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Abstract.

A mathematical model for the computation of evaporation from bare saline

soils is presented. Moisture flow and heat transport equations in the partially saturated
zone of the soil are coupled at the soil surface with a lower atmosphere boundary layer
model. The transport model considers multicomponent salt migration. The flow equation
accounts for osmotic flux due to the presence of ion species in the soil solution. Nonlinear
one-dimensional equations were solved using fully implicit finite difference schemes. The
soil part of the model was tested using experimental data of water and solute
redistribution under temperature gradients in sealed soil columns. In order to demonstrate
the effect of soil salinity on the evaporation, the problem of water infiltration into soil with
initially low water content and its subsequent evaporation was considered. Results show a
significant effect of osmotic pressure gradients on predicted evaporation.

1. Introduction

Evaporation from the soil surface is controlied by atmo-
spheric and soil conditions. Numerical models of soil water
transport and cnergy balance may be used to describe this
phenomena. Two approaches have been developed for cou-
pling of soil water flow and heat transport in porous media.
These are the “mechanistic” approach, bascd on the theory by
Philip and de Viies [1957], and the thermodynamic approach,
based on thermodynamics of irreversible processes [ Taylor and
Cary, 1965]. Critical surveys of different models, developed in
recent years [e.g., Sasamory, 1970; Sophocleous, 1979; Groen-
velt and Kay, 1974), and their applicability were carried out by
many authors [e.g., Milly. 1982; de Silans et al., 1989). Coupling
these models to the equations of the lower atmosphere bound-
ary layer enables the estimation of evaporation and energy
balance at the soil surface [e.g., Schieldge et al., 1982; Camillo
et al., 1983]. Scanlon {1992 and Scanlon and Milly [1994] per-
formed a detailed analysis concerning liquid and vapor fluxes
in desert soils. Yet numerical models used in these and many
of the above mentioned studies do not account for the influ-
ence of the salt concentration gradients on soil water flow.
However, very close to the surface, in the soil zone affected by
evaporation, the soil water films may be extremely thin. Under
such conditions, salt concentration gradients can become a
major factor affecting soil water movement (Bresler et al., 1982].

Bresler and Laufer {1974] investigated effects of salt on water
flow under conditions of relatively low water content. The
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results indicated that osmotic gradients and anion exclusion
effects are of minor importance. However, both experiments
and mathematical modeling were carried out under isothermal
conditions for a two-phase system (solid and liquid). The au-
thors suggested that in the more general case of a solid-liquid-
gas system, the gas phase acts as a perfect membrane in a sense
that it allows water vapor transfer but completely restricts the
solute.

Conditions at the soil surface during the evaporation process
maximize the effect of osmotic gradients on water flow [Letey et
al., 1969). Qayyum and Kemper [1962] also presented experi-
mental data that indicate that salt concentration gradients may
modify the evaporation rate.

Nassar and Horton [1989b, 1992] developed a model to de-
scribe the simultaneous transfer of heat, water, and solute in
the unsaturated zone of soil. This model was used for simulat-
ing water flow and salt transport under nonisothermal condi-
tions in sealed soil columns. A good agrcement between theory
and experiments [Nassar and Horton, 1989a; Nassar et al.,
1992a, b] was obtained. It was shown that even in such a
relatively simple system, solute concentration gradients affect
soil water flow. Yet, the model of Nassar and Horton [1992]
cannot be used in the presented form to evaluate evaporation.
The flow equation is written in terms of water content and does
not allow simulation in both the unsaturated and the saturated
zones; only one component of salt was included in the trans-
port model, and the hydraulic parameters were not dependent
on soil salinity. However, as was shown by Russo [1988), effects
of soil-matrix-soil solution (i.e., changes in the soil hydraulic
properties, cation exchange, ctc.) on the transient water flow
may be of great significance.
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In what follows we present a new theoretical model of cou-
pled soil water flow and heat and salt transport that includes
osmotic pressure effects. This is then simulated numerically in
order to estimate the relative influence of salt concentration
gradients on evaporation from bare soil.

2. Model Description

The Philip and de Vries [1957] model describes soil water
flow and heat transport in unsaturated-saturated soils. We
modify this model to account for the osmotic part of the fluid
flux induced by gradients of salt concentration.

The soil is considered a multiphase porous mcdia domain
composed of solid, liquid, and gas phases. The latter is a binary
mixture of water vapor and dry air.

The following are the set of assumptions on which the model
is based:

1. The solid matrix is undcformable and immobile.

2. Liquid water is incompressible, and its density does not
depend on concentrations of dissolved constitucnts.

3. Hysteresis in the capillary pressure and hydraulic con-
ductivity is neglected.

4. Water in the liquid phase and gas phases are in local
thermodynamic equilibrium.

5. Flow in the liquid phase depends on gradicnts of matric
potential, temperature, and salt concentration.

6. Water vapor bchaves as a perfect gas, and its transport
by advection is neglected.

7. Local thermal cquilibrium exists among all phases.

The flux for the water component in the liquid phase is given
by

o'
q; = —pl[Kl(V(II_VZ'—‘_—VPm) +Dan] (l)
g
where q, is the vector of mass flux of liquid water per unit arca
of porous medium, ¢ is the matric pressure head, P, is the
osmotic pressure, 7 is the temperature, K, is the hydraulic
conductivity, D, is the transport coefficicnt for adsorbed lig-
uid flow due to temperature gradient, p, is the density of liquid
phase, o’ is the osmotic efficiency coeflicicnt, g is gravity ac-
celeration, and z is the vertical coordinate (positive down-
ward).

The vector of mass vapor flux (q,) per unit arca of porous

medium is given by

q.= -D.Vp, (2)

where D, is an effective molecular diffusivity of water vapor,
and p,, is the water vapor density.

When a local thermodynamic equilibrium exists between the
water in the liquid and gas phases, the vapor density depen-
dence on temperature and soil water potential was presented
by Edlefson and Anderson [1943]. Bresler et al. [1982] suggested
that the total potential is an additive function of matric and
osmotic potentials. We can therefore write

"IJ—Pqulg)

RT (3)

P, Poy, T) = pyT) exp (g
where p, is the saturation vapor density, and R is the gas
constant for the water vapor.

Substitution of (3) into (2) yields
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where D, and D, are the isothermal and thermal vapor
diffusivities. In view of (2) and (4), we write the total flux of
water (q,,,) per unit area of porous medium:

qQn=9q +q.= ’Pl[ (K + D, )V - KNz

1
~og (Kig" + Dy )VPo, + (Dp + Dr.,)VT] (3
[;
The total flux of sensible and latent heat is given by [Milly.
1982]

4= —AVT = p(LD,, + gTD)V + (T — To)qnm (6)

where A is the effective thermal conductivity, L is the latent
heat of vaporization of water, ¢, is the spccific heat of liquid
water, and T, is a reference temperature.

The mass balance cquation for the water componcnts in the
combined liquid and gas phase is given by

J )
Z o+ pin ~ 0)) = ~¥-q, (7

where n is the soil porosity, and 8 is volumetric moisture
content.

The energy balance equation of the combined solid, liquid.
and gas phases is given by

t%[c,p,(l —n)+cpb+cpln—8)+ Lopn — 0)]

= -V q (S)
where p_ and ¢ are the density and specific heat of solid phase.
respectively; ¢, is the specific heat of water vapor at constant
pressure; and L, is the value of L at T,,. Notc that we ne-
glected the source term in the energy balance equation, (8),
associated with the process of wetting, since it is significant
only in preliminary stages of water infiltration into a very dry
soil [Bear et al., 1991].

