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Abstract 
 
Water flow and transport on a hillslope is a complex nonlinear problem. Precipitation water 
infiltrates into the soil profile at a rate that is equal to the rainfall rate until the soil infiltration 
capacity is reached. Surface runoff is generated once the soil infiltration capacity is exceeded. 
Surface runoff redistributes water at the land surface and moves it to lower parts of the hillside 
where it can infiltrate providing there is larger soil infiltration capacity. HYDRUS software 
package (its two-dimensional computational module) (Šimůnek et al., 2008) was modified so that 
it can now simulate overland flow and solute transport (Šimůnek, 2003; Šimunek et al., 2007) 
and so that it can be run from the HYDRUS-1D graphical user interface (Šejna et al., 2011; 
Šimůnek et al., 2011). For that purpose the existing numerical solver for subsurface flow was 
coupled with the newly developed overland flow routine (Šimůnek, 2003). The updated 
HYDRUS program was tested using multiple examples described in this report. 
 
 
 
Citation:  
Šimůnek, J., Implementation of Overland Flow into HYDRUS (2D/3D), HYDRUS Software 
Series 6b, Department of Environmental Sciences, University of California Riverside, Riverside, 
CA, 44 pp., May 2015. 
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1. Coupling of the HYDRUS (2D/3D) Subsurface Flow Model 
with an Overland Flow Module 

 
1.1. Theory (Water Flow) 

 
Hortonian overland flow is usually described using the kinematic wave equations that are 
simplifications of the de Saint Venant equations and that are an excellent approximation for most 
overland flow conditions (Woolhiser and Liggett, 1967; Smith and Woolhiser, 1971; Morris and 
Woolhiser, 1980; Smith et al., 1995, Woolhiser et al. 1990): 
 

 ( , )h Q q x t
t x

∂ ∂
+ =

∂ ∂
 (1) 

 
where h is the unit storage of water (or mean depth for smooth surfaces) [L], Q is the discharge 
per unit width [L2T-1], t is time [T], x is the distance coordinate over the soil surface [L], and 
q(x,t) is the rate of local input, or lateral inflows (that is, equal to local precipitation minus local 
infiltration) [LT-1].  
 
The discharge Q per a unit width can be calculated as follows: 
 
 mQ hα=  (2) 
 
where α [L2-mT-1] and m [-] are parameters related to slope, surface roughness, and flow 
conditions (laminar or turbulent flow).  
 
Parameter α is usually evaluated using the Manning hydraulic resistance law 
 

 1/ 2 and 5 / 3k S m
n

α = =  (3) 

 
where S is the slope [-], n is a Manning’s roughness coefficient for overland flow [-], e.g., 0.01, 
and k is a unit conversion factor [L2-mT-1] (or [L1/3T-1] when m=5/3). The Manning coefficient n 
is dimensionless when the unit conversion factor is used. If it is not then it has units of [TLm-2] 
(i.e., (s mm-2)) (or [TL-1/3] and (s m-1/3) when m=5/3). The Unit Conversion Factor k can be also 
used to convert the equation between SI and English units. It can be left out if consistent units 
are used throughout. However, it is standard practice to use k=1 (m1/3s-1) for SI units, and k=1.49 
(ft1/3s-1) for English units (Note that 1 m1/3s-1 = 3.2808399 ft1/3s-1 = 1.4859 ft1/3s-1).  
 
The rate of local input q(x,t) integrates various inputs and outputs such as precipitation, 
evaporation, and infiltration, and thus models that rigorously evaluate this components, such as 
HYDRUS models, are ideal tools for calculating these components. 
 
By substituting (2) into (1) we obtain: 
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 ( , )
mh h q x t

t x
α∂ ∂

+ =
∂ ∂

 (4) 

 
or 
 

 1 ( , )mh hmh q x t
t x

α −∂ ∂
+ =

∂ ∂
 (5) 

 
 

1.2. Numerical Implementation 
 
A numerically stable fully implicit four-point finite difference method, similar to the one used in 
the Kineros model (Woolhiser et al., 1990) was used. Eq. (1) was discretized using the following 
discretization scheme 
 
 

j        ∆t          j+1 
 i x -------------- x 
  |  |  
∆x |   | 

|  | 
 |  | 
i+1 x -------------- x 

 
 
as follows: 

 
( )

1 1 1 1
1 1 1 1

1

( , )

1 1(1 )
2 2

j j j j j j j j
i i i i i i i i

i i

h Q q x t
t x

h h h h Q Q Q Q q q
t t x x

ε ε
+ + + +

+ + + +
+

∂ ∂
+ =

∂ ∂
 − − − −

+ + + − = + ∆ ∆ ∆ ∆ 

 (6) 

 
After simple algebraic manipulation 
 

 { } ( )1 1 1 1
1 1 1 1 1

2 (1 )j j j j j j j j
i i i i i i i i i i

th h h h Q Q Q Q t q q
x

ε ε+ + + +
+ + + + +

∆    − + − + − + − − = ∆ +   ∆
 (7) 

 
and replacement of the discharge Q with (2) we get: 
 

