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The  effect  of desorpt ion and sorpt ion  p r o c e s s e s  accompanying  t e m p e r a t u r e  changes in a d ry  
l a y e r  of natural  soi l  on the t r anspo r t  of vapor  in the soil  is d i scussed  and the t empora l  v a r i -  
ation of the evapora t ion  of wa te r  f rom the soil  is explained.  

Up to now a theory  of the evapora t ion  of wa te r  f rom soi l  has not been developed [1-3]. The difficulty 
of this  p rob l em,  as Anderson  [4] sees  it, is  a s soc ia ted  with the complexi ty  of envi ronmenta l  p r o c e s s e s ,  the 
absence  of data ,  and the inadequacy of our knowledge of the phys ics  of evapora t ion  p r o c e s s e s .  A mos t  i m -  
por tant  p rob lem which should be explained by the theory  is  the t e m p o r a l  (diurnal) var ia t ion  of the e v a p o r a -  
t ion of wa te r  f rom soi l  with a d r ied-ou t  l aye r  of the su r f ace .  In the p re sen t  pape r  it is shown to be poss ib le  
to explain the t e m p o r a l  var ia t ion  of the evapora t ion  of water  f r o m  the soil  by solving the diffusion equation, 
taking into account  desorpt ion  and sorpt ion  p r o c e s s e s  which occur  when the t e m p e r a t u r e  changes in a l aye r  
of d ry  soil .  

The  evapora t ion  of wa te r  f rom soi l  with a d ry  su r face  l ayer  is  evidently due to the t r a n s f e r  of water  
vapor  in the soil .  A modern  theory  of heat and m a s s  t r a n s f e r  has been developed by A. V. Lykov and his 
school  [5-8]. Heat  t r a n s f e r  uncompl ica ted  by m a s s  t r a n s f e r  is explained by the h e a t - t r a n s f e r  potent ial  
( t empera ture) .  A.  V. Lykov [6] sugges ted  the introduction of the concept  of m a s s - t r a n s f e r  potent ial  which 
p e r m i t s  descr ib ing  m a s s  t r a n s f e r  in the s ame  m a n n e r .  

The  concept  of the rmodynamic  fo rce ,  defined as the gradient  of the per t inent  potential ,  is int roduced 
in the t he rmodyn am i cs  of nonequi l ibr ium s t a t e s .  The t r a n s f e r  of a subs tance  is explained by the act ion of 
s e v e r a l  the rmodynamic  fo r ce s  and as a consequence of this different  types of t r a n s f e r s ,  which a re  cons id-  
e r ed  s e p a r a t e l y  in c l a s s i ca l  phys ics ,  p rove  to be i n t e r r e l a t ed  p r o c e s s e s .  In pa r t i cu l a r ,  the t r a n s f e r s  of 
heat and m a s s  a r e  p r o c e s s e s  affect ing each  o ther .  The effect  of heat t r a n s f e r  on m a s s  t r a n s f e r ,  mani fes ted  
as t h e r m a l  diffusion, was f i r s t  noted and proved  expe r imen ta l ly  in [9]. The essence  of the phenomenon of 
t h e r m a l  diffusion in a c ap i l l a ry -po rous  medium cons is t s  in that the t e m p e r a t u r e  affects  the dis t r ibut ion of 
mo i s tu r e  in a m a t e r i a l  and the reby  the t r a n s f e r  of m a t t e r .  Noniso thermal  m a s s  t r a n s f e r  in a c a p i l l a r y -  
porous  medium,  in pa r t i cu l a r ,  m o i s t u r e  into soil ,  r e p r e s e n t s  a superpos i t ion  of concentra t ion diffusion and 
t h e r m a l  diffusion. 