In most cases, when simulating water flow and heat transport
processes in unsaturated soil, the amount of water retained by
soil is accepted as a function of matric potential and temper-
ature [e.g., Millv, 1984]. However, water content is increascd in
soils with high smectite content as a result of the effect of
concentration and composition of the soil solution [McNeal
and Coleman, 1966; Shainberg et al., 1971; Russo and Bresler,
1980]. It has been shown [Pachepsky, 1989] that in such a case
the additional water retention may be cxpressed as a function
of excessive thickness of hydrate-ion layers (HIL) in the inter-
layer spacing of smectite mincrals. This excessive thickness (A)
is the difference between the average thickness of HIL in
minerals in the mixed Na-Ca form (b y,.c,) and minerals in Ca
form (b)), ie. A = by, c. — bea Thus, in this study we
assume that liquid water content is a function of matric poten-
tial, temperature, and excessive thickness of HIL, that is, 8 =
8(y, T, A).
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Substitution of (5) into (7) yields the flow cquation:

[(’1 p,‘) 86+n —Oap,,] ay
pi/ O pr ay ] at
( ,,) a0 n-—0ap,| oT
l-—=) =+ —
pi) oT pp oT| ot
SIE

1
=V [(K, + D)V = K8z = — (K" + DS P,
1

a0 A A | n—0 dp, P,
(JA (” Pi aP“s JT

+(Dn + Dr.,)VT] (9)

Substitution of (6) into (8) yields the heat transport equa-
tion:

p,, a0 aT
c,+L(n-0) = 0T LO_T o
a0 Yy
L(n—B)NI pr T
0998 ap, 0P,
p.L 7A_+ ("l G)E aT

=V-[AVT + p(LD,,+gTD)V] —cq,. VT  (10)

in whichc, = ¢,p,(1 — n) + ¢,p,0 + c,p.(n — 9).

The coupling of transport equations for different ion species
with models of chemical equilibria, allows the simulation of
multicomponent transport and reactions undecr transient flow
conditions. Comprehensive review of such models are given by,
for example, Yeh and Tripathi (1989] and Simunck and Suarez
[1994]. Let us consider the following ions in the liquid phase:
Ca**, Mg?*, Na*, H*, CI7, SO;~, OH™, CO3}~, and HCOy7;
cations on the exchange complex: Ca®*. Mg?*, and Na*; and
precipitated minerals on the solid phase: CaSO, X 2H,O and
CaCO,. Denoting C; (meq/L) as the total dissolved concen-
tration of the ith component in the soil solution, where indices
1,2, 3, 4, 5 correspond to Ca**, Mg**, Na*, C17, SOZ ",
respectively, we can write the mass balance equation for each
ith component in the form

[ =

V-(D*OVC, - qiC) (11)

(,% [0C, + (1 —n)p(Ff + F)] =
where F¢ is the mass of exchangeable ith cation per unit mass
of the solid phase (meq/kg), F; is the mass of precipitated ith
component per unit mass of solid phase, D* is the hydrody-
namic dispersion coefficient (assumed to be the same for all
ions), and q; = q,/p, is the volumetric flux of water. The
transport equation, (11), was coupled with the chemical equi-
librium model LIBRA [Platonova and Pachepsky, 1989,
Pachepsky et al., 1993]. LIBRA includes the following pro-
cesses: association of ions in the soil solution (the ion pairs
formed are CaCOY, MgCO$, NaCOQY, CaHCO;, MgHCO7,
CaHCO;, NaHCO}, CaSOj, MgS0Oj, NasO;, CaOH",
MgOH™, and NaOH"); dissolution of CO, from the soil air;
dissociation of carbonic acid and water; ion exchange between
Ca?*, Mg?*, and Na*; and dissolution-precipitation of gypsum
and calcite. LIBRA simulates the equilibrium between salt
components in soil solution, solid, and exchange phases. The
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equations describing mass and charge balance, complexation,
and precipitation-dissolution reactions are similar to the ones
prescnted by Dufey et al. [1979] and Robbins et al. [1980]. The
LIBRA model does not use Pitzer's [1979] relations to calculate
activity cocfficients at high ionic strength. Hence reliable re-
sults may be obtained when ionic strength of soil solution does
not exceed 1 mol/L. Cation partition between the exchange
phase and the solution is described by the Gapon equations
[Robbins et al., 1980]:

e e

Na anNa Na

Na-Ca 1/2 e
(ac.) Mg

aNa

)l/’

where ac,, ay,, and ay, are activities of Ca®*, Mg?*, and
Na™, respectively; and Kn,.ca and Ky,.ng are selectivity coef-
ficients.

Note that we did not include in (11) the anion exclusion
effect, since in laboratory experiments as well as numerical
simulations it was shown that it can be neglected [Bresler and
Laufer, 1974].

eCa - Na-Mg (a (12)

3. Initial and Boundary Conditions

In order to solve the set (9) to (11), initial and boundary
conditions are needed. We consider the case of a one-
dimensional (1-D) problem (in the vertical direction).

Initial conditions at the time ¢, describe the distributions in
the soil profile of matric potential, temperature, ions, ex-
changeable cations and salt concentrations.

3.1. Boundary Conditions at the Soil Surface (z = 0)

The water flow equation, (9), is subject to a flux associated
with the difference between prescribed rate of infiltration (Q)
and computed rate of evaporation (£) through the soil sur-
face, given by

oy 1 P,
—p (Ki+ Dy.) 37 K, — (K,(r + Dd,)

oT
+ (DTI+ DT' (—:I Q E (13)

The heat transport equation, (10), is subject to the condition

oT
A= a pI(Lde+gTDTI) + CI(T T())qm = G + CIQTI
(14)

where G denotes the heat flux into the soil and T, denotes
temperature of water infiltrating into soil.

The (/) ion components transport equation, (11), is subject
to the following boundary condition:

-D*

1=1,2,3,4,5 (15)

GC,- . "
oz + q,C = q/Cy
where C,; is the ith ion concentration in water infiltrated
through the soil surface.

In order to calculate values of £ and G in (13) and (14),
respectively, the water flow and heat transport equations in the
soil are coupled with the low atmosphere boundary layer
model [Brutsaert, 1982]:

Ri=H+LE+G

[ () - s
qs —4a = ku Pa In Z EA

(16)

(17)
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Figure 1. Additional water retention (86) versus excessive
thickness of HIL (d) for coarse loam soil (numbers are pF
values): symbols represent the experimental data from Russo
and Bresler [1980] as given by Pachepsky [1989]; lines represent
the computed 86 using (25¢) and (25d) for ¢,,, = 0.00124 A1,
w = 1.86, and pF,, = 2.40.

”m

(18)

H 2z,
T,—T,,—m[ln (;ﬂ) —Q,H] (19)
where R, is the net radiation flux: A is the sensible heat flux;
q, and g, are the specific humidity of the air at height z,, and
at the soil surface. respectively; «,, is the wind speed: 1 * is the
frictional velocity; T,, and T, are the air temperature and the
soil surface temperature, respectively; p,, is the dry air density;
k is von Karman's constant; z,, is the roughness length; and z,,
is the height above the surface where the meteorological data
are measured.

The diabatic correction functions Q .., ,,,4, and £}, are
given by the following expressions:
for unstable atmospheric conditions [Briutsaert, 1982].

