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Abstract: Rainfall results in the transfer of chemicals from soil to surface runoff. A physically-based solute transport model was developed
for estimating the solute concentration in runoff originating from the soil surface. The model accounts for the effects of soil infiltration,
raindrops, the water runoff rate, and the return flow, all of which influence the concentration of the solutes in the runoff. It was assumed that
the depth of mixing zone changed with the varieties of the raindrop hits, return flow, and overland flow. It was also assumed that runoff and
soil in the mixing zone mixed instantaneously and that the solute in the soil beneath the mixing zone was moved to the mixing zone by
diffusion. The mixing zone was included in the model and was based on the deposited layer or shield concept. To test the model, laboratory
experiments were carried out that used two soil types that were exposed to simulated rainfall. The results simulated by the model were highly
correlated with the experimental data. In the first few minutes after rainfall began, the solute concentration in the runoff was mainly controlled
by the rainfall rate and solute concentration in the mixing zone; higher solute levels in the mixing zone resulted in higher solute concentrations
in runoff. When the solute concentration in the runoff stabilized, the solute concentration in the runoff was mainly controlled by the diffusion
of solutes from the soil beneath the mixing zone. The simulated data showed a high level of correlation with the measured data for both runoff
volume and solute concentration in the runoff. This demonstrates that the model captured the temporal behavior of the runoff and solute
transport in the runoff. DOI: 10.1061/(ASCE)HE.1943-5584.0000622. © 2013 American Society of Civil Engineers.
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Introduction

Rainfall increases the transfer of chemicals from soil to surface run-
off and may cause nonpoint source pollution in the water body that
receives the runoff. The development of a physically-based model
to simulate soil solute transport with runoff would provide a better
understanding of soil solute transport mechanisms and assist in the
development of effective methods to control nutrient loss from soils
and the pollution of waterways. Previous models have been devel-
oped based on the physical processes of soil solute transfer in run-
off. The exchange layer, or mixing zone framework, was the most
commonly used approach for models of chemical transport into
runoff (Steenhuis and Walter 1980; Ahuja et al. 1981; Ahuja and
Lehman 1983; Wallach et al. 1988; Steenhuis et al. 1994; Steenhuis
2001; Zhang et al. 1997, 1999; Gao et al. 2004, 2005; Deng et al.
2005; Walter et al. 2007). In the development of early models,

it was assumed that rainwater mixes completely and uniformly with
a thin zone of surface soil and soil water (Donigian et al. 1977;
Steenhuis and Walter 1980). Ahuja et al. (1981) used 32P as a
tracer, placing sources of this radioisotope on the soil surface and
at 5-mm-depth intervals in different soil samples, to show that the
interaction between the droplet-liquid-solid was greatest at the soil
surface and decreased very rapidly with soil depth. On the basis
of their results, Ahuja and Lehman (1983) proposed the concept
of an effective average depth of interaction (EDI), but noted that
the EDI model was inappropriate for conditions under which water
infiltration was very low or inhibited. Under such conditions, some
authors suggested that the overall transfer process should be re-
garded as an accelerated diffusion process, and that a conventional
convective-dispersion equation could be used to describe solute
transport, with the transfer coefficients varying as a function of the
depth. This accelerated diffusion process has been supported by
numerous experimental studies (Green and Houke 1979; Ingram
and Woolhiser 1980; Ahuja et al. 1982; Havis 1986; Sharpley et al.
1981). The other popular types of chemical transfer models as-
sumed that diffusionlike processes control chemical transfer be-
tween soil and runoff, whereas rain impact was considered to be
negligible (Wallach et al. 1988, 1989; Wallach 1991; Wallach and
van Genuchten 1990). The effective depth of transfer (EDT) model
assumed that the solute concentration in the EDT was equal to the
soil surface concentration in the absence of infiltration (Wallach
et al. 1989). Wang et al. (1998, 2002a) carried out laboratory
experiments to evaluate the different methods for calculating the
raindrop and soil surface interaction depth and developed the
equivalent interacting depth (EID) and equivalent transfer depth
(ETD) models. These experiments showed that the EID and ETD
models were suitable for loess soils. Furthermore, based on the ef-
fective mixing depth concept, Wang and Wang (2010) developed
a mathematical model describing the soil solute transport with
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surface runoff on a loess slope and demonstrated that the incom-
plete mixing model was more appropriate than the complete mixing
model. The results of Zhang et al. (1997) were consistent with the
predictions of the completely mixed model; these authors reported
that the effective mixing depth appeared to be less than 3–4 mm.
Tong et al. (2009) used a two-layer system model to describe the
transfer of chemicals to surface runoff; in this model, the mixing
zone and surface runoff were combined into a single layer. The
transfer coefficient or exchange rate was used to describe the solute
that was exchanged between the active surface layer and the over-
lying flow (Wallach et al. 1988, 2001; Wang et al. 1999; Deng
et al. 2005).