The dif ferent ia l  equations of heat  and m a s s  t r a n s f e r ,  reduced  on the bas i s  of the genera l  theory  of 
s i m i l a r i t y  to a d imens ion less  f o r m ,  a r e  cons ide red  jointly in mode rn  t r a n s f e r  theory .  A. V. Lykov and 
his pupils solved a c o m p a r a t i v e l y  wide range  of hea t -  and m a s s - t r a n s f e r  p rob l ems  for  different  boundary 
conditions having p rac t i ca l  value.  In pa r t i cu l a r ,  a s y s t e m  of di f ferent ia l  equations of heat and m a s s  t r a n s -  
f e r  in soil  for  boundary conditions given on the soil  su r face  and at infinity was solved in [8]. In the genera l  
case  the solution of the s y s t e m  of di f ferent ia l  equations of heat and m a s s  t r a n s f e r  , as  noted in [8], p r e sen t s  
m a j o r  ma thema t i ca l  diff icul t ies .  In those cases  when the p rob l em is solved analy t ica l ly  t o  the end, the r e -  
sui ts  obtained a r e  genera l ly  r a t h e r  complex  e x p r e s s i o n s .  It  is poss ib le  to s impl i fy  the p rob lem c o n s i d e r -  
ably  [8] if the sy s t em  of equations of heat and m a s s  t r a n s f e r  is reduced to two unre la ted  equations by means  
of a new var iab le  introduced as a l inear  combinat ion of t r a n s f e r  potent ia ls .  Heat and m a s s  t r a n s f e r s  a r e  
cons ide red  s epa ra t e ly  in the f i r s t  approximat ion ,  if in the s y s t e m  of l inear  Onsager  equations cor responding  
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to the problem the terms with kinetic coefficients of cross indexes characterizing the interrelationship of 

the flows of energy and matter are small. Obviously, in some cases the possibility of describing mass 
transfer independently of heat transfer can be achieved on the basis of the characteristics of the problem 

under consideration~ In particular, in a dry soil layer, moisture can move only as vapor [i0, ii] and the 
transfer of matter should be described by the diffusion equation. The mechanism of the formation and 

movement of vapor i n a layer of dry soil allows the differential equation of diffusion to be written with con- 
sideration of the effect of temperature on vapor transfer, as is done below. 

Soil is considered dry [2, 12] if its moisture content is less thanthe maximum hygroscopicity (MH). 
The thickness on the dry layer formed on the surface of natural soil should be determined as the distance 
h from the soil surface to the level at which the soil moisture content is equal to IVY. During the diurnal 
change of temperature in the layer of dry soil there occur desorption and sorption processes, which act as 
internal vapor sources (positive or negative). The formation and movement of water vapor in the layer of 

dry soil should be described by the equation 

O q_q =D 02q +~(z ,  T), O~<'~<T, O ~ z ~ h ,  (1) 
& OP 

where w(z, r) is the specific power of the internal sources. If we take the vapor density (volume concen- 
tration) as the state parameter of the vapors contained in the soil pores q, in Eq. (i) D will be the effective 
diffusion coefficient determined by H~ Penman's formula [13]. 

The formation and absorption of vapors occurring in a dry soil layer as a consequence of desorption 
and sorption processes were studied experimentally under field conditions. The results of these experi- 
ments are discussed in [12], where it is shown that the specific power of the internal sources can be de- 
scribed by an empirical formula in terms of the rapidity of the change of soil temperature or in terms of 
the change of the distribution of sorbed moisture due to desorption and sorption processes. It follows from 
the experiments that the specific power of the internal sources, represented by the rapidity of the change 
of temperature, is practically independent of the coordinate. Actually, on the graph (shown in [12]) the 
curves of the distribution of sorbed moisture over the soil profile at different times of the same day are 
arranged more or less parallel to one another. Consequently, drying and moistening of the profile of the 
hygroscopic region occurring, respectively, in the heating and cooling stage of the soil take place more or 
less similarly at all levels of the dry soil layer. Hence it follows that, for the changes of soil temperature 
observed under natural conditions, we can consider the specific power of the internal sources to be prac- 
tically independent of the coordinate. In [12], to determine the specific power of internal sources, an em- 
pirical formula of the following form is suggested~ 

w (~) = 7~o ot (~) 
1 + • O~ (2) 

where t(T) is a function known from observational data, representing the approximation of the temporal (di- 
urnal) change of temperature on the soil surface (or at any other given level). The coordinate-independence 
of the specific power of the internal sources is easily explained in that the temperature wave decays on 
propagating into the soil, but in this ease the mass of vapors formed upon a 1 ~ change of temperature in- 
creases owing to an increase of soil moisture. 