1 +x°
Qpi=Qpy,=21In ( 7 ) (20a)
(1 +x 1 +x? ) T
QUA:Zln‘ > +ln< 3 )—2arcmn(x)+?
(20b)

for stable atmospheric conditions |de Silans et al., 1989],
(20c)
Qe = Q= Que = =5[1 +In (z2,/L )] for z,/L 0> 1

QISA = nll,—l = QLH = _Sza/Lmo for 0< zu/Lmu =1

(20d)

where x = (1 - 16z,/L
Obukhov length, given by

Y25 and L, is the Monin-

mo o

Ly, = 3/k(H+061E> 21
mo T u *p( g TuC,, . ( )

The net radiation heat flux is given by
Row=Sk(1 = @) + Lg— eaT; (22)

YAKIREVICH ET AL.: MODEL FOR NUMERICAL SIMULATING

where S, is the prescribed incoming short wave radiation, a,
and ¢ are albedo and emissivity of the soil surface, o is Stefan-
Boltzman constant, T, is the temperature of the soil surface,

and L ; is long wave sky irradiance which is calculated follow-
ing Van Bavel and Hillel [1976]:

Lg=o(T, +273.16)(0.605 + 0.48(1370p,)" ] (23)

3.2, Conditions at the Lower Boundary (z = z,)

Here we consider z, to be far enough from groundwater
level. Hence for the water flow and heat and solute transport
equations, respectively, we write
Y aT aC;

— =90 — =9 53 =

Fy Ey: 0 =1,2,3,4,5

(24)
The boundary conditions (24) are given as an example and was
then used in simulations. In the case in which groundwater
level is situated close to the soil surface, any other appropriate
boundary condition (Dirichlet, Neumann, or Cauchy type) can
be used.

4. Model Parameters

The effect of temperature on matric potential is introduced
as follows [Milly, 1984]:

V() =dexp[—CT - Ty)] (25a)
where C, = 1/ 9¢/aT is a parameter assumed to be constant
[Milly, 1984]. The variable ¥ is a temperature corrected po-
tential, which is assumed to be a function of water content
only. To describe the function 6(¥), we use Campbell’s [1974]
expression

6=06,¥/¥, "' (25b)
where W', is the air entry potential. 6, is the saturation water
content, and b is a parameter. ,

It was found {Pachepsky, 1989] that the additional water
retention (36) as a result of soil salinity may be represented by
a linear function of the excessive thickness (A) of HIL in the
interlayer spacing of smectite minerals. Thus we can write

36 = ¢A (25¢)
where the slope value ¢ depends on the matric potential value.
We will regard this as a function:

0 V=1V,

V) = ,
ot¥) {«»m exp [—w(pF — pF,)*)

V<, (25d)

where pF = log |¥|, ¥ is in centimeters, ¢,, is the value of
¢ forpF = pF,, pF,, and w are constant (for a given type of
soil) parameters which can be found by fitting (25¢) and (25d)
to the experimental data. An example of experimental data of
additional water retention as a function of A for coarse loam
soil and its fitting by (25¢) and (25d) is presented in Figure 1.
Actually, the additional water is retained also when ¢ = ¥,
yet we set it equal to zero, because of the assumption of the
undeformabilty of a solid matrix.

The excessive thickness, A, of HIL can be calculated
[Pachepsky, 1989] to read

A= Y (12/1°7 = 5), A (25¢)
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where Yy, is the proportion of Na™ in the total amount of
cxchangeable cations. and [ is the ionic strength of the soil
solution.

Combining (25b) and (25¢) we obtain

9= 0,(¥/¥,) "+ oA (25f)

In order to characterize the hydraulic conductivity of soil, we
use the formula [Campbell, 1974]

K(0) = K.(6/8,)**? (26a)

where K is the saturated hydraulic conductivity.
For the temperature effect on saturated hydraulic conduc-
tivity we follow Milly [1982]:

KAT) = Keo(To)/o(T) (26b)

where K, is the value of K, at T, and v is the kinematic
viscosity.

The K, variations, affected by soil salinity, can be described
as a function of the product x = Al [Pachepsky, 1989], where
m is a constant (for a given type of soil) parameter. We will
regard this as a function: ’

*

K

. 1 X=x
[\70=F(x)—

,
exp (x* — x) (26¢)

x> x*
where B is a constant parameter, and x* is the threshold value
of x. The B and x* can be found by fitting (26¢) to the exper-
imental data. An example of experimental data of K| reduction
for sandy loam soil [McNeal and Coleman, 1966] and its fitting
by (26¢) is presented in Figure 2.

Combining (26b) and (26c), we obtain

K(T, x) = KJF (x)v(To)/v(T)

We will use (25¢), (25d), and (26¢) to describe the effect of
soil salinity on the soil hydraulic parameters. In general, a
more rigorous theoretical approach [e.g., Russo, 1988] may be
applied. However, it will require more computational efforts.
We relax our criteria for some aspects but include more com-
plicated boundary layer computations.

The thermal liquid cffect is the least important. Neglecting
it, leads to errors in computed evaporation in the order of 1%
[Milly, 1984]; hence we assume D, = 0.

Vapor conductivity, D, and the diffusion coefficient for
vapor transport due to temperature gradients, D r,, are given
by Milly [1984]:

(26d)

1 a9p,
D, = ED"’F(" -0) W (27a)
Dr= Dy B 27b
Tv — pi :uf { E)T ( )

where D, = 0.229(7/273)"75 is the molecular diffusivity
(cm? s™!) of water vapor in the air [Kimball et al., 1976], T =
(n — 6)?7? is the tortuosity of the air-filled pore domain [Lai
et al., 1976], { is the ratio of the average temperature gradient
in the air to the overall average temperature gradient, and f’ is
an enhancement factor [Milly, 1984].

The osmotic pressure can be estimated from Vant Hoff’s
law:

P, = $RT 2, C, (28)
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Figure 2. Reduced saturated hydraulic conductivity (K,/Kq)
versus the parameter x = Al™ for sandy loam soil: 1 denotes
experimental data from McNeal and Coleman [1966] as pre-
sented by Pachepsky [1989] and 2 was computed using (26¢) for
x* =22, 8=0.75and m = 0.30.

where ¢ is the osmotic coefficient of the electrolyte [Robinson
and Stokes, 1965]. Note that in (28) C, is the molar concentra-
tion of the ith ion in the equilibrium solution.

The osmotic cfficiency coefficient, o, characterizes the effect
of osmotic potential gradients on the water flow. Bresler [1973]
estimated this coefficient from the diffuse double-layer theory
and hydrodynamic considerations. Theoretical o values were
delineated in graphs in the form o’ = o' (b,c'/?) for four
monovalent to divalent cationic ratios, where ¢ is the mono-
valent anion concentration in normality, and 2b, is the water
film thickness in A [Bresler and Laufer, 1974]. Macroscopic
estimation of this thickness was obtained using Kenper’s [1961]
formula

(29)

3InK(9)
b,(e)=[ Al ]

ay(L/L\)6pg

where 7 is the average dynamic viscosity, and ay(L/L )8 is
associated with soil tortuosity. The latter may be replaced by
ae'®®, with values for a ranging from 0.005 to 0.001, depending
on the surface area of the soil (sandy loam to clay) [Olsen and
Kemper, 1968; Bresler et al., 1982]. We fitted each of the four o’
theoretical curves by polynomials of a 5th power in order to
use them in simulations.

The soil thermal conductivity, A, is calculated as outlined by
de Vries [1963]:

_ Org + fX A + fXA A+ fun — 0)A,
B 0+ fX,+ fX.+f.(n—0)

where f,, f., and f, are shape factors of sand, clay and air
respectively; A, A, A, are their thermal conductivities; and X,
and X, are volumetric fractions of sand and clay.

The hydrodynamic dispersion coefficient is given by

(30)

D* = TcDm + aqu;II (31)

where 7, = ae!?? is the soil tortuosity [Russo, 1988}, D,, is the
molecular diffusion coefficient, and A, is the longitudinal dis-
persivity.
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5. Numerical Implementation

Implicit finite differences were applied to solve (9) to (11) in
vertical direction. Since standard formulation is used, the de-
velopment of the discrete equations is not presented.

An iterative process was used to solve the set of the nonlin-
ear partial differential and algebraic equations. The solution
procedure for each time step is divided into three substeps: (1)
solving the nonlinear algebraic equations, (16)-(23), of the low
atmosphere boundary layer, (2) solving the nonlinear partial
differential equations of water flow (9) and heat transport (10),
and (3) solving the nonlinear partial differential equation (11)
of salt transport.

