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ABSTRACT 

Wallach, R., Van Genuchten, M. Th. and Spencer, W.F., 1989. Modeling solute transfer from soil 
to surface runoff: the concept of effective depth of transfer. J. Hydrol., 109: 307-317. 

A mode] for predicting the transfer of chemicals from soil to surface runoff water is described. 
The model applies a perfectly mixed reactor analog to an equivalent and homogeneous soil layer 
of uniform concentration near the soil surface, called the "Effective Depth of Transfer" (EDT). 
Solute concentrations in the EDT model are taken to be equal to the soil surface concentration as 
determined by an analytical solution of the one-dimensional diffusion equation for the limiting 
case of no infiltration. The model considers linear equilibrium sorption-exchange, and also 
accounts for rate-limited mass transfer through a laminar boundary layer at the soil surface-runoff 
water interface. The time-dependent EDT was found to vary as a linear function of the square root 
of time. The accuracy of the EDT approach is illustrated with one example, which compares the 
EDT solution for the soil surface concentration with the exact analytical solution of the diffusive 
mass transfer equation. The ability to change values of the physically based parameters adds 
considerable flexibility in application of the model to different locations with site-specific runoff 
regimes, soil properties, and solute characteristics. 

INTRODUCTION 

Pes t i c ides ,  n u t r i e n t s ,  a n d  o t h e r  a g r i c u l t u r a l  c h e m i c a l s  t r a n s f e r r e d  f rom soi l  
to  s u r f a c e  r u n o f f  w a t e r  a r e  p o t e n t i a l l y  i m p o r t a n t  p o l l u t a n t s  of  n e a r b y  s u r f a c e  

w a t e r s .  P r e d i c t i n g  t h e  r e l e a s e  of  so i l - app l i ed  c h e m i c a l s  to su r f ace  r u n o f f  
r e q u i r e s  a mode l  q u a n t i f y i n g  t h e  i n t e r a c t i o n  b e t w e e n  t h e  soi l  s o l u t i o n  in  t h e  
u p p e r  p a r t  of  t h e  soi l  prof i le  a n d  r u n o f f  w a t e r  f lowing  o v e r  t h e  soil  su r face .  
T h e s e  i n t e r a c t i o n s  h a v e  g e n e r a l l y  b e e n  mode led  by  u s i n g  a pe r fec t ly  m i x e d  
r e a c t o r  a n a l o g  in  w h i c h  a c h e m i c a l  in  t h e  r u n o f f  w a t e r  e q u i l i b r a t e s  i n s t a n -  
t a n e o u s l y  w i t h  t h a t  in  t h e  soil  s o l u t i o n  [e.g., see A h u j a  (1986) for a review] .  T h e  
a p p r o a c h  a s s u m e s  t h a t  t h e  c h e m i c a l  is a t  a l l  t imes  u n i f o r m l y  d i s t r i b u t e d  ove r  
a l im i t ed  soil  dep th ,  w h i c h  w a s  c a l l e d  t h e  "Ef fec t ive  D e p t h  of I n t e r a c t i o n "  
(EDI)  by A h u j a  e t  al.  (1981). M o s t  e x i s t i n g  mode l s  a s s u m e  t h a t  t he  EDI  is 
i n d e p e n d e n t  of  specif ic  r a i n f a l l - r u n o f f  p a r a m e t e r s ,  soi l  p rope r t i e s ,  and  t h e  t ype  

of  c h e m i c a l  invo lved .  
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Recorded data for rainfall-induced runoff show that  runoff concentrations 
are initially high and later decline exponentially with time. This ideal behavior 
has been especially observed when simulated rainfall was applied to soils under 
controlled field conditions, or to soil boxes with permeable and impermeable 
bottoms (Ahuja and Lehman, 1983; Snyder and Woolhiser, 1985). Various 
attempts have been made to fit unknown parameters in exponential-type 
chemical runoff models to measured data. The effective soil mixing depth, or 
El)I, in particular has often been used as a fitting parameter. For example, 
Cr:~wford and Donigian (1973), in their early model, assumed an active mixing 
depth of 0.3cm at the soil surface. Donigian et al. (1977) later estimated this 
depth to be in the range of 0.2-0.6cm by calibrating their model with experi- 
mental data. In many other models the thickness of the mixing zone was 
arbitrarily chosen to be 1 cm. Leonard et al. (1979) examined pesticide data from 
a number of watersheds and found runoff concentrations over a wide range of 
storm conditions to be strongly correlated with pesticide concentrations in the 
surface l cm of soil. Spencer et al. (1985) similarly examined pesticide con- 
centrations in surface irrigation runoff waters from several large fields in the 
Imperial Valley of California. Their data also indicated that  concentrations in 
the upper 1 cm of soil are good indicators for pesticide concentrations in furrow 
irrigation runoff water. The correlation for individual pesticides was found to 
be better than the correlation for combined classes of herbicides or insec- 
ticides. 