Both raindrop-driven processes and diffusion played important
roles in the transfer of chemicals from soil to surface runoff. Gao
et al. (2004, 2005) and Walter et al. (2007) developed physically-
based solute transport models that assumed that chemicals near the
surface of the soil were most likely to run off as a result of raindrop
impact. Chemicals in the deeper soil then diffused into a surface
layer, or exchange layer, through diffusion. Raindrop-driven proc-
esses occurred in both the drop-solid and the drop-liquid-solid
domains. The hydrodynamics of the drop-liquid impact process
were important in the drop-liquid-solid domain.

Fluid movements can be characterized by two well-known
hydrodynamic phenomena: impinging and Rayleigh jets (Wang
1970). Impinging jets are formed by the outward motion of water
from an impact site and often give rise to craters, as described by
Mutchler (1967). The crater decays when the surface tension of the
water and the energy gradient cause water to move into the impact
site, producing what is known as the Rayleigh jet phenomenon.
These nearly instantaneous outward and inward movements of
water generate shear stress, which reaches its peak around the edge
of the crater and is directed radially outwards. Impingement and
Rayleigh jets may contribute to the mixing processes, especially
when runoff occurs and water and soil are mixed. The laboratory
experiments performed by Zhang et al. (1997) and Ahuja et al.
(1982) showed that return flow may occur under some conditions,
and the depth of the exchange layer was very thin. Hairsine and
Rose (1991) developed a soil erosion model that described the
erosion transport of the multiparticle sizes in sediment for rain-
impacted flows in the absence of entrainment in overland flow.
Heilig et al. (2001) used a simple experiment to test the model de-
veloped by Hairsine and Rose (1991). Such research has shown that
the mixing zone could instead be described as the deposited layer
or in terms of the shield concept. The shield was included in this
model, which was further developed to simulate solute loss with
runoff by Gao et al. (2004, 2005); subsequently, Walter et al.
(2007) tested this model.

In this study, a physically-based solute transport model was
developed for soil that underwent water infiltration on the Loess
Plateau in China. There was no model calibration or fitting for this
model, which differed from a variety of other similar models pub-
lished in the 1990s. The mixing zone was included in this model
and was based on the deposited layer or shield concept described by
Hairsine and Rose (1991). However, this model differed from the
model developed by Gao et al. (2004, 2005), which was also based
on the deposited layer and shield concept. There was not the de-
tachability of the bare soil a (Gao et al. 2004, 2005; Walter et al.
2007), which was difficult to determine for different kinds of soil in
the model. Specifically, this model did not attempt to directly assess
how the raindrops, runoff flow, and return flow impacted the trans-
port of solutes from the soil surface to the runoff. Instead, these
terms were replaced by the variable: the change in the depth of
the mixing zone. Laboratory experiments were performed to assess
the accuracy of the new model’s predictions.

Theory

The focus was on the transport of dissolved chemicals during soil
infiltration on the Loess Plateau in China and when infiltration ex-
cess was the main contributor to runoff. Soils covering the Loess
Plateau are derived from deep loess deposits. Intense summer rain-
storms are typical of the regional arid to semiarid climate.

The model included mass balance equations for both the water
flow and chemical transport in the soil profile and surface runoff.
In the conceptual model, which was similar to that described by
Gao et al. (2004, 2005), the soil-water system was divided into
three vertically-distributed horizontal layers (Fig. 1): the runoff or
surface ponding water, an exchange-zone or mixing zone, and the
underlying soil. The concept of a deposited layer or shield proposed
by Hairsine and Rose (1991) was extended as mixing zone and it
was assumed that runoff and water from the mixing zone mixed
completely and instantaneously when hit by raindrops. It was also
assumed that the depth of the mixing zone changed with raindrop
splash, water flow, and return flow. Therefore, it was not necessary
to consider how the raindrop splash, water flow, and return flow
influenced the solute transport into surface runoff from the soil pro-
file, because the solute concentrations in the runoff and the mixing
zone were assumed to be identical. The chemical fluxed into the
mixing zone from beneath the mixing zone can be described by
a diffusion process, and the underlying soil solute transport can
be described by convection-diffusion equations.