Substep 1. To solve (16)-(23). we used the prescribed at-
mospheric condition data (T, q,, i,, Sg) and the soil surface
condition data (7,, q,). The value of T, is taken as soil
temperature at z = 0 from the previous time step, or from the
previous itcration for every proceeding iteration. The g, was
calculated by g, = p,,/(p.. + p4), where p,, is the soil vapor
density at z = 0, and p, is the dry air density. The p,, is
defined by (3), where values of ¢ and P, are taken from the
previous time step or from the previous iteration, similar to T ,.
The Newton procedure for the system of nonlinear algebraic
equations was applied to solve (16)-(23). As a result, we ob-
tained values of the evaporation (E) and the heat (G) fluxes
at the soil surface.

Substep 2. The evaluated £ and G values were applied to
the upper boundary conditions (13) and (14) concerning the
water flow (9) and heat transport (10) equations, respectively.
A mass conservation scheme, based on the mixed form of the
flow equation [Celia et al., 1990}, was used for the finite dif-
ferences discretization of (9). The water flow and heat trans-
port equations were solved simultaneously using the Thomas
algorithm in its matrix form. The osmotic pressure head was
calculated using concentration values from the previous time
step (or previous iteration).

Substep 3. Thereafter the salt transport equation (11) was
solved successively for each ion. The Thomas algorithm was
used to solve the set of the algebraic equations, resulting from
the finite-difference approximation of (11). We tested two dif-
ferent procedures to solve (11):

Procedure 1. At each time step the initial value of the
source terms, associated with the ion exchange and the disso-
lution-precipitation rcactions, werc set equal to zero. The
chemical module LIBRA [Platonova and Pachepsky, 1989] was
used to bring the solution and the solid phase to chemical
cquilibrium. Updated values of exchange and solid phase con-
centrations were then used to calculate source terms in (11).
Then a new internal iteration for the transport with a new
source term was executed.

Procedurc 2. No iteration process between the transport
and the chemical module was implemented. Transport equa-
tion was solved with zero source terms, and chemical module
was called to bring salt components in liquid and on solid
phases to chemical equilibrium. A similar algorithm was used
by, for example, Litt and Narasimhan [1989] and Sirmunek and
Suarez [1994].

The results for these two procedures were similar in terms of
liquid and solid phase concentrations, as well as evaporation.
Hence in all simulations we used the second procedure.

As a result of the three consecutive substeps, we obtain
updated values of head, temperature, and concentrations.
These are used to calculate new values of p,, P,,, and modcl
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parameters and to perform a new iteration. The iterative pro-
cess continues until a desired degree of convergence is ob-
tained for each of the state variables s and 7.

To test the accuracy, we compared the calculated solutions
with known analytical or quasi-analytical solutions of different
problems, such as those that describe mutually independent
water flow, heat, and solute transport in porous media. Goo«l
agreement was obtained. Detailed representation of the nu-
merical behavior of the algorithm is beyond the scope of the
present report. However, the performance of the numerical
scheme was investigated in terms of its ability to conserve mass
of each component, its consistency, convergency, and stability.
The scheme was found to be robust, and mass was conserved
with a deviation of less than 1% for the flow problem and 3%
for the solute transport problem.

Following Bear et al. [1991], we exchange the heat transport
equation, (10), with a simplified form given by

e, I) o ( aT T
a8z \az T o

This allows for a reduction in the number of iterations while
increasing the time steps. For the considered soil and atmo-
sphere conditions, the maximurm differences in the solutions of
(10) and (32) did not exceed 2.5%. This difference did not
affect the computed evaporation. Hence we used (32) in all
simulations.

(32)

6. Numerical Simulations
6.1.

In order to test the ability of the soil component of the
model to predict the transfer processes in soil, we performed
simulations using the experimental data of Nassar and Horton
[1989a] and Nassar et al. [1992a]. Full dctails of the experimen-
tal design, the simulation results using steady state and tran-
sient water flow, heat, and salt transport models, as well as
analysis of the physical processes in the soil columns are given
by Nassar and Horton [1989a, b, 1992] and Nassar et al. [1992a].
A concise description of the salient features is given here for
the convenience of the reader.

Laboratory experiments of heat and mass transfer were per-
formed with controlled temperature gradients in scaled col-
umns of silt loam soil with initially uniform water content and
solute concentration. The ends of each column were subject to
different temperatures to create a temperature gradient. Sev-
cral soil batches were prepared by mixing soil with different
amounts of water and KCl.

In the experiment with horizontally placed columns, the
values of the initial water contents, solute concentration, and
boundary temperatures were as follows [Nassar and Horton,
1989a}: (1) “dry solute-free”: water content (volumetric) 0.117,
zero initial solute concentration, and constant boundary tem-
peratures of 19.03° and 9.36°C at the hot and cold ends, re-
spectively; (2) “moist solute-free™: bulk density 1.09 g/em®.
initial water content 0.151, zero initial solute concentration,
and boundary temperatures of 18.96° and 9.19°C; (3) “dry
salinized™: bulk density 1.08 g/cm®, initial water content 0.103,
initial solute concentration (molar) 1.111 mol/kg, and bound-
ary temperatures of 19.46° and 9.32°C; and (4) “moist salin-
ized”: bulk density 1.04 g/cm?, initial water content 0.144, ini-
tial solute concentration 0.794 mol/kg, and boundary
temperatures of 19.02° and 8.93°C. The length of each column

Comparison With Experimental Data
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Figure 3. Comparisons of measured and predicted soil water content within (a) dry solute-free and (b) dry

salinized horizontal columns: 1, 2, and 3 are cxperimental replicates {Nassar and Horion, 1989a], and 4 is

computed.

was 14 cm. A soil water retention curve was determined by
using compressed air with fitted glass funnels and a pressure
plate apparatus [Nassar and Horton, 1989b]. Saturated hydrau-
lic conductivity of the soil was measured in laboratory soil
columns, its observed mean value was 0.265 X 10™° m/s [NVas-
sar and Horton, 1989b]. After 31 days (steady state condition),
cach soil column was sectioned into 1-cm increments to deter-
mine the distribution of water content and solute concentration.

In the experiment with a vcrtically placed column with a
length of 10 cm [Nassar er al., 1992a], the initial water content
and the KCI concentration of the soil batch were 0.166 and
0.097 mol, respectively. The upper and lower cnds were ex-
posed to temperatures 15.09°C and 8.92°C, respectively. The
value of saturated hydraulic conductivity of soil was 1.68 X
107° m/s. Soil columns were sectioned at 60 and 156 hours
after experiment initiation to determine soil water content and
solute concentration.

It was found that while water content increased near the cold
cnd, solute concentrations were higher near the hot end of the
columns. Nassar and Horion [1989a, p. 1329] explained this as
“water evaporating from the hotter soil moves as vapor into
colder soil, where it condenses and returns as liquid when a
favorable gradient of matric and osmotic potential has been
established.”

Nassar and Horton [1989b] carried out simulations on the
basis of a steady state water flow equation with known tem-
perature and solute distribution for the case of horizontally
placed columns. A transient model was applied to simulate
water and solute distribution in the vertical column Nassar et
al. (1992). Van Genuchten’s [1980] relation was used to fit
cxperimental water retention curve:

8=10,+ (8~ 0)/[1 + (ayg¥)"e]e (33)
a)
2.0 3
Yy o s + 9
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o © 104
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&) 4
0.0 Yt T v
0 2 4 6 8 10 12 14

Distanpe from cold end, cm

where @, is irreducible water content; and ayg, nvg, and
myg = 1 — 1/nyg are model parameters. This was then used
to find the isothermal liquid diffusivity. Good agreement was
obtained between the experiment and the theory {Nassar and
Horton, 1989b; Nassar er al., 1992a] for “moist solute-free” and
“moist salinized” columns.

