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Summary 
 
Evaporation is a process of water vapor formation from a free water surface. As 
distance from the evaporating surface increases, the water vapor concentration reduces. 
Transfer of water vapor molecules from the evaporating surface to the environment is 
accomplished by a vertical turbulent exchange of air masses. Evaporation from a water 
surface has been investigated by scientists since ancient times. In the Middle Ages, 
however, it was possible to obtain the first quantitative assessments of evaporation by 
experiments. In the middle and end of the nineteenth century two trends in studying 
evaporation from free water surfaces prevailed, i.e. the use of evaporimeters and 
empirical formulas to determine evaporation rate from meteorological data. Early in the 
twentieth century two new trends were developed, i.e. an approach based on analysis of 
water vapor turbulent diffusion in the atmosphere, and a method of energy balance. At 
present different methods are applied for evaporation computation. The water balance 
method provides a direct integral value of evaporation from a water body, but this 
method may be applied only in cases when the absolute evaporation value is compatible 
with the other water balance components. Also, the method of evaporimeters, energy 
balance method, turbulent diffusion method and empirical formulas are widely applied. 
Space distribution of evaporation from free water surfaces follows the principle of 
geographical zonality and vertical altitudinal belts (in mountains). Water losses from the 
surface of a water table and identified as evaporation have another physical essence. 
With a shallow water table, the moisture is lost for transpiration and evaporation from 
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soil and it is recharged by capillary water rise from the subsurface water table. This 
process is conventionally termed "subsurface water evaporation" or "subsurface water 
outflow to the unsaturated zone". The amount of moisture inflow to the unsaturated 
zone during subsurface water evaporation is much less than evaporation from a free 
water surface. Mean monthly evaporation of subsurface water does not exceed 30 mm. 
 
1. Evaporation from open water surface 
 
1.2. Introduction 
 
Evaporation is a process of vapor formation from a free water (or snow, ice) surface. 
The reverse process of vapor transition to the liquid state is condensation. Boiling 
differs from evaporation; during boiling, vapor is formed not only on the surface but 
inside the liquid and vapor bubbles go upward. Evaporation occurs at any temperature at 
different rates, but boiling occurs only at the temperature at which the pressure of the 
saturated vapor in the liquid attains the value of the atmospheric pressure. According to 
the molecular-kinetic theory evaporation is characterized by three interrelated stages: 
evaporation of molecules from the evaporating surface; absorption of some molecules 
by the evaporating surface; diffusion of the remaining molecules into the surrounding 
space. Molecules in the inner water layers move sporadically in any direction, because 
they are affected by the attraction of the surrounding molecules, which is similar on 
average. Meanwhile molecules in the surface water layer are affected by less attraction 
of the air molecules than the molecular attraction in the inner water layers due to the 
lower concentration of the air molecules. The rates of molecular motion are different; 
those molecules which reach the evaporating surface at high speeds and at big angles, 
overcome the attraction of other water molecules and, when separating from the 
evaporating surface, they escape into vapor. The higher the temperature, the more 
molecules with high speeds, and the more intensive is molecule diffusion into the 
surrounding space. Also, mean distance between molecules tends to increase with 
temperature rise; this leads to reduced cohesion forces and evaporation heat, which also 
stimulates a greater flux of molecules separated from the evaporating surface. The 
evaporation process is accompanied by losses of some energy to overcome forces of 
cohesion and for the work connected with the increase of the specific volume of the 
fluid during its transformation into vapor. The total energy required for this, depends on 
the latent heat of evaporation. If, during the evaporation process, energy does not reach 
water, the water is cooled, resulting in lower evaporation. In Nature, energy losses 
during evaporation are completely or partly compensated due to the environmental 
energy. As a result of evaporation a layer enriched by vapor molecules is formed above 
the evaporating surface. Migrating in different directions, these molecules partly diffuse 
into the air and partly return into water when they touch the evaporating surface. With 
an equilibrium, the quantity of molecules springing out of water is equal to the quantity 
of molecules which return back. If the quantity of molecules transformed into vapor 
exceeds the quantity of molecules simultaneously transformed into liquid, the 
evaporation process occurs; in the opposite case condensation is observed. Thus, 
evaporation and condensation are two facets of one process of molecular exchange 
between water and air above the water surface. As distance from the evaporating surface 
increases, water vapor concentration gradually decreases. A condition close to 
saturation is observed only in that part of the layer which touches the water surface. 
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Evaporation, however, proceeds because the vapor molecules are constantly migrating 
to the environment. There will be no evaporation if water vapor concentration all over 
the space at a long distance from the evaporating surface corresponds to the 
concentration of complete water vapor saturation above the evaporating surface. 
Transfer of vapor molecules from the evaporating surface to the environment is 
accomplished by molecular diffusion and vertical turbulent air mass exchange. With 
absolutely quiet air condition the water vapor transfer is accomplished by molecular 
diffusion i.e. intrusion of molecules during their chaotic migration from sites of high 
water vapor concentrations to sites of lower concentrations. Diffusive water vapor flux 
through unit area per unit time, or evaporation rate, is presented by the following 
equation: 
 

qE D
z

ρ ∂
= −

∂
  g/sq.cm s  (1) 

 
where: ρ is air density, (g/cm3); D is coefficient of water vapor diffusion in the air 