 
( ) ( ) ( ) ( ){ } ( )

1 1
1 1

1 1 1 1
1 1 1 1 1

2 (1 )

j j j j
i i i i

m m m mj j j j j j j j
i i i i i i i i i i

h h h h
t h h h h t q q

x
ε α α ε α α

+ +
+ +

+ + + +
+ + + + +

− + − +
∆    − + − − = ∆ +      ∆

 (8) 

 
After splitting the term hm into a product hm-1h we get 
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( ) ( )

( ) ( )
( )

1 11 1 1 1 1 1
1 1 1

1 1
1 1 11 1

1 1 1

2

(1 )

m mj j j j j j
i i i i i i

j j j j
i i i i i im mj j j j j j

i i i i i i

h h h hth h h h t q q
x h h h h

ε α α

ε α α

− −+ + + + + +
+ + +

+ +
+ + +− −

+ + +

  − +  ∆  − + − + = ∆ + ∆   + − −   

 (9) 

 { } ( )1 1 1 1 1 1
1 1 1 1 1 1 1

2 (1 )j j j j j j j j j j j j
i i i i i i i i i i i i i i

th h h h D h D h D h D h t q q
x

ε ε+ + + + + +
+ + + + + + +

∆    − + − + − + − − = ∆ +   ∆
 (10) 

 
where 
 
 ( ) 1mj j j

i i iD hα
−

=  (11) 
 
By reorganizing the terms we obtain: 
 

 

( )

1 1 1 1
1 1

1 1 1

2 21 1

2 (1 ) 2 (1 )1 1

j j j j
i i i i

j j j j
i i i i i i

t th D h D
x x
t th D h D t q q

x x

ε ε

ε ε

+ + + +
+ +

+ + +

∆ ∆   − + + =   ∆ ∆   
∆ − ∆ −   = + + − + ∆ +   ∆ ∆   

 (12) 

 
By assembling equations (12) for all nodes we obtain the following matrix equation 
 

 

1 1

2 2 2

3 3 3

... ...

n n n

b r
a b r

a b r

a b r

=  (13) 

 
This numerical solution of the overland equation was then coupled with the atmospheric 
boundary condition in the HYDRUS-2D computation module. The resulting system of equations 
(13) is nonlinear since the coefficients D in (11) depend on the unknown variable h. Picard 
iterative solution, similar to one used for the solution of the Richards equation, is used to solve 
the system of nonlinear equations (13). 
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1.3. Theory (Solute Transport) 
 

Solute Transport equation (Convection-Dispersion Equation) for overland flow, with 
concentration averaged along the vertical direction, is written as follows: 
 

 ( )

( ) ( )

s
s

s
s s

s s s o s s o

JS
t x

h c cD Qc
t x x

c c cJ D Qc h D q h qc h D q qc
x x x

φ

φ

λ λ

∂∂
= − −

∂ ∂
∂ ∂ ∂ = − − ∂ ∂ ∂ 

∂ ∂ ∂ = − + = − + + = − + + ∂ ∂ ∂ 

 (14) 

 
where S is the solute mass along a vertical [ML-2] (=hsc), Js is the overland solute flux [ML-3L2T-

1 = ML-1T-1], hs is the thickness of the overland flow layers (corresponding to h in section 1.1), φs 
is the source and/or sink [ML-2T-1], Q is the runoff flow rate [L2T-1] (=hsq), and q is the surface 
water flux [LT-1]. The is the diffusion-dispersion tensor, Ds [L3T-1], is defined as follows: 
 
 ( )s s o s oD h D q h D Qλ λ= + = +  (15) 
 
Equation (14) can be rewritten as follows: 
 

 ( ) ( )( )// ss
s s

Q S hS hS D
t x x x

φ
∂∂ ∂ ∂

= − − ∂ ∂ ∂ ∂ 
 (16) 

 
 

1.4. Numerical Implementation 
 
A numerically stable fully implicit four-point finite difference method, similar to the one used in 
above for overland  water flow was used to solve equation (16), which is discretized as follows 
: 

 
( )

1 1 1 1
1 1 1 1

1

( , )

1 1(1 )
2 2

s
s

j j j j j j j j
i i i i i i i i

i i

JS x t
t x

S S S S J J J J
t t x x

φ

ε ε φ φ
+ + + +

+ + + +
+

∂∂
+ = −

∂ ∂
 − − − −

+ + + − = − + ∆ ∆ ∆ ∆ 

 (17) 

 
After simple algebraic manipulation 
 

 { } ( )1 1 1 1
1 1 1 1 1

2 (1 )j j j j j j j j
i i i i i i i i i i

tS S S S J J J J t
x

ε ε φ φ+ + + +
+ + + + +

∆    − + − + − + − − = −∆ +   ∆
 (18) 

 
and replacement of the solute flux (Js) with convective flux (S*Q/hs=Sα) we get: 
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 { } ( )1 1 1 1 1 1
1 1 1 1 1 1 1