These experimental data were introduced into our model.
For the water flow and solute transport equations, we used a
no-flow boundary condition at both ends. Dirichlet boundary
conditions were used for the heat transport equation. The
gravitation term in the water flow equation was disregarded in
the case of horizontal columns. The effect of solute concentra-
tion on the soil hydraulic parameters was ignored. Simulations
were performed without referring to chemical reactions of ion
exchange.

We fitted (33) to the experimental soil water retention curve.
Accordingly, the obtained parameters were 6, = 0.65, 0, =
0.009, ayg = 0.0198 cm ™!, and nyg = 1.23. In the simulations
we used an averaged osmotic coefficient of electrolyte value
¢ = 0.9 [Robinson and Stokes, 1965]. The longitudinal disper-
sivity, a, , was changed in the range of 0.01 to 1 cm. The model
has low sensitivity concerning this parameter for the consid-
ered conditions.

Figure 3 shows the observed and predicted water content for
dry solute-free and dry salinized horizontal columns. We note
a good agrecment everywhere, except the region in the vicinity
of the cold end with the high water content. When comparing
the total water content in the column (area under the water
content curve), we found that the computed one is greater than
the experimental one. However, the computed mass balance
error in these simulations did not exceed 0.03%. This could

b)
0.2
=
_ 3
Iy °o
5% 0 11—
- B0 initi
Ug initial o 1
=] 4
=
0.0 —~ - ——————r——1——
0 2 4 6 8 10 12 14
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Figure 4. Comparisons of measured and predicted (a) Cl concentration and (b) Cl content within the dry
salinized horizontal column: 1, 2, and 3 are experimental replicates [Nassar and Horton, 1989a], and 4 is

computed.
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igure 5. Comparisons of measured and predicted (a) soil
ater content and (b) Cl concentration within the moist salin-
red vertical column: 1 and 2 are observed after 60 and 156
ours, respectively [Nassar and Horon, 1989a]; solid, dashed,
nd dotted lines represent the computed values after 60, 156,
nd 600 hours, respectively.

wdicate a small systematic error in the measurements of the
ater content.

Figurc 4 presents the observed and the computed chloride
oncentrations and their content in the dry salinized column.
Ve note the increcase of concentration near the hot end and
1¢ appearance of a local maximum valuc at the vicinity of 4 cm
‘om the hot end. The solute content increases from the cold
nd to 4 cm, dccreases in the 4- to 8-cm range, and then
:mains relatively constant. Initially, when water content is
ractically uniform and relatively high, the water in the vapor
hase moves towards the cold end. As time evolves, the water
ontent increases near the cold end and decreases near the hot
nd. This decrcase in water content leads to an increase of
slute concentration near the hot end of the column; however,
1e solute content remains constant there (Figure 4). The
icrease of water content near the cold end allows the move-
ent of water in the liquid phase from cold end to an inter-
ediate point towards the hot end. This yiclds a local maxi-
wum of the concentration.

able 1. Synthetic Soil Parameters Used in Simulations
Parameter Value

0 saturatcd hydraulic conductivity 30cmh7!
porosity 0.42

, saturation water content 0.42

; density of solid phase 265gcem™?

. air entry potential —10cm
parameter in retention curve formuta (25b) 5.0

o+ " paramcter in (25a) -0.0068°C~!

m parameter in (23d) 0.0012 A™!
parameter in (25d) 19

2 parameter in (25d) 2.0
paramcter for y calculation in (26¢) 0.3
parameter in (26c) 0.75

* threshold y value in (26c) 22

5 longitudinal dispersivity 1.5 cm

- molecular diffusion coefficient 0.05 cm*h~!

EC  cation exchange capacity 150 meq kg~!

na.ca  Sclectivity coefficient for Na-Ca exchange 0.15

Na-mg  Selectivity coefficient for Na-Mg exchange  0.25
emissivity 0.95

; albedo 0.25
parameter for tortuosity factor calculation  0.003

Figure 5 shows the observed and predicted water content
and chloride concentration for the moist salinized vertical col-
umn. As in the case of horizontal columns, we observe an
increase in the solute concentration near the hot end.

Results indicate the ability of the model to predict, with
sufficient accuracy, the water flow and solute transport pro-
cesses in the closed soil system under temperature gradients. It
is interesting to note that the local maximum of the concen-
tration inside the vertical column was not observed experimen-
tally, probably because of the relatively short time of the ex-
periment. Numerical simulation for a longer period (600
hours) demonstrated that this maximum value was formed at a
distance of 3 cm from the hot end (Figure 5b).

6.2. Simulation of Evaporation With Synthetic Soil
Parameters

To demonstrate the effect of the osmotic pressure gradients
on the evaporation, we performed several simulations with
synthetic soil (sandy loam) and atmospheric parameters
(Tables 1 and 2). All simulations were carried out with con-
stant z, = 2 m and z, = 0.01 m. The initial temperature
distribution in the soil profile was: 20.0°, 26.0°, 27.0°, 26.5°,
25.5° 24.5°, 23.4°, and 23.3°C at depths of 0, 10, 20, 30, 40, 50,
60, and 100 cm, respectively. The initial matric potential ¢ =
—100 m was constant with depth. The partial CO, pressure was
sct to a constant valuc of 304 N/m” All calculations were
carricd out for zero initial concentrations of gypsum and cal-
cite.

The problem of water infiltration into sandy loam soil and its
subsequent evaporation was considered. The time of infiltra-
tion through the soil surface was 3 hours, and the total amount
of infiltrated water was 30 mm. The total time interval in each
simulation was 5 days. The lower boundary condition, (24), was
set at a depth of 1 m.

Simulations were carried out for NaCl and CaCl, solutions
concerning major salt components in soil or for those infiltrat-
ing through the surfacc water. The osmotic cocflicient of elec-
trolyte, ¢, ranges from 0.920 to 0.943 for NaCl and from 0.854
to 1.017 for CaCl, for concentrations in the range of 0.1 to 1.0
mol/L [Robinson and Stokes, 1965]. In our simulations the
concentration of these species in the soil solution did not
exceed 1 mol/L; hence an average ¢ value of 0.93 was used in
all calculations. For each of the two variants (NaCl and CaCl,),
two cascs werc considered: (1) saline soil and nonsaline water
(SSNW); that is, initial salt concentration in the soil solution
was much higher in compare to the infiltrating water; and (2)
nonsalinc soil and saline water (NSSW); that is, initial salt
concentration in the soil solution was much smaller than that

Table 2. Synthetic Parameters for Atmospheric Conditions
Used in the Simulations

Time, U,, T, Sr.
h ms™! °C Qa Wm?
0 04 19.7 0.0128 0
3 0.4 19.7 0.0132 0
6 0.7 19.6 0.0151 100
9 08 25.6 0.0108 700
12 1.4 29.1 0.0100 900
15 1.5 28.4 0.0104 750
18 0.9 244 0.0106 100
21 0.4 215 0.0108 0
24 0.4 19.7 0.0128 0
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Table 3. Initial and Boundary Ion Concentrations
NaCl Treatment CaCl, Treatment
SSNW NSSW SSNW NSSwW
lon Soil Water Soil Water Soil Water Soil Water
Ca’* 10 4 10 4 100 4 10 100
Mg+ 5 1 5 1 5 1 5 1
Na™ 100 2 10 100 10 2 10 4
(ol 100 4 10 100 100 4 10 100
SO%- 10 1 10 1 10 1 10 1
HCO;3 5 2 5 4 5 2 5 3
Total, g/L 6.8 0.4 1.6 6.2 6.5 0.4 1.6 5.9

[nitial ion distribution in the soil profile was uniform. Concentra-
tions in meq/L.

of the infiltrating water. The concentration data used in the
simulations are presented in Table 3.