(cm2/s) constant over altitude; q
z
∂
∂

 is vertical gradient of the specific air humidity 

(g/cm). Minus indicates that the water vapor flux is positive in the direction of 
decreasing specific air humidity. Integrating equation (1) within the limits of z=0 (the 
level of the evaporating surface) up to a certain level of z, we derive: 
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where: q0 is specific air humidity at the level of z=0. During computations this value is 
assumed to be equal to the specific humidity of the saturated air at the temperature of 
the evaporating surface. For the case of z = 1 cm, at air temperature of 0 °C and normal 
atmospheric pressure equation (2) is reduced to: 
 
E = 0.286 ∗ 10 -3 (q0 - q1) (3) 
 
It follows from this equation that if the air is dry (q1=0) the diffusive evaporation rate is 
maximum. In saturated air (q1=q0) evaporation rate equals zero. Increasing temperature 
of the evaporating surface q0 causes an increase in evaporation rate. Under field 
conditions equation (3) is not valid because real evaporation rates turn out to be much 
higher at the same values of specific air humidity. This is explained by the fact that 
under field conditions the evaporation process occurs not in a quiet atmosphere but in 
air which is constantly moving; the nature of this motion is sporadic and turbulent. The 
turbulent air motion produces a vertical exchange (mixing) of the air mass, causing 
water vapor transfer. During the vertical exchange some eddies take wet air mass away 
from the evaporating surface while simultaneously bringing in air with less moisture 
content. 
 
The turbulent exchange is usually intensified at higher wind speed and greater 
roughness of the underlying surface (dynamic mixing) as well when there is warming or 
cooling of the above air layer (convective mixing). In accordance with the ideas of 
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Taylor and Schmidt the vertical turbulent exchange (diffusion) can be presented by the 
following equation, similar to the equation for molecular diffusion: 
 

z
qE K
z

ρ ∂
= −

∂
   g/sq. cm s  (4) 

 
where: Kz is coefficient of turbulence characterizing the exchange intensity. As to the 
coefficient of molecular diffusion (see equation (1)) the dimensionality of the 
turbulence coefficient Kz is in cm2/s. But as to the magnitude, Kz exceeds D by 
thousands of times. Therefore, evaporation in a quiet atmosphere (diffusive evaporation) 
may be assumed to be negligibly small (practically equal to zero) when compared with 
that in a turbulent atmosphere. Coefficient Kz is constant in time and over altitude; it 
depends on wind speed, roughness of the underlying surface and on the rate of 
convection development. Taking the latter into account and integrating equation (4) 
from z=0 up to a certain value of z, we derive: 
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M.I. Budyko introduced the term "coefficient of external diffusion" which is derived 
from the following equation: 
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Substituting equation (6) into equation (5) we derive: 
 
E = ρ D ( q0 - qz )   g/sq. cm s  (7) 
 
Equations (3) and (7) were known for a long time as empirical ratios, or Dalton law, 
according to which evaporation rate into a free atmosphere is expressed by the 
following equation: 
 
E = α ( e0 - e ) (8) 
 
Where: e0 is saturated water vapor pressure calculated from water temperature; e is 
water vapor pressure at a certain elevation above the water surface; α is a coefficient 
numerically equal to the evaporation rate if the difference of water vapor pressure 
equals unity. Equation (8) has been used as the basis for numerous empirical formulas 
for calculation of evaporation from the surface of water bodies based on the use of 
hydrometeorological information from the meteorological network. These formulas are 
presented as follows: 
 
E = c ( e0 - e ) f (ω) (9) 
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Where f (ω) is a certain function of wind speed; c is a coefficient taking complete 
account of the effect of those factors not taken into account but influencing the 
evaporation process. It should be noted that evaporation rate of salt water is lower than 
that of fresh water, other conditions being equal. This is explained by the fact that when 
salt water evaporates the vapor particles springing out of the salt water have to 
overcome not only the forces of water molecules gravity but the gravity of the matter 
dissolved in the water. Therefore, the salt water vapor pressure is lower than that of 
fresh water. Hence, for example, the pressure of saturated vapor of NaCl solution (340 
o/oo), if compared with distilled water, is reduced by 22 %; for sea water (35 o/oo) this 
decrease is about 2%, and for brackish water (10 o/oo) it is only 0.5%. Thus, a significant 
decrease of evaporation rate occurs from solutions with high concentrations of 
admixtures. This factor is of no importance for natural fresh water. Increased 
evaporation rate may be observed at high wind speeds, when the wave crests are taken 
away by the wind and minute drops of water jumping in the air are taken by turbulent 
fluxes upward to less saturated layers where they evaporate. This evaporation, 
additional to the physical evaporation, is termed mechanical evaporation. It is most 
intensive where waves break as they approach a shore, and in the intertidal zone. 
Finally, there is a viewpoint that evaporation depends on atmospheric pressure. This 
view would be valid if water vapor transfer under natural conditions occurred through 
molecular diffusion, the coefficient of which is inversely proportional to atmospheric 
pressure. As noted above, however, the mechanism of water vapor transfer under 
natural conditions is based on turbulent mixing independent of atmospheric pressure. 
This viewpoint is therefore erroneous. 
 
- 
- 
- 
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