The formation of a dry layer on the surface of natural soil obviously begins at the time when the soil 
moisture content decreases to MH, and therefore in the problem under consideration the initial conditions 
can be given in the form 

q (z, o) = q,~. (3) 

The law of convective mass transfer on the surface of soil is very complex [2, 8]. The boundary con- 
ditions for z = 0 can be formulated in the first approximation as Newton's law 

8q 
D ~zz ~=o = a (q - -  qa)z=o. (4) 

F r o m  the so lu t i on  of E q .  (1) i t  i s  e a s y  to  d e r i v e ,  as  i s  done be low,  the  f o r m u l a  of the  t e m p o r a l  v a r i a -  
t ion  of e v a p o r a t i o n ,  which  when h = 0 shou ld  d e s c r i b e  e v a p o r a t i o n  f r o m  the  s u r f a c e  of m o i s t  s o i l .  It t u r n s  
out tha t ,  f o r  the  b o u n d a r y  cond i t i on  g i v e n  in  the  f o r m  of (4), a f o r m u l a  of e v a p o r a t i o n  is  ob t a ined  f r o m  the  
s o l u t i o n  of the  equa t ion  which  at  the  l i m i t ,  when h ~  0, changes  to  the  e m p i r i c a l  f o r m u l a  p r o p o s e d  by  m a n y  
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inves t iga to r s  [2, 3], evapora t ion  f rom the su r face  of mo i s t  soil  is s i m i l a r  to that f rom an open wate r  s u r -  
face .  Thus there  is  a definite object ive p r e m i s e  necess i t a t ing  the choice of the boundary condition in the 
fo rm of (4) in the p rob l em  being cons idered .  

As is known [2, 14], s a tu ra t ed  vapors  a r e  p resen t  in the po re s  of mois t  soil .  Consider ing the vapor 
densi ty  f ield at the level  of the lower edge of the d ry  soil  l aye r  (z = h) to be continuous,  we can give the 
second boundary  condition in the fo rm 

q~=h = qs (h, ~). (5) 

The law of propagat ion  of the t e m p e r a t u r e  wave in soil  is known [8, 15], and the re fo re  f rom the t e m -  
p e r a t u r e  of the soil  sur face  we find the t e m p e r a t u r e  at level  z = h needed for  de termining the densi ty  of the 
sa tura t ing  vapors  qs (h, "r) by Magnus'  fo rmula  [3]. When the boundary condition is given in the fo rm of 
Eq.  (5) and the specif ic  power  of the in te rna l  sou rces  is  r e p r e s e n t e d  in the fo rm of Eq.  (2), the th ickness  
of the dry l aye r  h - one of the mos t  impor tan t  p a r a m e t e r s  on which the magnitude of wa te r  evapora t ion  
f rom the soi l  under natura l  conditions unconditionally depends - p roves  to be introduced into the p ro b l em.  
As a rule  the th ickness  of the d ry  l ayer  f o rmed  on the soil  su r face  is not very  l a rge ,  and for  the boundary 
conditions given in the form of Eqs .  (4) and (5) it will be valid to use themethod  of zonal calculat ion on the 
assumpt ion  that the ent i re  hygroscopic  region of soil  r e p r e s e n t s  one zone. 