Ingrain and Woolhiser (1980), Ahuja and Lehman (1983), and Snyder and 
Woolhiser (1985) showed that solute concentrations in runoff water are usually 
much lower than those in the soil solution, even if measured immediately below 
the soil surface. Thus, complete mixing between surface runoff and soil water 
may not occur in practice. The observations by Snyder and Woolhiser (1985) 
seem to indicate that incomplete mixing is especially prevalent during low 
infiltration rates. To account for incomplete mixing between solution and 
surface runoff water, several investigators introduced additional degrees of 
freedom in their models. For example, Ingrain and Woolhiser (1980) derived and 
evaluated a chemical extraction model which assumes incomplete mixing 
between soil and runoff water, but complete mixing for water infiltrating 
through the mixing zone. Frere et al. (1980) similarly used a partitioning 
coefficient between solute concentrations in runoff water and soil water in the 
upper 1 cm of soil. 

Ahuja (1982) measured bromide concentrations in runoff during simulated 
rainfall on soil boxes with permeable and impermeable bottoms. The bromide 
concentrations in runoff from the saturated soil boxes with impermeable 
bottoms were several times higher than those from the permeable boxes. Ahuja 
was able to predict the concentration-time runoff hydrographs for the im- 
permeable-box experiment using a well-mixed reactor model with mixing 
depths in the order of 50-100cm or larger. As those depths were much greater 
than the actual soil depths used in his study, Ahuja questioned the concept of 
an effective thin mixing zone at the soil surface, at least for his experiments 
with the impermeable boxes. In subsequent experiments, also involving 



309 

simulated rain on soil boxes with impermeable bottoms, Ahuja and Lehman 
(1983) found soil bromide concentrations to increase very rapidly with depth, 
instead of being uniformly distributed as assumed in the mixing model. The 
bromide was lost to runoff water from depths of 2cm and more. Ahuja and 
Lehman (1983) then suggested that  the degree of mixing between rainwater  and 
soil should be made an exponentially decreasing function of soil depth. The 
resulting empirical model closely matched the measured data for the imper- 
-io~.l~-bottom boxes, but not for the pervious ones. These and other experiments 
suggest that  the use of a fixed mixing zone near the soil surface will not lead 
to an accurate prediction of solute concentrations in both runoff and soil 
water. 

Wallach et al. (1988) suggested tha t  the release of dissolved chemicals from 
soil solution to surface runoff water  should be viewed as a mass transfer 
process governed by both diffusion and convective t ransport  with runoff water  
away from the soil surface. The transfer from soil to surface runoff water is 
essentially the same with rainfall as with lateral surface irrigation, although 
raindrop kinetic energy could enhance the transfer rate somewhat during 
rainfall. When infiltration is avoided by using soil boxes with impervious 
bottoms, the transfer rate  should become dependent mainly on the runoff flow 
regime and the diffusivity of the dissolved chemicals. Thus, Waflach et al. 
(1988) could show that  solute concentrations in runoff water, and in the soil 
profile itself, are described immediately by solutions of the diffusion equation 
subject to appropriate flux-type boundary conditions at the soil surface. Their 
model accurately predicted the runoff and soil solution concentrations 
measured by Ahuja and Lehman (1983) for the impervious boxes. 

To understand more fully the interaction between soil and runoff water we 
shall in this paper also concentrate on the impermeable case without infiltra- 
tion. Although lumping infiltration with other mass transfer processes helps in 
obtaining reasonable predictions for some runoff cases, it has so far not 
allowed models to be extrapolated to different locations by adjusting only a 
se]ected few model parameters. The combined diffusion-mass transfer solution 
of Wallach et al. (1988) will be used here to develop a new approach to the 
concept of an effective depth of soil which contributres to chemical runoff. The 
concept of an effective depth remains useful as it allows the inclusion of a 
relatively simple mass balance equation in existing models of the runoff 
process. The model could also serve as a simplified basis for more comprehen- 
sive, conceptually-based watershed models in the future. 