Flow Equations

Water movement included infiltration and overland flow. For
simplicity, water movement in the soil profile was considered
to be a vertical one-dimensional movement during rainfall. One-
dimensional vertical soil water movement can be described by
the Richards’ equation, as follows:

∂θðz; tÞ
∂t ¼ ∂

∂z
�
DðθÞ ∂θðz; tÞ∂z − kðθÞ

�
ð1Þ

where t = time (min); θ = water content (%); DðθÞ = soil water
diffusivity (cm2=min); kðθÞ = unsaturated hydraulic conductivity
(cm=min); θðz; tÞ = water content at depth z(%); and z = vertical

Fig. 1. Conceptual schematic of the physical and chemical transport
processes of the model; M = total raindrop splash, overland flow, and
return flow function
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soil depth (cm). The initial and boundary conditions imposed on
Eq. (1) are

θ ¼ θi t ¼ 0 z ≥ 0

DðθÞ ∂θðz;tÞ∂z − kðθÞ ¼ −R t > 0 z ¼ 0

DðθÞ ∂θðz;tÞ∂z − kðθÞ ¼ −i 0 < t < tp z ¼ 0

θ ¼ θi t > 0 z → ∞

ð2Þ

where R = infiltration capacity (cm=min); θi = initial soil water
content (%); tp = time period over which runoff takes place (min);
and i = rainfall intensity (cm=min).

Overland flow was generally described by the kinematic wave
equation—an approximation of the Saint-Venant equations, which
were one-dimensional laws of conservation of mass and momen-
tum for shallow longitudinal water flow, allowing for some vertical
infiltration (Woolhiser 1975; Singh 1996; Liu and Singh 2004). The
kinematic wave equation (Woolhiser and Ligget 1967) can be
expressed as

∂h
∂t þ

∂q
∂x ¼ p cos ϕ − i q ¼ 1

n
h5=3s1=20 ð3Þ

where h = depth of overland flow (cm); t = time (min); q = flux of
the flow (l); x = distance along the flow direction (cm); p = rainfall
intensity (cm=min); ϕ = slope inclination (°); i = infiltration capac-
ity of the soil (cm=min); n = Manning roughness coefficient; and
s0 = slope gradient, s0 ¼ sinðθÞ.

The initial and boundary conditions imposed on Eq. (3) are

hðx; 0Þ ¼ 0 for 0 ≤ x ≤ L hð0; tÞ ¼ 0 for 0 ≤ t ≤ ∞ ð4Þ

where L = length of the overland flow along a uniform slope for
homogeneous soil (cm). The simulation of soil water movement
and overland flow then reduces to the solution of Eqs. (1) and (3),
subject to Eqs. (2) and (4).

Solute Transport Equations

The solute transport into runoff at the mixing zone was a result of
raindrops, overland flow, and return flow being completely mixed
instantaneously. Solute transported from the soil profile into the
mixing zone occurred by diffusion.

Solute transport was generally described by the advection-
dispersion equation (ADE) (Kiely 1997; Martin and McCutcheon
1999; Deng 2002; Deng et al. 2005). The conceptual model for
overland solute transport was shown in Fig. 1. Based on the mass
equation, the ADE can be expressed as

∂hC
∂t þ ∂QC

∂x ¼ J
h

hþ deθe
þ PCr − iC ð5Þ

where Q = volumetric runoff flux per unit width (l); C = chemical
solute concentration in the runoff (mg=l); ∂x = length per unit (cm);
P = rainfall intensity (cm=min); h = depth of runoff (cm); de =
depth of the exchange layer (cm); θe = water content in the mixing
zone (cm3=cm−3); Cr = chemical solute concentration in the rain-
water (mg=l); t = time (min); and J = diffusion rate of the solute
from the soil below the mixing zone, which is described by Fick’s
law: J ¼ −DS

∂CS∂z , where DS = dispersivity of the chemical in the
soil; CS = solute concentration in the soil water below the mixing
zone (mg=l); and z = vertical dimension (cm).