It is n e c e s s a r y  to note that t h e r m a l  diffusion - the effect  of t e m p e r a t u r e  on vapor  t r a n s f e r  in the dry  
soil  l aye r  - is taken into account in the p rob lem under  cons idera t ion .  Actual ly ,  change of t e m p e r a t u r e  in 
the d ry  soil l aye r  is accompanied  by desorpt ion and sorpt ion  p r o c e s s e s  which tend to equalize the gradient  
of the vapor  densi ty  and es tab l i sh  a mode of s t eady - s t a t e  diffusion [12]o The effect ive sur face  of the soil  
pa r t i c l e s  is l a rge ,  and the fo rmat ion  and absorp t ion  of vapors  in the dry  soi l  l aye r  in the case  of the t e m -  
p e r a t u r e  changes  obse rved  under  na tu ra l  conditions occu r s  in the p r e sence  of insignificant def ic i t s .  As a 
r e su l t ,  at any instant  the vapor  densi ty is  d is t r ibuted  in p r ac t i ce  according to the l inear  law uniquely de-  
fined by the conditions given on the boundar ies  of the dr ied  l aye r  of soi l .  A change of boundary condition 
(5) in re la t ion  to the var ia t ion  of t e m p e r a t u r e  is r e f l ec ted  appropr i a t e ly  in the distr ibution of vapors  over  
the prof i le  of the d ry  soil  l a y e r .  Thus i  in the p rob lem under cons idera t ion ,  the effect  of t e m p e r a t u r e  on 
the vapor dis tr ibut ion and, consequent ly,  on vapor  t r a n s f e r  in the d ry  soil  l aye r ,  where  the poss ib i l i ty  of 
movemen t  of the m o i s t u r e  in a liquid fo rm is  ruled out, is  taken into account by  the boundary condi t iongiven 
in the fo rm of Eq.  (5). The effect  of a change of t e m p e r a t u r e  on m a s s  t r a n s f e r  is taken into account d i rec t ly  
by the second t e r m  on the r ight  side of Eq.  (1). 

The th ickness  of the dry  l aye r  during a 24 h per iod  changes [12]. If we neglect  the re la t ive ly  smal l  
diurnal  f luctuation of the th ickness  of the dry  soil  l aye r ,  Eq .  (1) is eas i ly  solved by the opera t ional  method.  
In solving the prob lem under  cons idera t ion  the var ia t ion  of t e m p e r a t u r e  on the soil  sur face  and the function 
of the sa tura t ing  vapor  densi ty  qs (h, ~') were  p re sen ted  in the fo rm of a Four i e r  s e r i e s .  The solution of 
Eq.  (1) for  boundary conditions (3)-(5) and under the assumpt ion  that the thickness  of the dry  l ayer  does not 
change has the fo rm 

q (z, -c) = 

( 1) 
qo(h - - z )~ -B  o zq-  -~ ~(o 

1 -[ 1 + ~h A~ sin no) (-r --%) 

Xo Z A~ ({[O f~,, (h --  z) cos ~,~ (h --  z) + X (f~,~z)] X (I],~h) 
1 ~-• 

-+- [ch [~,~ (h - -  z) sin [~ (h - -  z) + Y ([~,~z)] Y (~,fl)}/[X e (~,fl) + ye ([~,fl)] } 

Xo Z A~{{ [~ht~. (h_ ~) ~o~ ~,~(h_ z) • sin no ('~ - -  "rn) q-- 1 -~ • 

rt~I 

+ X (~,,z)] r (~,h) - -  [ch l~,dh - -  z) sin ~,dh - -  z) q- Y (~,z)] X (~h)}/[X~(f~,fl) 

~ B , ~  IX (O,~z) X ([3,~a) + Y ([~.z) Y (E~h)l 
+ Y~ (f~,~a)] }cos n~ ('~ - -  '~,~) + X ~ (~,~h) + Y~ ([~,,h) 

n ~ l  

sin nm (T - -  "~) 

1514 



+ 
x ~ (~,~h) + r ~ O,~h) 

n ~ l  

h--z  
" - - E  2 (qm - -  q~ sin ~h - -h -~  

~t h - -  sin btu. cos ~h 

COS ~ h  

exp 

n = l  

E E  sin isii   h 2 1 
l + x h  ,,=~ = h \ h~ ) +n~co ~ l §  ~ 

cos no0 (1: - "%~) 

(_ 

__ 02~(~__ r~) 
exp (  h ) ,  (6) 

where 

( Z  l _ _  
6r D ; X ((J,~z) = sh ~3,~z cos 13,~z 

-F (ch ]3,~z cos/3,~z - -  sh ~,~z sin ]3~z); Y (~,,z) = ch 15~ z sin 13,~z -F v ~  (ch ~ z  cos 13~z -F sh ~ z  sin 15~z), 
O~ ~ ~; 