2 (1 )j j j j j j j j j j j j
i i i i i i i i i i i i i i

tS S S S S S S h t
x

ε α α ε α α φ φ+ + + + + +
+ + + + + + +

∆    − + − + − + − − = −∆ +   ∆
 (19) 

 
By reorganizing the terms we obtain: 
 

 

( )

1 1 1 1
1 1

1 1 1

2 21 1

2 (1 ) 2 (1 )1 1

j j j j
i i i i

j j j j
i i i i i i

t tS S
x x
t tS S t

x x

ε εα α

ε εα α φ φ

+ + + +
+ +

+ + +

∆ ∆   − + + =   ∆ ∆   
∆ − ∆ −   = + + − − ∆ +   ∆ ∆   

 (20) 

 
By assembling equations (21) for all nodes we obtain the following matrix equation 
 

 

1 1

2 2 2

3 3 3

... ...

n n n

b r
a b r

a b r

a b r

=  (21) 

 
This numerical solution of the overland transport equation was then coupled with the overland 
flow equation.  
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2. Test examples 
 
Coupling of the overland flow component with the subsurface flow (as calculated with 
HYDRUS-2D) is verified on several examples.  
 
Table 1. Testing Examples. 
 
Project Name Comment 
Test1 Transect dimensions: 100*0.5 m, q=0.00666 cm/s, N=201, T=600 s, slope=0.01 

(α=0.57o), n=0.01.* 

Regular Hydrus-2d is run without the overland flow. Excess water is removed 
instantaneously. 

Test2 The same conditions as for Test1, but with the enabled overland flow.  
Loam with very low Ks=2.8889e-09 cm/s. 
Comparison with the analytical solution. 

Test2a The same conditions as for Test2, but with Ks=2.8889e-06 cm/s, T=300 s, and 
simulation time Tend=3600 s. 
This run considers larger infiltration and also simulates the overland flow recession. 

Test2b The same conditions as for Test2a, but with Ks=2.8889e-05 cm/s. 
Test2c The same conditions as for Test2b, but with roughness of 0.05 for nodes with x < 50 

m and 0.01 for nodes with x > 50 m. 
Test2d The same conditions as for Test2a, but with evaporation. 
Test2Sr The same conditions as for Test2, but with T=300 s, and simulation time Tend=3600 

s. Solute of unit concentration in rainfall in the top half of the domain. 
Test2bSr The same conditions as for TestSr, but with Ks=2.8889e-05 cm/s. T=300 s, 

Tend=3600 s. Solute of unit concentration in rainrall in the top half of the domain. 
Test2Si Uphill inflow (hTop=1 cm) with a concentration of 0.5 (c=0.5) for T=300 s, and 

simulation time Tend=3600 s.  
Test2Sri Both uphill inflow (hTop=1 cm) with a concentration of 0.5 (c=0.5) and rainfall with 

a unit concentration for T=300 s. Simulation time Tend=3600 s. 
Test3 The same conditions as for Test2, but with Ks=2.8889e-04 cm/s, i.e., regular loam, 

T=600 s, and simulation time of 3600 s. 
Test4 Surface runoff with multiple rainstorms (otherwise the same conditions as for 

Test3). 
Transect dimensions: 100*0.5 m, q=0.00666 cm/s, N=201, T=600 s, slope=0.01, 
n=0.01, ET=0.4 cm/d. 

Test5  The same conditions as for Test3, but with variable slope (α=4.12o), and T=600 s.  
Test6 The same conditions as for Test3, but additionally with a continuous inflow from 

uphill (hs=0.5 cm) and T=300 s. 
Test6a The same conditions as for Test6, but without rainfall and with inflow from uphill  

(hs=1.0 cm) during 6 minutes. 
MultiLay The same conditions as for Test3, but with Ks=2.8889e-02 cm/s for the material in 

the middle of the transect. 
This run generates overland flow in one section of the transport domain and allows 
infiltration in another. 

MultiLaZ The same conditions as for MultiLay, but with the slope in the opposite direction. 
MultiMat The same conditions as for MultiLay, but with the each material repeated four 

times within the transect. 
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Irreg Transect dimensions: 100*2.0 m, q=0.00666 cm/s, N=544, T=600 s, Tend=3600 s, 
average slope=0.02, n=0.01, regular loam. 
Irregular surface of the transport domain. 

Irreg1 Transect dimensions: 50*1.0 m, q=0.00666 cm/s, N=425, T=600 s, Tend=3600 s, 
average slope=0.08, n=0.01, regular loam.  
Irregular surface of the transport domain. 

Irreg2 The same conditions as Irreg1, but with fixed vertical discretization at the soil 
surface using internal lines. 

Irreg3 The same conditions as Irreg2, but with finer discretization. 
Irreg4 The same conditions as Irreg3, but with time units of days. 
Irreg5 The same conditions as Irreg4, but with multiple rainstorms. 
 