THEORY 

As mentioned above, experimental evidence suggests that  chemicals in the 
soil solution near the surface are not uniformly distributed with depth during 
runoff. Therefore, a simple mass balance equation for an arbitrarily fixed soil 
surface layer cannot be written, and the advantage of having a well-mixed 
reactor  with a relatively simple solution appears to be lost. However, we will 
show that, by making the effective upper soil layer t}~e dependent, an 
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improved description results without losing the simplicity of a well-mixed 
reactor model. 

Effective depth of  t ransfer  

We define an "Effective Depth of Transfer", EDT, as a surface soil layer in 
which, at each instance in time, the dissolved concentration is constant with 
depth and equal to the soil surface concentration as determined with the 
physically based model of Wallach et al. (1988). We assume that, in the absence 
of infiltration, chemicals are transported in the soil solution by diffusion, i.e.: 

R --t3c = D d2c. (1) 
dt d2z 

where c (molm -3) is the soil solution concentration, z (m) is the vertical 
coordinate (positive downwards), D ( m 2 s  - l )  is the porous medium ionic or 
molecular diffusion coefficient, and R (--) is a retardation factor accounting for 
linear equilibrium adsorption--desorption or exchange with the solid phase of 
the soil: 

R = 1 + pKa/O (2) 

in which p (kg m-3) is the soil bulk density, 0 (--) is the volumetric soil water 
content, and Ka(m 3 kg -1) is the distribution coefficient between the soil matrix 
an,t the soil solution. The diffusion coefficient D in eqn. (1) accounts for the 
increased path length within the porous media, compared with diffusion in 
pure water. The Millington-Quirk tortuosity model was used successfully in 
the past (Jury et al., 1983; Wallach et al., 1988), and will also be used here: 

D = 0 7 / 3 D o / n  2 (3) 

where D0(m2 s - a) is the ionic or molecular diffusion coefficient in water, and n 
(--) is the soil porosity. 

A soil surface boundary condition at the soil-runoff interface r.,ust be 
formulated to describe the transfer of chemical from the soil to runoff water. 
Following Wallach et al. (1988), we describe this transfer by means of a rate 
equation characterizing the diffusion-controlled transport  through a thin 
laminar boundary layer at the soil surface. The equation assumes that  the 
solute concentration in runoff water is small compared with the soil solution 
concentration so that  it has a negligible effect on the release rate from soil to 
runoff water. The approach leads to the following expression for the solute flux 
density, J0(mol m-2s-a), at the soil surface: 

Jo(t) = OD dc(O, t) = Okc(O, t) (4a) 
dz 

where k (ms-1) is a mass transfer coefficient for the laminar boundary layer. 
For convenience, J0 is taken to be positive when directed upward from soil to 
surface runoff water. The magnitude of the mass transfer coefficient is 
controlled mainly by the diffusion coefficient of the chemical, and by such flow 



311 

characteristics as soil surface lateral slope, surface roughness, runoff water 
depth, and rainfall intensity and duration. It should be noted that  k in eqn. (4a) 
is assumed to be finite. The limiting case when k --, ~ characterizes instan- 
taneous equilibration between soil and surface runoff water (no film 
resistance). Again neglecting the effect of a small but positive runoff con- 
centration, the soil surface boundary condition is then reduced to: 

c(0, t) = 0 (4b) 

The initial concentration, Co, in the semi-infinite soil profile is assumed to be 
constant, leading to the following initial and boundary conditions: 

c(z, o) = Co (5) 

~c ( ~ ,  t) 0 (6) 
dz 

The solution of eqn. (1) subject to eqns. (4a), (5) and (6) is (Crank, 1967): 

c ( z , t ) =  C0{l+  exp(hz + hR-~Dt)erfc[_ 2(DRt)X/2 j - e r f c [ 2 ( D ~ ) l / 2 ] } ( 7 a  ) 

where h = k /D (m -1) and erfc is the complementary error function. When 
k --, ~ (and hence h -~ ~),  eqn. (7a) reduces to: 

c(z,t) = Co erf 2(D-~-t)l/2 (k -,  ~ )  (7b) 

where erf = 1 - erfi~. Equations (7a) and (7b) predict soil solution concentra- 
tions which increase with soil depth in a manner consistent with the experi- 
mental results of Ahuja and Lehman (1983) and Snyder and Woolhiser (1985). 

