index i j  m r k s  the 
t ransfer  of ratter o r  energy from the pa r t  j to the pa r t  i of the ecosystem, 
0 - the ab io t i c  environment. 

The biomass in  flowing waters is influenced by the inflow, a s  can be expressed 
by the d i f f e ren t i a l  equation 

(1.81) a f = p . X + Q . X ' - ( i  dx + i ) . X  
1 2  

X - biomass 

("L - dai ly  increment r a t i o  
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Q - water inflow (1.d-') 

X '  - spec i f ic  inflow of the biomass ( g .  11-l) 

w-5 il - r a t i o  of biomass outflow 

i2 - r a t i o  of biomass u t i l i z a t i o n  by con- (d-') 
sumers and destructors  

In  newly constructed r ive r  channels and a f t e r  the flood 

dx >> 0. (1.82) 

After t h i s  i n i t i a l  phase, the value of the b iomss  increment decreases to  the 
value of the biological  balance, characterized by 

- -  = o .  
d t  (1.83) 

R e  water qua l i ty  with regard t o  i t s  biological  propert ies  can be c l a s s i f i ed  
in  terms of i t s  saprobity o r  t rophici ty .  The saprobity is the biological s t a t e  
of water, determined on the basis  of the presence o r  absence of biocoenosis, 
that  i s  cha rac t e r i s t i c  for  a ce r t a in  degree of biochemical decay, i .e .  i n  rela- 
tion to the degree of po l lu t ion  (Tab. 1.30). 

The saprobity character izes  the changing propert ies  of the water environment 
during a ce r t a in  period, thus d i f f e r ing  from the physical and chemical indica- 
to rs ,  which character ize  the ac tua l  s t a t e  only. For th i s  reason, an exp l i c i t  
re la t ion  between the saprobi ty  and relevant  physical and chemical indicators  
does not  ex is  t ,  though the c l a s s i f i ca t ion  sys t e m  of saprobity is closely inter-  
re la ted with the biological  oxygen demand (BOD) of water (Fig. 1.28). 

The t rophic i ty  is the a b i l i t y  of water to nourish water organisms. Nauman 
(1932) c l a s s i f i ed  the t rophic i ty  on the basis  of the surplus ,  average o r  under- 
sized values of the basic  physical and chemical preconditions of the development 
of d i f f e ren t  biocoenosis. Seven basic  trophical types of stagnant and flowing 
waters follow a s  a consequence of combining these c r i t e r i a  (Tab. 1.31). 

Some changes and combinations a r e  chemically impossible, such a s  a lka l i t ro-  
phici ty  with s idero t rophic i ty ,  acidotrophici ty  and dystrophici ty ,  o r  acidotro- 
phici ty  with eutrophici ty .  A p rac t i ca l  c l a s s i f i ca t ion  is based on the mean 
annual values. 

The views on the in te r re la t ionship  of the saprobity and the t rophici ty  have 
not yet  been unif ied.  Kolkwitz (1935), SlAdeCek (1961) and others  state that  the 
eutrophization and se l f -pur i f ica t ion  processes are only two direct ions of one 
natural  process, r e l a t ing  i n  th i s  way the denee of saprobity with the degree 
of t rophici ty .  The scale of t rophici ty  is  then the r a t i o  of the production of 
l iv ing  nlatter to resp i ra t ion ,  l i be ra t ing  the organic energy, bonded by l iv ing  
matter. 
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Fig. 1.28. Ci rcu lar  representat ion of water q u a l i t y  by degree of saprobi ty  and 
re levant  s tructrire of aquat ic  ecosystems according t o  Sl5deCek (1972): Linmosa- 
probity: (x-xeno, 0-oligo, B-brtamezo, d-alphameso, p-polysaprobitv), 
Eusaprobity ( i - i so ,  m-meta, h-hyper, u-ul t rasaprobi ty) ,  Transaprobity (a-anti , 
r-radio, k-kryptosaprobity). Detrivore marked black: R-bacteria. Consiuners- 
herbi-, carni-and omnivore niarked dot ted:  Z-zooplankton, C-c i l ia ta ,  F-zoofla- 
g e l l a t a .  Producers- Ereen p lan ts  and autotrophic  bac ter ia  mrked  white: P- 
phytoplankton, M-mixotrophic f l a g e l l a t a .  O-no l i f e .  Arrows show the direct ior i  
of eutrophizat ion (1) and fur ther  po l lu t ion  (Z), decay and se l f -pur i f ica t ion  (3) .  
Dsahed segment represents  the increase i n  mater ia l  input  and output (and a l so  
the increase i n  the b io logica l  oxygen demand). 



TABLE 1.30 

0 + + t 

Degree of Pol lut ion BOD5 Plankton Chloro- Primary 
ri (degree) phyle production 

Symbol Process 
Saprobi ty  o saprobity 

m mg.1-' m1-I) (mg.m ) .d-]) .yeard1 
( in  -3 3 . 