* q - rainfall, N - number of surface nodes, T - duration of rainfall, n – surface roughness, Tend – 
simulation time. 
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2.1. Comparison with the analytical solution (project Test2) 
 
The first example (Test2) compares numerically predicted results of the water level at the soil 
surface with results of the analytical solution. The analytical solution is derived as follows. The 
kinematic equation for the steady-state conditions 
 

 1/ 2 5/3
0

k S h q
x n

∂   = ∂  
 (22) 

 
is integrated 
 

 [ ]1/ 2 5/3
0 0 00

0

( )
x

xk S h x q dx q x q x
n

= = =∫  (23) 

 
which leads to the analytical solution for the steady-state conditions: 
 

 

5/3 0
1/ 2

3/5
0
1/ 2

( )

( )

nq xh x
kS

nq xh x
kS

=

 =  
 

 (24) 

 
Figure 1 shows the depth of the water layer at the soil surface at several times, as well as at 
steady state, for the soil profile 100 m long, slope of 0.01, precipitation rate of 0.00666 cm/s (i.e., 
24 cm/hour) and the roughness coefficient n equal to 0.01. The saturated hydraulic conductivity 
of the soil was considered to be negligible (i.e., 2.88889e-009 cm/s). There is an excellent 
agreement between the analytical and numerical solutions for steady-state conditions. Figure 2 
shows development of the water layer at 0, 20, 40, 60, and 80 m from the bottom of the transect 
for a 10-minute rainfall. All other conditions are the same as in Figure 1. Finally, the actual and 
cumulative surface runoff from the transect, the cumulative effective rain, and the volume of 
water in the surface layer for a 10-minute rain is shown in Figure 3. 
 
The project (the working folder) contains new output files Balance.out, Break.out, and 
Profile.out described in Section 4. It also contains Excel versions of these files with graphical 
representation of results. 
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Figure 1. Depths of the water layer at the soil profile at selected times and steady state, calculated 

numerically and analytically (for steady state) for the first example. 
 

 
Figure 2. Development of the water layer at five locations of the slope (0, 20, 40, 60, and 80 m from 

the bottom of the slope) for the first example. 

 
Figure 3. The actual (RunoOff) and cumulative (Cum.Runoff) surface runoff from the transect, the 

cumulative effective rain (Cum.Rain), and the volume of water in the surface layer (Volume) 
for a 10-minute rain for the first example. 
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2.2. Surface runoff from rainfall of limited duration (project Test3) 
 
The second example considers the surface runoff generated by high intensity rainfall of 0.00666 
cm/s (i.e., 24 cm/hour) of 10 minutes duration. Rainfall falls on a loamy soil (Ks= 0.000288889 
cm/s, i.e, 25 cm/d). The soil transect is again 100 m long, with a slope of 0.01, and the roughness 
coefficient n equal to 0.01. 
 
Figure 4 shows the depth of the water layer at the soil surface at several times. Since the 
infiltration into a loamy soil cannot be neglected, the water levels calculated with the numerical 
solutions are always, as expected, below values calculated with the analytical solution (which 
assumes no infiltration). The figure shows both the raising and recession of the water layer. 
Figure 5 shows development of the water layer at 0, 20, 40, 60, and 80 m from the bottom of the 
transect for a 10-minute rainfall. All other conditions are the same as in Figure 4. Finally, the 
actual and cumulative surface runoff from the transect, the cumulative effective rain (i.e., rainfall 
minus infiltration), and the volume of water in the surface layer for a 10-minute rain is shown in 
Figure 6. 
 
The project contains new output files Balance.out, Break.out, and Profile.out described in 
Section 4. It also contains Excel versions of these files with graphical representation of results. 
 

 
 

Figure 4. Depths of the water layer at the soil profile at selected times and steady state, calculated 
numerically and analytically (for steady state) for the second example. 
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Figure 5. Development of the water layer at five locations of the slope (0, 20, 40, 60, and 80 m from 
the bottom of the slope) for the second example. 

 
 

 
 

Figure 6. The actual (Runoff) and cumulative (Cum.Runoff) surface runoff from the transect, the 
cumulative effective rain (Cum.Rain), and the volume of water in the surface layer (Volume) 
for a 10-minute rain for the second example. 
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2.3. Surface runoff from rainfall of limited duration (project MutliLay) over a 
heterogeneous soil profile 

 
The third example considers the surface runoff generated by high intensity rainfall of 0.00666 
cm/s (i.e., 24 cm/hour) of 10 minutes duration that falls on the transect that consists of two soil 
materials, while the material in the middle of the transect (between 33 and 66 m) has two orders 
higher saturated conductivity (Ks= 0.0288889 cm/s, i.e, 25 m/d) than the remaining soil (Ks= 
0.000288889 cm/s, i.e, 25 cm/d). The soil transect is again 100 m long, with a slope of 0.01, and 
the roughness coefficient n equal to 0.01. 
 
Figure 7 shows the depth of the water layer at the soil surface at several times. The figure also 
shows the steady-state water layer calculated using the analytical solution under assumption of 
no infiltration. The figure shows again both the raising and recession of the water layer. Finally, 
actual and cumulative surface runoff from the transect, the cumulative effective rain (rain-
infiltration), and the volume of water in the surface layer for a 10-minute rain is shown in Figure 
8. Figure 9 shows contours of the water contents in the soil profile at time of 6 minutes. 
 