The initial calculated osmotic pressure heads (P ./p,g) were
27.2 and 4.4 m for the SSNW and NSSW, respectively. In each
case, two simulations were carricd out: one taking into account
the effect of osmotic gradients on the water flow, and another
one without considering this effect (osmotic efficiency coeffi-
cient, o', was sct equal to zcro). The simulation results are
shown in Figures 6-10. Note that Figures 7-10 present the
results only for NaCl treated soil. The results for all CaCl,
simulations were consistently very similar and therefore are
not depicted.

The cumulative computed cvaporation as a function of time
for the considered cases is presented in Figure 6. The values
after 5 days are listed in Table 4. The simulated evaporation
rate was controlled by watcr fluxes in the unsaturated zone (in
addition to atmospheric conditions): downward flux beyond
the evaporation front and upward flux to the soil surface.
These were dependent on temperature, hydraulic, and osmotic
pressure gradients.

The postinfiltration moisture distribution profiles were sim-
ilar for all simulations (Figure 7; after 3 hours). During that
time the driving forces associated with the matric and the
gravitation potentials were directed downward (Figure 8; after
3 hours). However, the concentration profiles were signifi-
cantly different when comparing between the SSNW and
NSSW cases.

6.2.1. SSNW case. We note that the salt concentration
increases with depth (Figure 9; after 3 hours) as nonsaline
water infiltrates into the saline soil. The osmotic part of the
flow is directed downward and leads to a rise of the total force

a) NaCl variant

[
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which drives moisture to the deep soil layers. During the first
24 hours the soil surface dries very quickly (Figure 10a) and the
evaporation rate is reduced. During the period of 24 to 120
hours, the salt concentration in the upper 5-cm layer increases,
and the osmotic flow changes direction. Yet during this time
period the values of the matric potential at the soil surface are
very high (from —100 to — 13,000 m) and its gradients are very
steep (Figure 9). In such conditions the osmotic flux is from 0.1
to 2% of the total one. The evaporation rate is limited by
inflow of water from deep soil layers. The direction of the
osmotic flux below the upper 5 cm remains downward, reduc-
ing this inflow. The osmotic flow is insignificant during all
simulation period at the upper 10 cm of soil profile. However,
deeper in the profile (15 to 30 cm) its values are ranging from
30 to 90% of the total water flux.

6.2.2. NSSW case. We note that the salt concentration
decreases with depth (Figure 9; after 3 hours) when saline
water infiltrates into nonsaline soil. The osmotic part of the
flux is directed upward lowering the water movement into
deeper soil layers. The salt concentration near the soil surface
increases considerably with time. Because of the evaporation
process, the liquid flow carries salt to the surface which initially
has been flushed decper. These conditions magnify the effect
of the osmotic gradients. The water content remains relatively
high in the upper 5 cm of the soil (Figures 7 and 10a) during
the first 2.5 days. Therefore the temperature at the soil surface
during daily hours of the 1st and 2nd days remains relatively
low (Figure 10b). Note that the salt concentration at the soil
surface increases only during the first 2.5 days (Figure 9), after
which it decreases because the downward diffusive flux of the
solute excceds its advective flux to the surface. Simulations
results for the period of 12 to 48 hours proves that the osmotic
flow shares from 20 to 60% of the total water flux during day
hours at the upper 5 cm of the soil profile. During night hours,
when evaporation decrcases, water content at the soil surface
increases (Figure 10a). It induces the oscillations of solute
concentration close to the soil surface. It is significant that
during nighttime, up to 90% of the total water flux is due to the
osmotic pressure gradients. After 48 hours the osmotic flow
becomes relatively significant only at dcpths from 10 to 20 cm.
However, its values are rather smail (not more than 0.02 mm/h).

7. Discussion

7.1. Comparison Between SSNW and NSSW

Noticing the concentration profiles, we can conclude that the
magnitude and the direction of the osmotic flow gradients is

b) CaCl variant

Cumulative evaporation, mm

72

48
Time, h

Figure 6. Computed cumulative evaporation: 1 is NSSW with osmosis, 2 is NSSW without osmosis, 3 is
SSNW with osmosis, and 4 is SSNW without osmosis.
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Figure 7. Time evolution of computed water content in soil profile (NaCl variant): 1 is NSSW with osmosis,

2 is NSSW without osmosis, 3 is SSNW with osmosis,

the main reason why the evaporation in the case of NSSW is
higher than that of SSNW. Figure 8 demonstratcs the evolu-
tion of the absolute value of the hydraulic head (¢ — z) and
the osmotic pressure head in the soil profile. We note that at
the postinfiltration period (24 hours) there are zones at depths
of 10 to 15 ¢cm, in the case of NSSW, and of 15 to 20 ¢cm in the
case of SSNW, where gradients of hydraulic head are relatively
low. These zones shift downwards and expand with time. The
part of the flow, generated by the hydraulic head, is directed
upward and downward above and below these zones, respec-
tively. We also note (Figure 8) that the gradients of the osmotic
pressure in these zones are much higher than that of the
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and 4 is SSNW without osmosis.

hydraulic head. Yet in the case of NSSW, the osmotic gradicnt
has upward direction, driving water to the soil surface. In the
case of SSNW the direction of the osmotic gradient and its
effect are opposite. .

7.2. Comparison Between Simulations With Osmosis and
Without Osmosis

In the SSNW case osmotic pressure gradients reduces up-
ward water flow to the surface; hence the evaporation obtained
by simulation with osmosis is less than that which was obtained
without osmosis (Table 4). In the case of NSSW we note the
opposite effect. Since NaCl affects the hydraulic properties of
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Figure 8. Time evolution of computed hydraulic head (absolute value) and osmotic pressure head in soil
profile (NaCl variant with osmosis): 1 and 2 are hydraulic pressure heads for NSSW and SSNW, respectively;
3 and 4 are osmotic pressure heads for NSSW and SSNW, respectively.
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Figure 9. Time evolution of computed salt concentration in soil profile (NaCl variant): 1 is NSSW with
osmosis, 2 is NSSW without osmosis, 3 is SSNW with osmosis, and 4 is SSNW without osmosis.

soil, we note that the differences in evaporation between sim-
ulations with osmosis and without it are more significant for
the NaCl variant.

7.3. Comparison Between Simulations With NaCl
and CaCl,

For the NaCl treated soil, initial values of the exchange
sodium percent (ESP) were 22 and 2.5% in the SSNW and
NSSW cases, respectively. After water infiltration, ESP in the
upper 0-2 cm layer decreased to 15% for SSNW. In the case
of NSSW it increased to 21%.

For the CaCl,-treated soil, ESP in the soil profile remained
less than 1% in all simulations, and the effect of salinity on soil
hydraulic properties was negligible. The saturated hydraulic
conductivity of soil was greater when compared to the one in
which NaCl was the dominant salt, especially for layers close to
the soil surface.

When simulating with osmosis, in the case of SSNW, water
flow into deep soil layers is increased by osmotic pressure
gradients. The soil surface dries very fast for both CaCl, and
NaCl variants. The reverse water flux to the soil surface is more
significant for CaCl,, owing to higher hydraulic conductivity

a)

e
s

Water content
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resulting with a greater evaporation in than that of NaCl. The
evaporation for the latter case (NaCl) is the lowest one (Table
4), since the hydraulic conductivity at the soil surface was
considerably diminished owing to high ESP level.

When simulating with osmosis, in the case of NSSW, water
flow into deep soil layers is reduced by osmotic pressure gra-
dients. Concerning CaCl,. this downward flux is more signifi-
cant than that of the NaCl due to a higher hydraulic conduc-
tivity. More water is retained by soil close to the surface
(Figure 10a), and the evaporation rate is higher regarding
NaCl during the first 60 hours (Figure 6). Then, after soil
surface dries, the upward water flow for CaCl, becomes
greater and evaporation rate exceeds the one of NaCl. Yet, the
total 5 days’ evaporation remains somewhat higher for NaCl
(Table 4).