K Katarobity $ 3 ab io t i c  without 0 1 0 0 0 ,  

P 

5 -3 (w.m ( R . m  

C R  

2 9 no l i f e  pol lut ion 
completed x xenosaproblty very l i g h t  1 100 1 50 10 

.rl 
L Limo- 

saprobi ty u oxyda t ion  
2 .:completed o oligosaprobity l i g h t  2,5 1000 5 100 30 

g r e d u c t i o n  (20) (1500) (5001 

a b s t a r t i n g  f i  mesosaprobity medium 5 1 o5 300 500 150 
3 0  

3 zoxydat ion ( 1500) ( 12000) (40OO) 
. i c  d o  d mesosaprobity medium 10 lo6 1000 1500 300- 
!2.u predominant p polysaprobity heavy 50 lo7 10000 12000 4000 

E Eusaprobity ';I biological  i isosaporbity ( c i l i a t i c )  400 1000 3 100 30 

3 . .  

0 ,d 

.," reduction 
4-1 

- ' 4 r  

T Trans- 5 4  2 Uchemical, a 

'G $2 .j anorganic, 
3 ffl a no l i f e  k 

saprobity J u.d ab io t i c?  

me tasaprobity (hydrogen 7 00 
s u l  f i d i c )  

hypersaprobity (bacterio- 20G0 
logic)  

ul t rasaprobi ty  ( ab io t i c )  12 .lo4 

ant isaprobi  ty toxic 
radiosaprobity radioact ive 
kryp tosaprobi ty physical 

U 
3 Trophici ty 
a 2 
3 
0 

m u  
0 7  i a  
2 z a t r o p h i c i t y  

u l t ra -  
ol i p t r o p h i c i t y  
o l igo  t rophici  ty 

,L3 -eu t rophici ty  
- 

M 
rw ta t rophici ty  

Categorization of water qua l i ty  according to its saprobity and t rophici ty .  Relationships of the metabolism, self-purif icat ion 
processes and the t rophici ty .  Values concerning chlorophyle and p r i m r y  production a r e  re la ted  to  the r e s u l t  of the eutro- 
phiza t ion process. 

2 
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TABLE 1.31 

Physical and chemical indicators  p~ Poly- Meso- Oligo- 
typus typus typus 

S m e r  temperature 
j u s t  belaw the water tab le  OC > 20 15- 20 

>100 25-100 Calcium oxide CaO mg.1 

Nitrogen N mg.1-I ) 4 0  1- 0 
Phosphorus P mg. 1 
Humus acids  mg. 1 

-1 

>25 1.5 
80-100 25- 50 

-1 
-1 

Biotypus Characteris t i c s  PH 
Occurrence 

a 1 ca l  i troph i c poor plankton ) 7  Ca - 

siderotrophic  l imonit ic  bed Fe 
a r g i l o  trophic high turb id i ty  humus 

cars  t 

loamy and s i l t  mtter 
sediments 

nutriments 
r i ch  phytoplankton 
mud, mrshes  
bottom hydrogen 
sulphide 

eutrophic high content of > 7  N,P N,P 

01 igo trophic c l ea r  water, poor -7 
phytoplankton, 
poor f lora  in  the 
neighbourhood 
new reservoirs, 
mountain lakes 

acido trophic t u r f i c  bed < 5.5 
dystrophic browny water, poor < 7 

phy to-plankton 

occasionally 
r i ch  zooplankton 
marsh without odour 

hypertrophic heavily pol luted 
water, degrada ted 
aquat ic  l i f e  

< 15 
3- 25 

0 
0 

25 

N,P,Fe 

Ca 

humus Ca,P,N 
matter 

Categorization of water reservoi rs ,  t he i r  trophic- and biotypes , physical and 
chemical indicators  according t o  N a m n  (1932), completed by Thienemann (1942) 
and Srdmek/HuSek (1948). 
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UPPER COURSE MIDDLE COURSE 

1.9 RUNOFF PROCESS AS REGITIATOR OF THE LIVING ENVIRONMENT 
Basic charac te r i s t ics  influencing the  l i f e  and i ts  environment gradually 

change with a cha rac t e r i s t i c  gradient  i n  the course of the longitudina1 p ro f i l e  
of the r ive r .  They a l so  have an important impact on the u t i l i z a t i o n  of water 
for  d i f f e ren t  benef ic ia l  uses a s  w e l l  a s  on the ecosystems and the u t i l i za t ion  
of the neighbouring a rea .  

Some of these cha rac t e r i s t i c s ,  namely geomrphological and hydraulic, and 
a l so  selected hydrological cha rac t e r i s t i c s ,  a r e  qu i t e  independent of the season. 
The course of the rest depends on the annual season and on the climate, espe- 
c i a l ly  i n  the case of r ive r s  running through d i f f e ren t  climatological zones 
(Fig. 1 .29) .  

LOWER COURSE 

Fig. 1.29. The development of basic  charac te r i s t ics  of a water course represen- 
ted in  i ts  longitudinal p ro f i l e ,  o f fe r ing  important information fo r  the concept 
of ag r i cu l tu ra l ,  indus t r ia l  and urban development: 1 - val ley width, 2 - average 
discharge, 3 - r i v e r  channel s lope,  4 - r i v e r  channel width, 5 - veloci ty  of 
f h ,  6 - f luc tua t ion  of discharge, 7 - water temperature, 8 - aerat ion,  
9 - biochemical and chemical oxygen demand, 10 - sedimentation rate. 