The project contains new output files Balance.out, Break.out, and Profile.out described in 
Section 4. It also contains Excel versions of these files with graphical representation of results. A 
similar project (MultiMat) that considers eight material regions has also been carried out. 
 

 
 

Figure 7. Depths of the water layer at the soil profile at selected times for the third example. 
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Figure 8. The actual (Runoff) and cumulative (Cum.Runoff) surface runoff from the transect, the 
cumulative effective rain (Cum.Rain), and the volume of water in the surface layer (Volume) 
for a 10-minute rain for the third example. 
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Figure 9. Contours of the water content in the soil profile at time of 6 minutes. The soil material in the 
middle of the transect (between 33 and 66 m) has higher conductivity than the remaining soil. 
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2.4. Surface runoff with multiple rainstorms (project Test4) 
 
This is the most complex example that demonstrates capabilities of the newly developed 
program in its entirety. The soil transect is again 100 m long, with a slope of 0.01, and the 
roughness coefficient n equal to 0.01. The example considers again the surface runoff generated 
by high intensity rainfalls of 0.00666 cm/s (i.e., 24 cm/hour) of 10 minutes duration, repeated 
every fifth day for 30 days. Rainfall falls on a homogeneous loamy soil (Ks= 0.000288889 cm/s, 
i.e., 25 cm/d). 
 
Figure 10 shows development of the water layer at 0, 20, 40, 60, and 80 m from the bottom of 
the transect for a 10-minute rainfall during the first cycle. The conditions are almost identical to 
example 2 (Figure 5) except that rainfall is approximated using the sinusoidal function. 
Consequently, the surface runoff starts later (rainfall intensities increase gradually from zero), 
but it reaches much larger water level depths (3 cm versus 2.3 cm) due to larger peak rainfall 
intensities. The actual and cumulative surface runoff from the transect, the cumulative effective 
rain (i.e., rainfall minus infiltration), and the volume of water in the surface layer for a 10-minute 
rain is shown in Figure 11. 

 
Figure 10. Development of the water layer at five locations of the slope (0, 20, 40, 60, and 80 m from 

the bottom of the slope) for the forth example. 

 
Figure 11. The actual (Runoff) and cumulative (Cum.Runoff) surface runoff from the transect, the 

cumulative effective rain (Cum.Rain), and the volume of water in the surface layer (Volume) 
for a 10-minute rain for the forth example. 
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2.5. Surface runoff on a domain with multiple slopes (project Test5) 

 
The next example evaluates the capability of the newly developed module to simulate overland 
flow over a domain with changing surface slope. The bottom slope is 4.12o, while the surface 
slope is steeper in the middle of the profile (Fig. 12). The soil transect is again 100 m long, with 
the slope in the upper (20 m) part 0.05, in the middle part (60 m) 0.1, and in the lower part (20 
m) 0.01. 

 
 

Figure 12. The transport domain for a test example with multiple surface slopes. 
 
The example considers the surface runoff generated by a high intensity rainfall of 0.00666 cm/s 
(i.e., 24 cm/hour) of 10 minutes duration. Rainfall falls on a loamy soil (Ks= 0.000288889 cm/s, 
i.e, 25 cm/d). The roughness coefficient n equal to 0.01. 
 
Figure 13 shows the depth of the water layer at the soil surface at several times. Since the 
infiltration into a loamy soil cannot be neglected, the water levels calculated with the numerical 
solutions are always, as expected, below values calculated with the analytical solution (which 
assumes no infiltration). The figure shows both the raising and recession of the water layer. It 
also shows that the water layer is significantly thinner in the middle steep part of the slope and 
thicker in the bottom part with small slope. Figure 14 shows development of the water layer at 0, 
20, 40, 60, and 80 m from the bottom of the transect for a 10-minute rainfall. Finally, the actual 
and cumulative surface runoff from the transect, the cumulative effective rain (i.e., rainfall minus 
infiltration), and the volume of water in the surface layer for a 10-minute rain is shown in Figure 
15. 
 
The project contains new output files Balance.out, Break.out, and Profile.out described in 
Section 4. It also contains Excel versions of these files with graphical representation of results. 
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Figure 13. Depths of the water layer at the soil profile at selected times calculated numerically and 

analytically (for steady state) for the test example with multiple slopes. 

 
Figure 14. Development of the water layer at five locations of the slope (0, 20, 40, 60, and 80 m from 

the bottom of the slope) for the test example with multiple slopes. 