The initial and boundary conditions for Eq. (5) are

Cðx; tÞ ¼ CO t ¼ tp Cð0; tÞ ¼ Css t > tp ð6Þ

where CO = solute concentration in the mixing zone (mg=min)
when the runoff takes place; Css = solute concentration at the mix-
ing zone (mg=l); and tp= time from when the rainfall started to
when runoff took place (min).

Solute transport within the soil profile below the mixing zone
was controlled by both infiltration and diffusion and can be de-
scribed by the following advection-diffusion equation:

∂αCs

∂t ¼ ∂
∂z

�
Ds

∂Cs

∂z − iCs

�
ð7Þ

where Cs = chemical concentration in the soil water below the
mixing zone (mg=l); α ¼ ρbkp þ θ, ρb is the dry soil bulk density;
and kp = constant partition coefficient. For nonadsorbed chemicals,
α = soil moisture θ; t = time (min); z = vertical dimension (cm);
i = infiltration rate in the soil (cm=min); and Ds = dispersivity
of the chemical in the soil and is taken as the sum of the mole-
cular diffusivity and the mechanical diffusion coefficient (cm2=s)
(Bresler 1973; Bear and Bachmat 1990; Ahuja 1990).

The boundary condition at the underlying soil surface for Eq. (7)
was related to two stages during rainfall-runoff.

d½θð0; tÞCð0; tÞ�=dt ¼ Jð0; tÞ − iCsð0; tÞ 0 ≤ t ≤ tp

d½θð0; tÞCð0; tÞ�=dt ¼ Jð0; tÞ − iCsð0; tÞ þ iCð0; tÞ tp ≤ t ð8Þ

The initial condition was

Cðz; 0Þ ¼ Cso ð9Þ
where Cso = chemical concentration in the soil (mg=l) when rainfall
begins.

Experimental Methods

The experiment was established in the artificial rainfall simulation
laboratory at the Institute of Soil and Water Conservation, Chinese
Academy of Sciences, in Shaanxi province, China, from April–
September 2010. The basic components of the rainfall simulator
were computerized rain intensity and rain simulator, and the noz-
zles had a height of 15 m from the soil surface. Six soil flumes
(made of steel) with the following dimensions were used:
1.00 m length × 0.40 mwidth × 0.50 mheight. The depth of soil
in the flumes was 0.35 m, which was enough for infiltration to
occur, and meant that the soil at the base of the flumes remained
dry. The remaining 0.15 m of the flume was used to hold back
the raindrop splash. The flume gradient could be changed from
0–30° (Fig. 2).

Fig. 2. Schematic of the experimental apparatus and setup
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Two soil types (loam and sandy loam) were air dried (approx-
imately 2%, gravimetrically) prior to the start of the experiment and
then exposed to simulated rainfall. The simulated rainfall intensity
was 0.15� 0.004 and 0.16� 0.004 mm=min for the loam and
sandy loam, respectively. In this experiment, the initial soil mois-
ture content was 13.56% for loam and 12.48% for sandy loam. The
slope of the soil surface had a gradient of 5°. In a further experi-
ment, both soil types were exposed to a rainfall intensity of
0.10� 0.004 mm=min, and vertical and horizontal measurements
were taken to estimate the soils’ basic hydraulic parameters.

The loam soil samples were collected from unfarmed land in
Yangling, in the Shaanxi province of China; sandy loam samples
were collected from Ansai, which is also in Shaanxi province. The
physical and chemical properties of the soils are shown in Table 1.

The soil samples were sieved (0.004 m aperture) to remove
coarse rock and debris, and then air dried. Bromide was used as
a tracer. It was dissolved in water and added to the test soils based
on their designed soil water content and bromide concentration; the
soil was then thoroughly mixed. The soil flume was filled layer by
layer to achieve a dry bulk density of 1.35 g · cm−3. To obtain a flat
surface, a sharp-edged straight knife was used to remove excess
soil, and then the soil was gently tapped with an iron block until
it reached the required density. The surface of the soil was then
covered with plastic. The rainfall experiment was conducted after
the soil surface had been covered with plastic for 24 h. During the
experiment, the water outflow was systematically collected in plas-
tic containers from a hole in the flumes every min to analyze the
amount of runoff and the concentrations of sediment and solutes
within it. During the period of simulated rainfall, dry tracing with
potassium permanganate was used to measure the overland flow
velocity. When the rainfall stopped, soil samples were immediately
taken along a vertical section at 10-mm intervals to analyze their
water contents and solute concentrations; the depth of the mixing
zone was also measured. The bromide content in the runoff and soil
sample were measured with an ion meter, and the soil water content
was measured by drying the sample to constant weight. The sedi-
ment was collected on a filter paper and measured by drying the
sample to constant weight.