The s u i t a b i l i t y  of a r ivers ide  a rea  f o r  d i f f e ren t  development purposes can 
be derived from the course of the mentioned curves by analysing the relevant 
in te r re la t ionships .  Some re la t ions  appear to  be contradictory: Lower and middle 
course areas  a r e  more su i tab le  fo r  the locat ion of housing and indus t r ia l  
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es t a t e s  due to  the necessary space. From the water supply point  of View, upper 
courses a r e  more su i tab le  having more favourable conditions fo r  reservoir  con- 
s t ruc  t ion.  

IJpper courses o f f e r  a high head and thus more favourable conditions for  
water power generation - with reservoirs  a s  w e l l  f o r  peak power production. 
Lower courses with high,  sustained discharges o f f e r  conditions fo r  the construc- 
t ion of run-of-river p lan ts  with lower heads. They o f f e r  only r e s t r i c t ed  
poss ib i l i t i e s  fo r  the construction of reservoi rs ,  but favourable conditions fo r  
inland navigation. 

Protect ion aga ins t  floods can be achieved more economically by a proper 
locat ion of the relevant  e s t a t e s  out  of the flood p la in  a t  the upper courses i f  
re levant  val leys  a r e  su f f i c i en t ly  wide, and by r ive r  t ra in ing  i n  the middle and 
lower courses. 

The longi tudinal  proportion of the water course in  an open area creates  a 
natural  t r a f f i c  a r t e ry :  not only i ts  channel, but a l s o  the r ivers ides  on both 
banks. Fluctuations i n  the water table  l imi t  the beneficial  u t i l i z a t i o n  of the 
flooding area  for  cormunication, housing and indus t r ia l  estates, which have to  
be protected from overflooding. Nevertheless, t h i s  zone usually has exceptional 
climatological and aes the t i c  conditions, extremely su i t ab le  f o r  recreat ion.  It 

is ,  therefore ,  useful t o  reserve th i s  zone , especial ly  i n  c i t ies ,  for  pedes t r a in  
c m n i c a t i o n s  o r  indus t r ia l  quarters  by a zone of plants  o r  by a comunication 
l i n e  (Fig. 1.30). 

Cmunica t ion ,  recrea t iona l ,  i ndus t r i a l  and housing areas  a r e  mutually inter-  
re la ted .  The locat ion of a housing e s t a t e  i n  the second zone is aes the t i ca l ly  
and funct ional ly  favourable when i t  corresponds to  the topography, aad provided 
tha t  flood protect ion measures a r e  rea l ized .  

The fimction of water courses fo r  housing and indus t r i a l  e s t a t e s  is  twofold: 
they a r e  used a s  sources of water supply and a s  rec ip ien ts  of waste disposal. 
These two functions a r e  contradictory. Besides, the u t i l i z a t i o n  of water courses 
fo r  waste disposal is contradictory with the i r  urban and aesthetic functions. 

The aes the t i c  enjoyment of water a s  an intangible  natural  fac tor  is manifes- 
ta ted i n  three dimens ions 
- 

surroundings namely r i v e r  banks, 
- i n  the v isua l  un i t  - i .e. the pa r t  of the landscape which i s  v isua l ly  acces- 
s i b l e  from one place,  
- 

i n  the water scenery, created by the synthesis  of the water formation and its 

i n  the landscape un i t ,  i .e .  formed by a geographically complex area .  
The aes the t i c  propert ies  of water a r e  formed by i ts  prominence, especial ly  by 

i ts  
- cont inui ty  and comprehensiveness, 
- d ive r s i ty ,  
- vivaci ty  and va r i ab i l i t y .  
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Fig. 1.30. Regulation of flood plain use derived from frequency of flooding and 
differing i n  the t o m  and outside the town: 
protected zones, 

A - floodway, B,C: - par t ia l ly  
D - protected zone. 

These properties depend on qua l i ta t ive  and quantitative factors.  The aesthe- 
t i c  expression of a reservoir o r  a s t re tch  of stream follows from i ts  compre- 
hensive continuous form, limited by the diversified bavks, whose edges form 
limits between the water and riverside ecosystems. I n  a built-up area three 
categories can be distinguished on the basis of the dimension r a t io  of the 
housing, indus t r ia l ,  recreational e t c .  area t o  the width of the water level:  

dimensions of the water table a re  not remarkable with regard to the 
dimensions of the relevant area,  

sions of the relevant e s t a t e ,  

(a) 

(b) dimensions of the water level do not d i f f e r  remarkably from the dimen- 

dimensions of the water tab le  exceed the dimensions of the relevant (c) 

The result ing aesthetic enjoyment depends i n  any category on the quality of 
the architectural  s t ruc ture ,  but the medium category of fe rs  the mst favourable 
conditions for  an aes the t ic  and balanced ef fec t  of the water table in  an urban 
se t t ing .  Architectural complexes i n  these conditions evoke the strongest 
aesthetic emtions.  

estate.  