 
Figure 15. The actual (Runoff) and cumulative (Cum.Runoff) surface runoff from the transect, the 

cumulative effective rain (Cum.Rain), and the volume of water in the surface layer (Volume) 
for a 10-minute rain for the test example with multiple slopes. 
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2.6. Surface runoff from rainfall of limited duration with inflow from uphill (project 
Test6) 

 
This example has the same conditions as the second example described in Section 2.2. It 
considers the surface runoff generated by high intensity rainfall of 0.00666 cm/s (i.e., 24 
cm/hour) of 5 minutes duration. Rainfall falls on a loamy soil (Ks= 0.000288889 cm/s, i.e, 25 
cm/d). The soil transect is again 100 m long, with a slope of 0.01, and the roughness coefficient n 
equal to 0.01. Additionally, there is an inflow of water from the uphill, initiated by a water layer 
(an uphill pressure head) of 0.5 cm. 
 
Figure 16 shows the depth of the water layer at the soil surface at several times. Because of the 
inflow, the water levels calculated with the numerical solutions are initially, as expected, above 
values calculated with the analytical solution. The figure shows both the raising and recession of 
the water layer. Figure 17 shows development of the water layer at 0, 20, 40, 60, and 80 m from 
the bottom of the transect for a 5-minute rainfall. The effect of inflow is clearly visible at all 
locations. Finally, the actual and cumulative surface runoff from the transect, the cumulative 
effective rain (i.e., rainfall minus infiltration), actual and cumulative inflow, and the volume of 
water in the surface layer for a 5-minute rain is shown in Figure 18. 
 
The project contains new output files Balance.out, Break.out, and Profile.out described in 
Section 4. It also contains Excel versions of these files with graphical representation of results. 
 

 
Figure 16. Depths of the water layer at the soil profile at selected times calculated numerically and 

analytically (for steady state) for the second example with uphill inflow. 
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Figure 17. Development of the water layer at five locations of the slope (0, 20, 40, 60, and 80 m from 

the bottom of the slope) for the second example with uphill inflow. 
 

 
Figure 18. The actual (Runoff) and cumulative (Cum.Runoff) surface runoff from the transect, the 

cumulative effective rain (Cum.Rain), actual and cumulative inflow, and the volume of water 
in the surface layer (Volume) for a 5-minute rain for the second example with uphill inflow. 

 
 
The same example was rerun assuming only uphill inflow (hs=1.0 cm)  limited to 6 minutes and 
without any rainfall (Test6a). Figure 19 shows the depth of the water layer at the soil surface at 
several times. Figure 20 shows development of the water layer at 0, 20, 40, 60, and 80 m from 
the bottom of the transect for a 6-minute inflow. Finally, the actual and cumulative surface runoff 
from the transect, actual and cumulative inflow, and the volume of water in the surface layer for 
a 6-minute inflow is shown in Figure 21. 
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Figure 19. Depths of the water layer at the soil profile at selected times for the second example with 

uphill inflow without rainfall. 

 
Figure 20. Development of the water layer at five locations of the slope (0, 20, 40, 60, and 80 m from 

the bottom of the slope) for the second example with uphill inflow without rainfall. 

 
Figure 21. The actual (Runoff) and cumulative (Cum.Runoff) surface runoff from the transect, actual 

and cumulative inflow,  and the volume of water in the surface layer (Volume) for a 6-minute 
inflow for the second example with uphill inflow. 
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2.7. Overland flow with solute transport 
 
The following examples were used to demonstrate the capability of the overland flow module to 
consider solute transport.  
 

2.7.1. Overland flow and transport due to rainfall (projects Test2Sr and Test2bSr) 
 
In the first example, the Test2 project was modified to consider rainfall of duration of 300 s, 
limited infiltration, and a unit concentration in rainfall in the upper half of the profile. Selected 
results are shown in Figures 22,  23, and  24. Figure 22 shows components of the water and 
solute balance for overland flow.  

 
 
Figure 22. Water (left) and solute (right) fluxes for the Test2Sr example. On the left, the actual (Runoff) 

and cumulative (Cum.Runoff) surface runoff from the transect, the cumulative effective rain 
(Cum.Rain), and the volume of water in the surface layer (Volume). On the right, cumulative 
solute mass in rain (Cum.S.Rain), in runoff (Cum.S.Runoff) and in the surface layer 
(Surf.S.Volume). 

 

 
 
Figure 23. Depths (left) and concentrations (right) of the surface water layer at five locations of the slope 

(0, 20, 40, 60, and 80 m from the bottom of the slope) for the Test2Sr example. 
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Figure 23 shows depths and concentrations of the surface water layer at five locations of the 
slope. One can see distinctive differences between locations in the upper (c1 and c2) and lower 
(c3, c4, and c5) halves of the slope. While in the upper half, the concentration is initially equal to 
one, in the lower half, it is initially equal to zero (equal to concentrations in rainfall) and starts 
increasing only due to flow from uphill. Equilibrium concentration is reached after some time 
due to water coming from uphill and mixing with water falling on the lower half of the domain. 
Once rainfall stops, the concentrations in the lower half start increasing again, since the only 
source of water is water coming from uphill. 
 
Figure 24 shows water depths, concentrations, and solute mass in the water layer at the soil 
profile at selected times. Water depths are compared with the analytical solution. Solute 
concentrations and solute mass reflect the fact that solute is applied only on the upper half of the 
profile and thus source of solute in the lower half is only inflow from the upper half of the 
profile. 