When simulating without the osmotic effect, the evaporation
value is the same (13.7 mm) for both SSNW and NSSW with
CaCl,, since no changes occurred in soil properties. Yet this
value is less than the one obtained for NaCl in the case of
SSNW (14.2 mm) and higher than in the case of NSSW (13.4
mm). The differences are due to the fact that soil hydraulic
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Figure 10. Time evolution of computed (a) water content and (b) temperature at the soil surface (NaCl
variant): 1 is NSSW with osmosis, 2 is NSSW without osmosis, 3 is SSNW with osmosis, and 4 is SSNW without

osmosis.
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Table 4. Computed Cumulative Evaporation for a 5-day
Period

NaCl Variant CaCl, Variant
Simulation -_— -_—
Cases SSNW NSSW SSNW NSSW
With osmosis 9.9 16.9 12.4 16.4
Without osmosis 14.2 13.4 13.7 13.7

Values in millimeters.

conductivity for CaCl,-treated soil is higher. The evaporation
in the case of SSNW with CaCl, is lower, since water which
infiltrates below evaporation front becomes unavailable for
evaporation. In the case of NSSW with NaCl, the hydraulic
conductivity of the upper soil layers is reduced. Hence the
evaporation is lower than the one obtained for CaCl, when
osmotic flow is not considered. Note, however, that the differ-
ences in evaporation between different cases for simulations
without osmosis are minor. Under different soil and atmo-
spheric conditions the correlations between evaporation values
can be different.

7.4. Qualitative Comparison With Experimental Data

The obtained results are consistent with the data reported by
Qayyum and Kemper {1962]. They carried out an cxperimental
study of evaporation from columns (29 cm depth) with Collins
clay loam. The upper 10 cm of soil was treated with NaCl or
CaCl, with different concentrations. A mariottc siphon main-
tained the water table 0.5 cm above the bottom of the columns.
The columns were placed under flood lamps to provide “an
intensity of incident radiation comparable to that received at
mid-day in summer at temperate latitudes” (p. 334). Water loss
was measurcd daily. The values of thc average daily losses of
water from the NaCl-treated columns were 1.9, 2.8, 2.1, 2.7,
and 1.3 mm for the initial NaCl concentration, equal to 0, 0.1,
0.2, 0.4, and 1%, respectively. The increase of evaporation for
soils with a salt content of 0.1 to 0.4% in comparison to non-
saline soil was explained by the fact that concentration was not
enough to dccrease the swelling pressure and reduce the wa-
ter-transmitting propertics to a substantial extent. However,
“the increased salt content at the surface was sufficient to help
move more water to the surfacc by a diffusive process” (p. 339).
A small decrease of evaporation in the case of 0.2% was asso-
ciated with the lack of uniformity with which the soil columns
were packed. The decrease of evaporation for high salt content
(1 and 2%, in another run) was explained by the very high level
of concentration near the soil surface which reduced the swell-
ing pressure between clay platelets and consequently the water
content. Qayyum and Kemper [1962] considered this a cause of
considerable decrease in the unsaturated hydraulic conductiv-
ity. From their experimental data we note that the average
water losses from NaCl-treated column with concentration of
0.1 to 0.4% was 33% higher when compared to water losses
from columns without salt.

The lack of details concerning soil properties did not allow
us to carry out simulations with data from the Qayyum and
Kemper [1962] experiments. We therefore make only qualita-
tive comparison of their results with the ones obtained with our
model using synthetic soil parameters.

In our simulations the total salt concentration did not exceed
0.05% at the soil surface or 0.1% at a depth of 0.25 m (max-
imum) in the case of SSNW. In the case of NSSW the salt

concentration near the soil surface did not exceed 0.4%. In the
case of NSSW for NaCl the total evaporation after 5 days of
simulation considering osmotic flow was 26% higher than that
with no osmotic effect. Hence our findings are consistent with
the experiments of Qayyum and Kemper [1962} when consid-
ering the NaCl treated columns.

The soil column with 1.0% CaCl, lost twice as much water
than that without salt [Qayyum and Kemper, 1962], and the
evaporation rate was higher when compared to NaCl-treated
column. Our simulations proved that the total evaporation for
CaCl, was less than that of NaCl. This inconsistency may be
due the fact that the lower boundary condition was different. In
the reported experiment, there was a constant water level at
the bottom of the column, that is, continuous supply of water,
while in our simulation, the condition (24) allows downward
water infiltration through the lower boundary. The hydraulic
conductivity of the soil with CaCl, was higher than that of soil
with NaCl. Hence in our simulations water infiltrated deeper
and became less available for evaporation. Simulated evapo-
ration rate was higher for NaCl only during the first 60 hours.
Thereafter the evaporation rate for CaCl, treated soil ex-
ceeded that of the NaCl.

8. Conclusions

A mathematical model of water flow, heat, and salt transfer
in soil was developed. It accounts for the osmotic part of the
liquid flow and changes of the hydraulic propertics of the soil
as a result of its salinity. The flow and heat equations arc
coupled with the low atmosphere boundary layer model. A
numerical algorithm to solve the problem was developed. The
soil part of the model was tested with published experimental
data of water and solute redistribution under temperature gra-
dients in sealed soil columns.

The numerical modeling of the evaporation from the bare
sandy loam soil with synthetic parameters showed that gradi-
ents of osmotic potential can play an important role in this
process. Simulations were carricd out for fully unsaturated soil
with no effect on groundwater. In such conditions the com-
puted total evaporation after a 5-day period from nonsaline
soil irrigated with saline water (NSSW) from the surface was
much higher than that from the saline soil irrigated with non-
saline water (SSNW). In the case of NSSW the osmotic gradi-
ents increascd water movement to the soil surface as well as
evaporation. In the case of SSNW the osmotic pressure gradi-
ents reduced water movement to the soil surface and accord-
ingly dccreased evaporation. The simulations were consistent
with experimental data reported by Qayyum and Kemper
[1962].

Although the model does not consider the effects such as the
changes of albedo, the crust formation during evaporation, and
anion exclusion effccts, it can serve as a useful tool in under-
standing the phenomena of evaporation from bare saline soils.

References

Bear, J., J. Bensabat, and A. Nir, Heat and mass transfer in unsatur-
ated porous media at a hot boundary, I, One dimensional analytical
model, Transp. Porous Media, 6, 281-298, 1991.

Bresler, E., and A. Laufer, Anion exclusion and coupling effects in
nonsteady transport through unsaturated soils, II, Laboratory and
numerical experiments, Soil Sci. Soc. Am. Proc., 38, 213-218, 1974.

Bresler, E., B. L. Mc Neal, and P. L. Carter, Salinc and Sodic Soils:
Principles, Dynamics, Modeling, 236 pp., Springer-Verlag, New York,
1982.




YAKIREVICH ET AL.: MODEL FOR NUMERICAL SIMULATING

Brutsaert, W., Evaporation Into the Atmosphere, D. Reidel, Norwell,
Mass., 1982,

Camillo, P. J,, and R. J. Gurney, A resistance parameter for bare-soil
evaporation models, Soif Sci., {41(2), 95-105, 1986.

Camillo, P. J., R. J. Gurney, and T. J. Schmugge, A soil and atmo-
spheric boundary layer model for evapotranspiration and soil mois-
ture studies, Water Resour. Res., 19(2), 371-380, 1983.

Campbell, G. S., A simple method for determining unsaturated con-
ductivity from moisture retention data, Soil Sci., 117, 311-314, 1974,

Celia, M. A., E. T. Bouloustas, and R. L. Zabra, A general mass-
conservative numerical solution for the unsaturated flow equation,
Water Resour. Res., 26(7), 1483-1496, 1990.

Childs, S. W., and C. Malfstaff, Heat and mass transfer in unsaturated
porous mcdia, Final Rep. PNL-4036, Batelle Pac. Northwest Lab.,
1982.

de Silans, A. P., L. Brockler, J. L. Thony, and M. Vauclin, Numerical
modeling of coupled heat and water flows during drying in stratified
bare soil—comparison with ficld observations, J. Hydrol., 105, 109~
138, 1989.

de Vrics, D. A, Thermal propertics of soils, in Physics of the Plant
Environment, edited by W. R. van Wijk, North-Holland, New York,
1963.