The solution concentration at the soil surface, c8, follows from eqns. (7a) and 
(7b)  by setting z = 0: 

c~(t) = Co exp (?2) erfc (~) (k < ~ )  (8a) 

c,(t) = 0 ( k - ,  ~ )  (8b) 

where ? = h(Dt /R)  ~/~. We note that the limiting case of an infinite mass transfer 
coefficient reduces to zero concentration at the soil surface, which is consistent 
with the imposed boundary condition [eqn. 4(b)]. Using eqns. (4a) and (8), we 
may write for the solute flux density from soil to runoff water: 

Jo(t) = CoOk exp (,72) erfc (?) (k < ~ )  
The solute flux across the soil surface for infinite k can be calculated from the 
concentration gradient at z = 0 as expressed by the first part of eqn. (4a). 
Substituting eqn. (7b) into the second term of eqn. (4a) and letting z ~ 0 yields: 
yields: 

Jo(t) = CoO \ - - ~ , t  (k --, ~ )  (9b) 

Equation (9b) follows also immediately from eqn. (9a) by letting h (and hence 
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k) go to infinity. In tegrat ion of eqns. (9a) and (gb) gives the total  amount  of 
solute, M (mol s -1) released by the soil per unit  cross-sectional area: 

CoOR [ 2? ] 
M(t) = h ~_exp(7 2 )e r fc (7)  - 1 + (~),/2j (k < ~ )  (10a) 

M(t) = 2Co0 (k ~ oo) (10b) 

A mass balance for solutes in the EDT gives: 

M(t) = OR H(t) [Co - cs(t)] (11) 

where H(t) (m) represents  the effective depth of transfer.  [It should be noted 
tha t  cs(t) at all t imes is zero for the l imiting case when k --, ~ . ]  Equat ion  (11) 
shows that  the EDT is equal to the  cumulat ive amount  of solute t ransferred 
from soil to runoff  water  at any time t, divided by the  difference between the 
initial and the soil surface concent ra t ion  at time t (the equat ion also includes 
the re tardat ion factor to account  for sorption or exchange when R ¢ 1). 
Hence, the concentra t ion profile at  any point in t ime is approximated with a 
step function as shown in Fig. 1. 

SOiL %0) c o _ . ~  
SURFACE ,,4,-/,,,,v',.,-.,,.-.,,\,,,--/ .c I~z2~f-- .~/ / / / /J ,z~ H(t) 

- r -  

I-- 
1.1.1 
o 

Fig.  1. S c h e m e  of  t h e  e q u i v a l e n t  d e p t h  o f  t r a n s f e r  (EDT)  - H(t). 
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Fig. 2. Plot of hH versus dimensionless t ime, based on eqn. (12). 
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Substi tuting eqns. (8) and (10) into eqn. (11) and rearranging gives: 

1 {(~)1/2 2, } 
H(t) = ~ [1 - exp (~2) erfc(7)] - 1 (k < ~ )  (12a) 

H(t) = 2(Dt/~R) 1/2 (k --, ~ )  (12b) 

Figure 2 shows that  hH(t)  is very close to being a liuear function of 7. By using 
l inear regression, with r 2 = 0.9996, the EDT as a function of the square root of 
time could be expressed as: 

a 
H(t) = - -~  + b(Dt/R) 112 (k < oo) (13) 

with dimensionless coefficients a = 0.0735 and b- -1 .0725 .  Because the 
variables in Fig. 2 are all dimensionless, the above linear relationship between 
the EDT and 7 should be independent of the units chosen, and the soil 
properties or types of chemical involved. The value of b in eqn. (13) is about 5% 
less than  the coefficient 2 / ( ~ )  1/2 - -  1.128 in eqn. (12b) for the limiting case of no 
mass transfer resistance across the soil surface-runoff  water  interface. We 
note, however, that  the EDT concept is based on the premise of a finite mass 
transfer  process, and hence cannot be formally used for the limiting case given 
by eqn. (12b). 

The dependency of the EDT concentrat ion on time for different values of D, 
but for constant h and R = 1, is shown in Fig. 3. A constant  h = k iD means 
that  all soil surface runoff features remain unchanged. The film model of 
Wallach et al. (1988) for determining the mass transfer coe,Cficient shows that  
h-~ is equal to the thickness of the laminar  boundary layer vt the soil during 
runoff. By keeping h and other parameters constant, the expansion of the EDT 
in time can be examined with variations in ~ach parameter. 