 
Figure 24. Depths (left), concentrations (middle), and solute mass (right) of the water layer at the soil 

profile at selected times for the Test2Sr example. 
 
The same example has been rerun, while considering infiltration into the soil profile by 
increasing the saturated hydraulic conductivity of the soil by four orders to 2.88889*10-5. 
=>Test2dsr. Selected results are shown in Figures 25,  26, and  27.  
 

 
Figure 25. Water (left) and solute (right) fluxes for the Test2bSr example. On the left, the actual runoff 

(Runoff), the cumulative rainfall (Cum.Rain), infiltration (Cum.Infiltr), effective rainfall 
(Cum.E.Rain), runoff (Cum.Runoff), and the volume of water in the surface layer (Volume). 
On the right, cumulative solute mass in rain (Cum.S.Rain), in runoff (Cum.S.Runoff), in 
infiltration (Cum.S.Infiltr), and in the surface layer (Surf.S.Volume). 
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Figure 25 shows components of the water and solute balance for overland flow. This figure 
shows, in addition to information displayed in Figure 22, also cumulative rainfall and infiltration, 
both water and solute (instead of only cumulative effective rainfall). Figure 26 shows a sudden 
drop of concentrations at a certain time. This is only a numerical artifacts, since this occurs at 
time when there is no water at the soil surface. 
 

 
Figure 26. Depths (left), concentrations (middle), and solute mass (right) of the surface water layer at 

five locations of the slope (0, 20, 40, 60, and 80 m from the bottom of the slope) for the 
Test2bSr example. 

 
 
Figure 27. Depths (left), concentrations (middle), and solute mass (right) of the water layer at the soil 

profile at selected times for the Test2Sr example. 
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2.7.2. Overland flow and transport due to uphill inflow 
 
In the Test2Si project, there was no rainfall and overland flow was generated by an inflow of 
water and solute (c=0.5) from uphill for 300 s. Selected results are shown in Figures 28,  29, and  
30. 

 
Figure 28. Water (left) and solute (right) fluxes for the Test2Si example. On the left, the actual (Runoff) 

and cumulative (Cum.Runoff) surface runoff from the transect, the actual (Inflow) and 
cumulative (Cum.Inflow) uphill inflow, and the volume of water in the surface layer 
(Volume). On the right, cumulative solute mass in inflow (Cum.S.Inflow), in runoff 
(Cum.S.Runoff) and in the surface layer (Surf.S.Volume). 

 
Figure 29. Depths (left) and concentrations (right) of the surface water layer at five locations of the slope 

(0, 20, 40, 60, and 80 m from the bottom of the slope) for the Test2Si example. 
 

 
Figure 30. Depths (left), concentrations (middle), and solute mass (right) of the water layer at the soil 

profile at selected times for the Test2Si example. 
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2.7.3. Overland flow and transport due to rainfall and uphill inflow 
 
Finally, in the Test2Sir project, both rainfall and inflow of water from uphill was considered for 
300 s. While rainfall concentration was equal to 1 (crain=1.0), the concentration of water from 
uphill was assumed to be equal to 0.5 (cinflow=0.5). Selected results are shown in Figures 31,  32, 
and  33. 

 
Figure 31. Water (left) and solute (right) fluxes for the Test2Sir example. On the left, the actual (Runoff) 

and cumulative (Cum.Runoff) surface runoff from the transect, the actual (Inflow) and 
cumulative (Cum.Inflow) uphill inflow, the cumulative rainfall (Cum.Rain), and the volume 
of water in the surface layer (Volume). On the right, cumulative solute mass in inflow 
(Cum.S.Inflow), in rainfall (Cum.S.Rain), in runoff (Cum.S.Runoff), and in the surface layer 
(Surf.S.Volume). 

 
Figure 32. Depths (left) and concentrations (right) of the surface water layer at five locations of the slope 

(0, 20, 40, 60, and 80 m from the bottom of the slope) for the Test2Sir example. 

 
Figure 33. Depths (left), concentrations (middle), and solute mass (right) of the water layer at the soil 

profile at selected times for the Test2Sir example. 
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2.8.  Additional examples of overland flow with irregular shape surface  
 
Additional examples were run to evaluate the stability of the numerical solution. These examples 
have names Irreg, Irreg1, Irreg2, Irreg3, Irreg4, Irreg5, Test2a, Test2b, Test2c, Test2d, MultLayZ, 
and MultiMat. These projects verify various features of the updated software. For example, the 
Test2c project simulates overland flow with spatially varying roughness coefficient, the Test2d 
project takes into account evaporation, the MultLayZ project simulates overland flow on a slope 
inclined from left to write, and the MultiMat project considers eight material regions. The Irregi 
projects simulate overland flow in a transport domain with varying slope and different types of 
discretizations. The Irreg5 project considers, similarly as the Test4 project, multiple rainstorms. 
The list of selected testing examples is given in Table 1. 
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3. Description of the OverLand.in input file 
 
-------------------------------------------------------------------------------------------------------------------- 
 Line Variable Type Meaning 
-------------------------------------------------------------------------------------------------------------------- 
 1 -  - Explanation text 
  2 Node(i) int A list of nodes on the boundary where overland flow is to be 

considered. The first node should be at the top and the last node at 
the bottom of the slope. 