The agreement between the model simulations and the mea-
sured data was quantified using the root mean square error (RMSE)
method (Willmott 1982). The RMSE can be expressed as

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

N
i¼1 ðpi − oiÞ2

N

r
ð10Þ

where N = total number of data points; pi = simulated data point;
and oi = measured data point.

Parameter Determination and Finalization of the
Model

Soil Hydraulic Parameters

The soil water diffusivity DðθÞ and the unsaturated hydraulic con-
ductivity kðθÞ were determined using the Brooks-Corey model for
the hydraulic properties of porous media (Brooks and Corey 1964),
as follows:

kðΘÞ ¼ ksΘM ð11Þ

DðΘÞ ¼ KShdΘlþ1=N

Nðθs − θrÞ
ð12Þ

Θ ¼ θ − θr
θs − θr

ð13Þ

Where N and M = shape parameters, M ¼ 3þ 2=N; hd = air entry
suction; l = pore tortuosity, which takes a value of 2 in the Brooks-
Corey model; θs = saturated water content (%); and θr = water
content (%). The values of θs and θr are measured directly. Vertical
and horizontal soil column infiltration experiments were carried out
following the method described by Wang et al. (2002b) to deter-
mine the parameters N, hd, and ks (Table 2). These parameters were
then used to determine the soil water diffusivity DðθÞ and the
unsaturated hydraulic conductivity kðθÞ.

The Manning roughness coefficient n was calculated from
Eq. (14) (Liang and Levent Kavvas 2008)

n ¼ V−1
1 s1=2o R2=3

1 ð14Þ
where V1 = flow velocity (m=min); so = average slope (sine of the
slope angle); and R1 = hydraulic radius (cm). The average flow
velocity for loam was 18.8 m=min, which corresponds to a Manning
roughness coefficient of 0.045 m−1 s. The average flow velocity
of sandy loam was 22.9 m=min, which corresponds to a Manning
roughness coefficient of 0.036 m−1 s. The values of the other param-
eters listed in Table 2 were determined by direct measurement.

According to Parlange (1971, 1972), the boundary conditions
from the start of rainfall to soil saturation can be expressed as

θ 0
0ðtÞ ¼ − R

θ0ðtÞ − θi

k½θ0ðtÞ� − R
D½θ0ðtÞ�

ð15Þ

where θ0ðtÞ = water content of the soil surface (%). By combining
DðθÞ and kðθÞ with Eq. (15), the differential algorithm was used

Table 1. Selected Soil Properties of the Two Soils

Soil

Particle size distribution (%) Organic
matter
g kg−1

CaCO3

g kg−1

Total
phosphorus

g kg−1

Total
potassium
g kg−1

Total
nitrogen
g kg−1 pH

Bulk
density
g cm−3

Saturated
water content
cm3 cm−3

Clay
<0.002

Silt
0.002–0.05

Sand
>0.05

Loam 31.65 64.03 4.32 9.3 26.8 1.1 18.6 0.71 8.35 1.35 0.38
Sandy loam 15.18 60.11 24.71 6.5 93.5 1.2 1.5 0.62 8.5 1.35 0.346

Table 2. Soil Parameters for Loam and Sandy Loam

Soil θi (%) θr (%) P (mmmin−1) Cr (mg cm−3) Co (mg cm−3) N L hd (cm) Ks (cmmin−1)
Loam 0.1356 0.027 0.15� 0.004 0 2.88 0.215 2 11.15 0.0171
Sandy loam 0.1248 0.041 0.16� 0.004 0 2.697 0.32 2 14.66 0.0432

Note: The water content was determined gravimetrically.