We emphasize that  the above EDT is fundamentally different f~om the EDI, 
used by Ahuja and Lehman (1983). Conceptually, EDI is based on the instan- 
taneous mixing of raindrops with the soil solution in the upper part of the 
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..-. -0.2 ~ ~  ~ ~ ~  D=I~=O 
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£ . )  
v 

-0.6 

-O.B - ~  
I I I I I I l I I I 

0 20 40 60 80 100 120 
TIME (rain) 

Fig. 3. Time dependency of the ~oil solution concentration in the EDT for various values of the 
diffusion coefficient: D (R = 1, h = 0.15 m- 1). 
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profile. In contrast,  EDT is based on more general considerations involving 
time-dependent diffusion and mass transfer through a water film at the soil 
surface. As such, EDT should be immediately applicable to different cases of 
rainfall- and irrigation-induced runoff, and to different locations in a 
watershed. 

T h e  E D T  m i x i n g  m o d e l  

The attr ibute of ~aving a time-dependent but uniform concentration with 
depth enables the EDT to be easily incorporated into perfectly mixed, lumped- 
parameter models of the type described in the Introduction. To do this, con- 
centration changes in the surface runoff water at the field outlet at different 
times may be calculated by representing the soil-runoff system by two inter- 
connected well-mixed reactors. The upper reactor represents surface runoff 
water and the lower one the EDT. We again assume that  runoff water  con- 
centrations are small compared with soil solution concentrations, thus 
invoking boundary condition (4b) at the soil surface. We also assume that  
water entering the system by rainfall or lateral irrigation is free of solutes. 
Hence, dissolved chemicals entering the runoff reactor  are exclusively those 
released by the soil. 

The mass balance equation for the EDT reactor is then: 

d {[cs(t) - Co] H(t)} = - k cs( t )  (14) Rai 
where, as before, k is the mass transfer coefficient (assumed from this point to 
be finite), H ( t )  denotes the effective depth of transfer, and Co is the initial 
concentration. Equation (14) may be rearranged to give: 

d 
R ~ [cs(t) H(t)] = C o R  dH(t) k cs(t) (15) 

dt 

The first term of eqn. (15) expresses the change in the total amour t  of chemical 
stored in the EDT, and the second and third terms account for the transient  
expansion of the EDT to deeper soil depths and the release of solute from soil 
to runoff water, respectively. 

No analytical  solution for eqn. (14) is available when the exact relation eqn. 
(12) is used for H ( t ) .  Instead, we will use the very accurate approximation given 
by eqn. (13). This equation predicts that  the EDT will be negative during a very 
small time interval 0 ~< t < tl, where: 

a ~ D R  
t, - b2k2 (16) 

To avoid negative EDT values, we assume that  the mass balance equation [eqn. 
(15)] is valid only for H > 0 and hence t > tl. This assumption is most easily 
accounted for by introducing a new time coordinate t '  = t - tl  for t in eqn. (15), 
and approximating eqn. (13) with: 
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H = b (17) 

To maintain mass balance in the system we must then also introduce a new 
initial condition C~ for Co, which is obtained by evaluating eqn. (8a) at time tl. 
We note that  tl depends on specific soi l -chemical-runoff  characteristics [see 
eqn~ (16)], and hence must be calculated for each case separately. 

Substitution of eqn. (17) into eqn. (15) leads to a first-order ordinary differcn- 
tial equation whose general  solution is of the form: 

c,(t') = C~ 1 A 
2~ (t') 1/2 + ( t ~  exp [ -  2~(t') 1/2] (18) 

where ~ = h(D 1/2/b(R) 1/2 (s- 1/2) and A (tool m- 3 sl/2) is a constant  which must be 
determined from the initial condition. Because of the singularity at t' - 0, A 
cannot  be evaluated directly by substi tuting the initial condition into eqn. (18). 
Therefore, the initial condition for eqn. (15) will be taken as: 

c,(t~) = F C~ (19) 

where t~ > 0 is some small positive value of t ~ when the concentrat ion in the 
EDT reactor can be determined, and F < 1 is the result ing fraction of the 
initial concentrat ion C~. F can be calculated immediately by noting that  the 
uniformly distributed soil solution concentrat ion in the EDT is also equal to 
the soil surface concentrat ion as given exactly by eqn. (8a). For any arbi trary 
(small) value of t~, F is therefore the rat io of cs(t~) as calculated with eqn. (8a) 
and C~. This leads to the following expression for the soil solution concentra- 
tion in the EDT: 

c,(t') - ~ ~ + F(t~) 112 exp {2=[(t~) 1/2 - (t')1/2]} (20) 

Figure 4 compares approximate results obtained with the above mixing cell 

1.0 

Z 
o 0.8 
I -  
t v  
t,- 
Z 
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z 
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Ld 0 . 4  PROXIMATE 
_> 