  3 -  - Explanation text 
 4 n(i) real n is a Manning’s roughness coefficient for overland flow [-], e.g., 

0.01. There are as many numbers needed as the number of 
overland nodes, starting from the top of the slope. 

-------------------------------------------------------------------------------------------------------------------- 
 
Example of the OverLand.in input file (Test2): 
 
Node 
220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 
240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 
260 261 262 263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 
280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299 
300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 
320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 
340 341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359 
360 361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 
380 381 382 383 384 385 386 387 388 389 390 391 392 393 394 395 396 397 398 399 
400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419 
420 
Manning roughness coefficients (from the top node down), NOver values 
201*0.01 
 
The file OverLand.in does not have to be specified when overland flow is to be considered on the 
entire atmospheric boundary and when the Manning roughness coefficient for all nodes is equal 
to 0.01 (e.g., in the example above). 
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4. Description of the Output Files 
 
When the overland flow option in Hydrus (2d/3D) is active, Hydrus automatically creates three 
output files that contain information about the overland flow process. These files are 
BalanceO.out, Breakth.out, and Profile.out. Brief description of these files is below. 
 
 

4.1. Description of the BalanceO.out output file 
 
t Simulation time [T] 
Cum.EffRain Cumulative effective rainfall, i.e., rainfall minus infiltration integrated over the 

soil surface and time [L2] 
Surf.Volume Amount of water stored at given time at the soil surface in the surface water 

layer  [L2] 
Cum.Runoff Cumulative actual runoff at the end of the land surface [L2] 
Runoff Actual runoff at the end of the land surface [L2T-1] 
Error Mass balance error for the overland flow calculations [L2] 
Inflow Inflow into the transport domain from uphill [L2T-1] 
CumInflow Cumulative inflow into the transport domain from uphill [L2]  
Cum.S.Rain Cumulative solute input via rainfall [L2] (assuming dimensionless units) 
Surf.S.Volume Amount of solute stored at given time at the soil surface in the surface water 

layer [L2] 
Cum.S.Runoff Cumulative solute runoff at the end of the land surface [L2] 
Cum.S.Inflow Cumulative solute inflow into the transport domain from uphill [L2]  
cInf Solute infiltration flux [L2T-1] 
Cum.S.Infiltr Cumulative solute infiltration [L2] 
 
This information is printed at each time when the overland flow is active. 
 
 

4.2. Description of the Breakth.out output file 
 
HYDRUS automatically divides land surface into five parts and prints for these selected nodes 
[i*(NOver-1)/5+1] at each time step when overland flow is active the thickness of the overland 
water layer. NOver is the number of nodes where overland flow can become active (i.e., nodes 
with atmospheric boundary condition) and it varies between 1 and 5. 
 
 

4.3. Description of the Profile.out output file 
 
Into this file information is printed at selected print times about the overland flow status. 
 
No Surface nodal number 
x x-coordinate of the surface nodal number [L] 
Pressure Thickness of the overland water layer in a particular surface node [L] 
Flux Overland flux in a particular surface node [L2T-1] 
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Net Rain Effective rainfall, i.e., rainfall minus infiltration in a particular surface node [LT-1] 
Conc Concentration in the overland flow [-] 
 
This information is printed for each node where overland flow can become active (i.e., nodes 
with atmospheric BC), i.e., NOver nodes. 
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5. Future Plans 
 
The future modifications that are currently planned are as follows: 
 

1. At present, solute can only move into the soil profile with infiltrating water. We envision 
to implement additional mass exchange processes at the interface between the overland 
and subsurface domains. 

 
2. Reviewing currently implemented solute transport processes and whether they provide 

sufficient support for potential applications. At present, no reactions are considered in the 
overland flow domain, assuming that physical transport mechanisms (i.e., convection and 
dispersion) dominate the overland transport. We envision to implement various additional 
reactions, such as degradation and retardation. 

 
3. Implementing functional relationships for various reaction coefficients (such as the 

distribution coefficient Kd, attachment (ka) and detachment (kd) coefficients, etc), relating 
their values to flow velocity or the thickness of the overland layer. 

 
4. Implementing an option to distinguish between hydraulically active and passive regions. 

 
5. Implementing an option to consider a particle bound solutes (similarly to the subsurface 

colloid-facilitated transport). 
 

6. Reviewing the numerical approaches or implementing stability criteria (for time and 
space discretization) with the goal of eliminating minor numerical oscillations. We also 
plan to review additional numerical approaches, such as those suggested by Weill et al. (, 
Journal of Hydrology, 366, 9–20, 2009). 

 
7. Developing a three-dimensional version of this module using the same conceptual and 

numerical approach. 
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