530 / JOURNAL OF HYDROLOGIC ENGINEERING © ASCE / MAY 2013

 J. Hydrol. Eng., 2013, 18(5): 527-535 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
or

th
w

es
t A

&
F 

U
ni

ve
rs

ity
 o

n 
12

/2
2/

15
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



with time steps of 1 min; the boundary conditions, including the
soil surface water content, were determined. One min was selected
as the time step duration, and multiple layers of 1-cm depth in the
soil profile below the mixing zone were considered; 24 layers were
examined for loam, and 32 layers were examined for sandy loam.
It was then possible to determine the water movement in the soil
[Eqs. (1) and (2)] by using the differential algorithm approach.

The infiltration rate can be expressed as

i ¼
"Xn1
j¼1

zðθj; tþ 1Þ −Xn1
j¼1

zðθj; tÞ
#
· V=A ð16Þ

where n1 = number of soil sections along the defined depth;
zðθj; tÞ = water content of section j at time t; V = total soil volume
(cm3); and A = area of infiltration (cm2). When Eq. (16) was sub-
stituted into Eq. (3), 10 cm was taken as the length step along the
slope, and 1 min as the time step; the depth of the overland flow and
the runoff volume were determined using a differential algorithm.

Solute Transport Parameter

For the nonadsorbed chemicals, α = soil moisture (θ) in Eq. (7).
Therefore, bromide was used as a tracer; assuming α = soil mois-
ture (θ), Eq. (7) can be expressed as���� ∂θCs

∂t ¼ ∂
∂z

�
Ds

∂Cs

∂z − iCs

�
ð17Þ

Ds ¼ α 0jυjγ þD 0
s ð18Þ

D 0
s ¼ D0aebθ ð19Þ

where a and b = empirical coefficients with values of a ¼ 0.005
and b ¼ 10 (Olsen and Kemper 1968); D0 = dispersivity of
chemicals in free water (cm2=s) for Br−; D0 ¼ 1.2 × 10−5 cm2=s
(Bennett and Myers 1982; Wallach et al. 1988; Ahuja 1990);
e = constant (2.7183); γ = constant (1); υ = velocity of flow in soil
pores (cm=min); and α 0 = dispersion rate (cm2=min). Based on the
water transport determined from Eqs. (1) and (2) and the solute
movement in the soil profile from Eqs. (7), (8), and (9), the α values
for loam and sandy loam were 0.35 and 0.38 cm2, respectively.
These values were the best fit to the experiment data when using
a rainfall rate of 0.10� 0.004 mm=min.

The different soil particle colors allowed direct measurement of
the depth of the mixing zone (Gao et al. 2004). In this experiment,
the shield depths were 2.7 and 1.8 mm for loam and sandy loam,
respectively (these values represent the average from three separate
experiments).

Ahuja and Lehman (1983) and Snyder and Woolhiser (1985)
showed that the concentration of chemicals in the soil solution
was much higher than in the runoff, which was consistent with
the results. Accordingly, it was assumed that no significant error
would be introduced by regarding the runoff concentration in
Eq. (8) as being negligible (Wallach et al. 1988). The soil surface
boundary condition would then reduce to

cð0; tÞ ¼ 0 t > 0 ð20Þ

Data from dissection of the soil profile below the mixing zone
and the slope surface allowed simulation of the water flow through
the soil profile and overland flow with 1-min time steps. When the
temporal change in solute concentration in the soil surface was cal-
culated, the temporal change in the solute concentration in the run-
off (Cs) could be calculated by solving Eqs. (5) and (6).

Results and Discussion

The model was used to simulate the instantaneous changes in water
content and solute concentration in the soil profile and the sub-
sequent change in volume and solute concentration of surface
runoff. Two soil types were used to test the model.

Soil Water Content and Solute Concentration in the
Soil Profile

The predicted water content and solute concentration in the soil
profile 90 min after runoff began are shown in Figs. 3 and 4.
The measured and simulated times from when rainfall began until
the point when runoff started (tp) are shown in Table 3.

The time step in the simulations was 1 min, so the simulated
data agreed very well with the experimental observations, as shown
in Table 3. It was found that cumulative infiltration quantity before
the generation of runoff had a considerable impact on the solute
concentration in the runoff: the greater the cumulative infiltration,
the less solute was found in the runoff, which corresponded to a
lower solute concentration in the soil surface; similar results were
found by Wallach et al. (2001). According to the model, the solute
concentration in the soil beneath the mixing zone when runoff was
occurring was 556 mg=L for sandy loam and 647 mg=L for loam.