._i E C 
w 0 . 2  

0 I I l I I 
0 20  4 0  6 0  
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Fig. 4. Comparison of the exact [eqn. (8a)] and approximate [eqn. (20)] solutions for the solute 
concentration at the soil surface during runoff, using data listed in Table 1. 
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TABLE 1 

Data for the Ruston fine sandy loam runoff experiment of Ahuja and Lehman (1983) 

Parameter Symbol Value Units 

Rainfall intensity P 1.89 x 10- s m s- 1 
Slope length L 1.0 m 
Slope S 0.04 
Runoff water height d 7.0 × 10 -4 m 
Volumetric water content 0 0.53 m 
Initial concentration C O 4000. g m- 3 

Distribution coefficient K~ 0. m 3 kg- ' 
Diffusion coefficient s D 9.71 x 10-10 m 2 s- 1 
Mass transfer coefficient b k 2.31 × 10 -e m s- 1 

a D = Ds/O as calculated by Wallach et al. (1988). 
b k = kL/O as calculated by Wallach et al. (1988). 

approach wi th  the exact  resul t s  obta ined with eqn. (8a) us ing the following 
da ta  s temming from the exper iments  of Ahuja  and  Lehman  (1983): R = 1, 
D = 9.71 × 10-1°m2s-1 and k = 2.31 × 1 0 - 6 m s - l ( T a b l e  1). The plot  shows 
tha t  the approximate  solut ion compares  very well wi th  the exact  equat ion,  thus  
indicat ing t ha t  eqn. (20) can be used wi th  confidence for ca lcu la t ing  EDT- 
concentra t ions .  Equa t ion  (8a) was  previously  used by Wal lach  et al. (1988) in 
a well-mixed reac to r  model for the  soil surface runof f  component .  T h a t  model 
successfully predicted the surface runoff  concen t ra t ions  measured  by Ahuja  
and Lehman  (1983) for soil boxes wi th  impermeable bottoms. We conclude tha t  
the simplicity of eqn. (20), compared  with eqn. (8a), makes the  equa t ion  
especially a t t rac t ive  for inc lus ion in more comprehensive  chemical  
hydrograph  models which also consider  the res idence t ime of the solute  dur ing  
runoff  over a field. 

SUMMARY AND CONCLUSIONS 

The enhanced  diffusion model of Wal lach  et al. (1988) was used to develop 
a new model for the t ransfer  of chemicals  from soil to runoff  water .  The  model 
is, based on the appl icat ion of a perfectly mixed reac to r  analog to an  effective 
soil layer nea r  the soil surface, cal led the "Effect ive Depth  of Trans fe r "  (EDT). 
Solute c o n c e n t r a t i o n s i n  the EDT are t aken  to be equal  to the so lu t ion  con- 
cent ra t ion  at  the  soil surface, c8, as determined by an  ana ly t ica l  so lu t ion  of the 
one-dimensional  diffusion equa t ion  subject  to mass  t rans fe r  t h ro u g h  a l aminar  
boundary  layer  at  the soil su r face - runof f  interface.  The t ime-dependent  EDT 
was found to vary  as a l inear  func t ion  of the square  root  of time. The EDT 
model can be combined wi th  most  lumped-parameter  models used prev ious ly  for 
predict ing field effluent concent ra t ions .  

The model developed here  should  predict  chemical  runoff  da ta  be t te r  t h a n  is 
possible wi th  most  empirical  models used thus  far. Resul ts  obta ined wi th  the 
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EDT mode l  compare  wel l  w i th  the  a n a l y t i c a l  so lu t ion  of  t he  so lu te  d i f fds ion 
equa t i on .  The  ab i l i ty  to  c h a n g e  the  p h y s i c a l l y  based  p a r a m e t e r s  gives t he  
model  added  f lexibi l i ty  in  i ts  a p p l i c a t i o n  to d i f ferent  l oca t i ons  w i th  case-specif- 
ic r u n o f f  regimes,  soil  p roper t i es ,  an d  so lu t e  cha r ac t e r i s t i c s .  The  model  does 
no t  a t  p r e sen t  inc lude  t h e  in f i l t r a t ion  of  w a t e r  in to  the  soil,  a p h e n o m e n o n  t h a t  
is k n o w n  to s ign i f i can t ly  affect  the  c h e m i c a l  runof f  process .  The  in f i l t r a t ion  
case  wi l l  be t r e a t e d  in  a n o t h e r  pape r  ( W a l l a c h  and  V a n  G e n u c h t e n ,  in prep.). 
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