Dufey, J. E., C. M. Petit, Y. Goblct, and H. Laudelout, Modelisation
des equilibres physico-chimiques et de la precipitation dans les syste-
mes sol-eau-clectrolyte, Ann. Agron., 30(1), 33-62, 1979.

Edlefson, N. E., and A. B. C. Anderson, Thermodynamics of soil
moisture, Hilgardia, 15(2), 31-298, 1943.

Groenvelt, P. H., and B. D. Kay, On the interaction of water and heat
transport in frozen and unfrozen soils, U1, The liquid phase, Sod Sci.
Soc. Am. Proc., 38(3), 400~404, 1974,

Kemper, W. D, Movement of water as affected by free energy and
pressure gradients, I, Application of classic cquations for viscous
and diffusive movement to the liquid phase in finely porous media,
Soil. Sci. Soc. Am. Proc., 25, 260~-2635, 1961.

Kimball, B. A., R. D. Jackson, R. J. Rejinato, F. S. Nakayama, and
S. Itso, Comparison of field measured and calculated soil-heat
fluxes, Soil. Sci. Soc. Am. Proc., 40(1), 18-25, 1976.

Lai, S. J,, M. Tiedje, and A. E. Erickson, In situ measurements of gas
diffusion coeflicient in soils, Soil. Sci. Soc. Am. Proc., 40(1), 3-6,
1976.

Letey, J., W. D. Kemper, and L. Noonan, The cffect of osmotic pres-
sure gradients on water movement in unsaturated soil, Soil. Sci. Soc.
Am. Proc., 33(1), 15-18, 1969.

Liu, C.-W., and T. N. Narasimhan, Redox-controlled multiple-species
reactive chemical transport, 1, Model development, Water Resour.
Res., 25(5), 869-882, 1989,

McNeal, B. L., and N. T. Coleman, Effect of solution composition on
soil hydraulic conductivity, Soil. Sci. Soc. Am. Proc., 30, 308-312,
1966.

Milly, P. C. D., Moisture and heat transport in hysteretic, inhomoge-
neous porous media: A matric hcad-based formulation and a nu-
merical model, Water Resour. Res., 18(3), 489-498, 1982. .

Milly, P. C. D., A simulation analysis of thermal effects on evaporation
from soil, Water Resour. Res., 20(3), 1087-1098, 1984.

Nassar, I. N., and R. Horton, Water transport in unsaturated noniso-
thermal salty soil, I, Experimental results, Soil. Sci. Soc. Am. J.,
53(5), 1323-1329, 1989a.

Nassar, I. N, and R. Horton, Water transport in unsaturated noniso-
thermal salty soil, I1, Theoretical devclopment. Soil. Sci. Soc. Am. J.,
53(5), 1330-1337, 1989b.

Nassar, I. N., and R. Horton, Simultaneous transfer of heat, water, and
solute porous media, I, Theoretical development, Soil. Sci. Soc.
Am. J., 56(5), 1350-1356, 1992.

Nassar, I. N., R. Horton, and A. M. Globus, Simultaneous transfer of
heat, water, and solute porous media, I, Experiment and analysis,
Soil. Sci. Soc. Am. J., 56(5), 1357-1365, 1992a.

Nassar, I. N., A. M. Globus, and R. Horton, Simultancous soil heat and
water transfer, Soil. Sci., 154(6), 465-472, 1992b.

1033

Olsen, S. R., and W. D. Kemper, Movement of nutrients to plant roots,
Adv. Agron, 30, 91-151, 1968.

Pachepsky, Y. A., Effect of the composition of soil solution and ex-
change cations on water retention and hydraulic conductivity, Sov.
Soil Sci., 4, 90-103, 1989.

Pachepsky, Y., D. Timlin, B. Acock, H. Lemmon, and A. Trent,
2DSOIL02—A new modular simulator of soil and root processes,
209 pp., Syst. Res. Lab., Agric. Res. Serv., Washington, D. C., 1993.

Philip, J. R., and D. A. de Vries, Moisture movement in porous
materials under temperature gradients, Eos Trans. AGU, 38(2), 222
232, 1957.

Pitzer, K. S., Activity Coefficients in Electrolyte Solutions, chap. 7, CRC
Press, Boca Raton, Fla., 1979.

Platonova, T. K,, and Y. A. Pachepsky, Calculation of mass-exchange
processes in leached soils, Sov. Soif Sci., 1, 99-111, 1989,

Qayyum, M. A, and W. D. Kcmper, Salt concentration gradients in
soils and their effects on moisture movement and evaporation, Soi/
Sci., 93, 333-342, 1962.

Robbins, C. W, R. J. Wagenet, and J. J. Jurinak, A combined salt
transport-chemical equilibrium model for calcareous and gypsifer-
ous soils, Soil Sci. Soc. Am. J., 44, 1191-1194, 1980.

Robinson, R. A,, and R. H. Stokes, Electrolyte Solutions, 571 pp.,
Butterworths, London, 1965.

Russo, D., Numerical analysis of the nonsteady transport of interacting
solutes through unsaturated soil, 1, Homogeneous systems, Water
Resour. Res., 24(2), 271-284, 1988.

Russo, D., and E. Bresler, Soil-water suction rclationships as affccted
by soil solution concentration and composition, in Agrochemicals in
Soils, edited by A. Banin and U. Kafkafi, pp. 287-297, Pergamon,
New York, 1980.

Sasamory, T., A numerical study of atmospheric and soil boundary
layers, J. Atmos. Sci., 27(8), 1122-1137, 1970.

Scanlon, B. R., Evaluation of liquid and vapor water flow in desert soil
based on chlorine 36 and tritium tracers and nonisothermal flow
simulations, Water Resour. Res., 28(1), 285-297, 1992, .

Scanlon, B. R., and P. C. D. Milly, Water and heat fluxes in desert soils,
2, Nimerical simulations, Water Resour. Res., 30(3), 721-733, 1994.

Schainberg, I., E. Bresler, and Y. Clausner, Studies on Na/Ca mont-
morrilonite systems, [, The swelling pressure, Soif Sci., 111, 214-219,
1971.

Shieldge, J. P., A. B. Kahle, and R. E. Alley, A numerical simulation
of soil temperature and moisture variations for a bare field, Soil Sci.,
133(4), 197-207, 1982.

Simunek, J., and D. L. Suarez, Two-dimensional transport model for
variably saturated porous media with major ion chemistry, Wuter
Resour. Res., 30(4), 1115-1133, 1994,

Sophocleous, M., Analysis of water and heat flow in unsaturated-
saturated porous media, Water Resour. Res., 15(5), 1195-1206, 1979.

Van Bavel, C. H. M,, and D. Hillel, Calculating potential and actual
evaporation from a bare soil surface, Agric. Meteorol., 17, 453~476,
1976.

van Genuchten, M. T., A closed form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J., 44,
892-898, 1980.

Yeh, G. T, and V. S. Tripathi, A critical cvaluation of recent devel-
opments in hydrochemical transport models of reactive multi-
chemical components, Water Resour. Res., 25(1), 93-108, 1989.

P. Berliner, Wyler Laboratory, J. Blaustein Institute for Desert Re-
search, Ben-Gurion University of the Negev, Sede-Boker Campus
84990, Israel.

S. Sorck and A. Yakirevich, Water Resources Research Center,
1. Blaustein Institute for Desert Research, Ben-Gurion University of
the Negev, Sede-Boker Campus 84990, Isracl. (e-mail: alex@hydro.
boker.bgu.ac.il)

(Received March 11, 1996; reviscd November 25, 1996;
accepted November 27, 1996.)