#k a r e  the r o o t s  of the c h a r a c t e r i s t i c  equat ion ,  t a n #  = - ( 1 / ~ ' h ) / ~ ,  /z = i o r r i S ) h ;  p is  a p a r a m e t e r  of the op-  
e r a t i o n a l  method~ 

The  so lu t ion  (6) ob ta ined  d e s c r i b e d  the dens i ty  f ie ld  of v a p o r s  con ta ined  m the p o r e s  of the d r y  soi l  
l a y e r .  It the t e m p e r a t u r e  v a r i a t i o n  i s  r e p e a t e d  r e g u l a r l y ,  a p e r i o d i c a l l y  va ry ing  mode  of m a s s  t r a n s f e r  
p r a c t i c a l l y  independent  of the in i t ia l  condi t ion is  e s t a b l i s h e d  in the  d r y  soi l  in the c o u r s e  of t i m e .  In a 
m o d e  of s t e a d y - s t a t e  di f fus ion the i a s t  two t e r m s  of so lu t ion  (6) a r e  equa l  to zero~  

F r o m  (6) we can  find the dens i ty  of the di f fus ion vapo r  f low (j) th rough  the  soi l  s u r f a c e  (z = 0) and 
t h e r e b y  obta in  the i m p o r t a n t  f o r m u l a  expla in ing  the t e m p o r a l  (diurnal) v a r i a t i o n  of e v a p o r a t i o n  of w a t e r  
from the soil. 

The expression for the density of the diffusion vapor flow contains the dimensionless complex fin h, 
which is,as is easy to substantiate, a small quantity. Actually, investigations [16, 17] have established that 
the regular diurnal variation of temperature on the surface and in the depth of the soil is approximated suf- 
ficiently well by the first two harmonics (n = i, 2) of the Fourier series. The thickness of the dry soil layer 
i s  u sua l l y  s e v e r a l  c e n t i m e t e r s .  Only in the d e s e r t  zone can  it p r o v e  to be  m o r e  than  10 a m .  If we use  h 
= 1 c m ,  D = 0.11 c m 2 / s e e ,  and T = 86,400 s e c ,  fo r  h a r m o n i c  n = 1, which m a i n l y  d e t e r m i n e s  the v a r i a t i o n  
of e v a p o r a t i o n  of w a t e r  f r o m  soi l ,  we obta in  

~'fl = 1/2nnDT h = / 0.6"2811.86400 -- 2'57" i0-~" 

If  we s i m p l i f y  the e x p r e s s i o n  fo r  the dens i ty  of the  s t e a d y - s t a t e  d i f fus ion v a p o r  f low on the b a s i s  that  
fin h is a s m a l l  quant i ty ,  we obta in  the f o r m u l a  of the d iu rna l  v a r i a t i o n  of e v a p o r a t i o n  of so i l  w a t e r ,  which 
a f t e r  a c e r t a i n  t r a n s f o r m a t i o n  r e d u c e s  to a quite s i m p l e  fo rm 

] (0, ~) = D qs (h, ~) - -  qa r' x~ . at (0, ~) (7) 
h +  ~ 1  ( h +  1 : ) ( 1 + ~ h )  O~ 

The  t e m p o r a l  (diurnal) v a r i a t i o n  of e v a p o r a t i o n  of w a t e r  f r o m  the soi l  a c c o r d i n g  to Eq .  (7) r e p r e s e n t s  
the s u p e r p o s i t i o n  of the d i f fus ion flow of v a p o r s  p a s s i n g  th rough  the d ry  l a y e r  f r o m  the depth of the soi l  
(f i rs t  t e r m  of the f o r m u l a )  and the v a p o r s  f o r m e d  or  a b s o r b e d  wi th in  the d ry  l a y e r  upon a change  of soi l  
t e m p e r a t u r e  (second t e r m  of the fo rmula )~  In o the r  w o r d s ,  in the s t age  of hea t ing  of the soi i  (St /0r  > 0) the 
v a p o r s  f o r m e d  within  the d r y  soi l  I a y e r  as  a consequence  of d e s o r p t i o n  a r e  added to the v a p o r s  f o r m e d  in 
the r eg ion  of m o i s t  so i l  (in the  e v a p o r a t i o n  zone [7]) and dif fus ing th rough  the d r y  l a y e r .  In the s t age  of 
d e c r e a s e  of t e m p e r a t u r e  (St /0r  < 0) s o r p t i o n  of v a p o r s ,  a r r i v i n g  ma in ly  f r o m  the depth of the soi l  and under  
c e r t a i n  condi t ions  f r o m  t]he g round  a i r ,  o c c u r s  in the d r y  so i l  l a y e r .  In the  p r e s e n c e  of a vege ta t ion  c o v e r  
on the soi l  s u r f a c e ,  the e v a p o r a t i o n  of p l an t s  ( t ransp i ra t ion)  is  added to the p h y s i c a l  e v a p o r a t i o n  d e t e r m i n e d  
by  E q. (7). 
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By means of Eq. (7) which is distinguished by simplicity, the variation of evaporation of water from 
soil is described by quantities easily determined by experiment.  It follows from this formula that physical 
evaporation of soil water depends on the humidity of the ground air ,  wind speed (in terms of the mass-  
t ransfer  coefficient), and especially on the variation of temperature  and thickness of the dry layer of soil, 
as well as on the thermal and sorption propert ies  of the soil. 

The character  of the dependence of evaporation on the thickness of the dry soil layer is easy to pe r -  
ceive directly from Eq. (7). The variation of evaporation in the case of a small thickness of the dry layer,  
according to Eq. (7) is determined mainly by the diffusion flow of vapors passing through the dry layer from 
the depth of the soil, and in the case of a considerable thickness h by vapor desorption and sorption pro-  
cesses occurring within the dry soil layer .  If we assume that the mass- t ransfer  coefficient (a) in the first  
approximation depends on the wind speed according to a linear law, then when h = 0 Eq. (7) is converted to 
the empirical  formula of evaporation from an open water surface known in meteorology [2, 3]. 

By means of Eq. (7) it is easy to calculate (by integration) the total evaporation of water from soil 
during a 24 h period. If the variation of temperature on the soil surface is approximated by a periodic func- 
tion, the integral of the second te rm of Eq. (7) during the period will be equal to zero.  Hence it follows that 
the desorption and sorption processes  occurring in the hygroscopic region of soil in the case of a periodic 
change of temperature do not affect the quantity of diurnal evaporation, which depends mainly on the rate 
of the diffusion t ransfer  of vapors through the dry soil layer ,  taken into account by the first  t e rm of Eq. (7). 
The independence of the total diurnal evaporation from the desorption and sorption processes  occurring in 
the case of a periodic change of temperature  in the hygroscopic region of soil is explained in that the mass 
of vapors formed within the dry layer  in the heating stage is equal to the mass of vapors absorbed in this 
same layer in the cooling stage of the soil. Thus, as a result  of desorption and sorption processes ,  in a 
24 h period in the dry soil layer there occurs moisture circulation, which, although it affects considerably 
the temporal variation of evaporation, does not affect the quantity of total evaporation of water from the 
soil during, a 24 h period. 

NOTATION 
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is the vapor density (state parameter  of vapor); 
are  the coordinate and the time; 
is the vapor density in the ground layer of air;  
is the thickness of the dried layer of soil; 
is the density of the saturating vapors at the soil temperature at level z = h; 
is the density of vapors in equilibrium with moisture in soil eqnalto maximum hygroscopicity; 
is the coefficient of diffusion of water vapors in the soil; 
is the specific power of vapor sources acting within the dry soil layer;  
are constants characterizing the specific power of the internal sources; 
is the mass - t rans fe r  (vapor-transfer) coefficient; 
is the temperature of the soil surface; 
is the average temperature  of the soil surface; 
are  the amplitude and phase of the n-th harmonic of the Four ier  ser ies  representing the diurnal 
variation of the temperature  on the soi l  surface; 
is the amplitude of the n-th harmonic of the Four ier  ser ies  representing the function qs (h, ~'); 
is the frequency corresponding to the 24 h period (T); 
is the vapor flow density at z = 0. 
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