Fig. 3 showed a comparison between the model results and the
experimental soil water content for the two different soil types after
runoff had been occurring for 90 min. There was a boundary in-
teraction in the sandy loam experiment: the soil samples that were
taken to measure soil moisture content and solute concentration in
the soil profile were insufficient if they were 1-cm-deep layers that
were the width of the flume in sandy loam. This was because too
much of the sample was adjacent to the flume, resulting in a boun-
dary interaction. The results indicated that the Richards’ equation
and the Brooks-Corey model can accurately predict the water
movement in the two soils that were used in the experiment.

The solute concentration in the soil profile changed immediately
following the onset of rainfall. Fig. 4 shows the simulated and mea-
sured solute concentration in the soil when rainfall stopped. The
coefficient of determination [Eq. (19), R2] for the data simulated
by the model and experimental data were 0.97 and 0.89 for loam
and sandy loam, respectively.

Runoff Volume and Solute Concentration in the Runoff

The overland flow collected from the flumes and the concentration
of Br− in the soil and runoff 90 min after runoff began were com-
pared with the measured data (Figs. 5 and 6). The simulated data
showed a high level of correlation with the measured data for both
runoff volume and solute concentration in the runoff. This demon-
strated that the model captured the temporal behavior of the runoff
and solute transport in the runoff.

A difference was found in runoff volume (Fig. 5) between the
two soils. This was because the loam structure was less uniform and
stable than the sandy loam. The loam, therefore, broke into smaller
pieces much more readily when hit by raindrops, and these smaller
pieces were more easily carried away in runoff or infiltrate; in the
latter case, this could lead to pore blockage. The loam soil particles
expanded more readily than the sandy loam particles when infiltra-
tion took place. The hydraulic conductivity of the loam decreased
faster than that of the sandy loam, resulting in decreased water in-
filtration and increased runoff from the loam. Therefore, the runoff
volume associated with the loam increased more sharply than that
of the sandy loam, as shown in Fig. 5. From Fig. 5, it can be seen
that the simulated data showed a high level of correlation with the
temporal change in runoff volume for the two soils.
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The measured and simulated solute concentration in the runoff
was shown in Fig. 6. The coefficient of determination (R2) for the
simulated and measured solute concentration in runoff was 0.95 for
loam and 0.93 for sandy loam. During the initial few minutes after
runoff began, the solute concentration in the runoff was mainly
controlled by the raindrops and solute concentration in the mixing

Fig. 3. Comparison between model results and those determined using experimental soil water content data for two soil types: (a) loam; (b) sandy
loam; diamonds represent the measured data and the solid line shows the simulated data

Fig. 4. Comparison of model results with the experimental soil solute concentration for two soil types: (a) loam; (b) sandy loam; squares represent the
measured data and the solid line the simulated data

Table 3. Measured and Simulated Times (tp) between the Start of the
Rainfall and the First Observation of Runoff for Two Soil Types

Soil Measured tp Simulated tp

Loam 2.38 3
Sandy loam 5.6 6
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zone; the more solute in the mixing zone, the more solute in the
runoff. When the solute concentration in the runoff stabilized,
the solute concentration in the runoff was mainly controlled by
diffusion from the soil beneath the mixing zone. The higher the
solute concentration in the soil below the mixing zone, the more
solute diffused into the mixing zone, and consequently the
more solute was lost with runoff.

The model was mainly designed to examine infiltration excess.
Saturation excess was another contributor to runoff. Solute release
from saturation runoff exhibits a very different mechanism. When
the soil was saturated, there was no infiltration, but there was inter-
flow. If the slope gradient was gentle, there was little interflow,
which could be ignored; the solute transported within the soil pro-
file that entered the runoff and moved away could be simulated
within the model by deleting the infiltration term.

The RMSE for the different models is shown in Table 4. Table 4
and Figs. 3–6 show that the model correctly captured the temporal
behavior of the water and Br− concentration in the soil profile and
runoff for both soil types.

Sensitivity Analysis

The mixing zone depth was correlated with initial soil moisture
content, rainfall intensity, and slope gradient. However, from
Fig. 7(a), it was determined that the mixing zone depth had little
influence on the solute concentration in the runoff. Although the
water content in the mixing zone was much lower than the amount
in runoff, and therefore the depth of mixing zone changed consid-
erably, it still had very little influence on the solute concentration
in runoff. To account for this, the other parameters were analyzed

without considering the change in the mixing zone depth. Fig. 7
shows how the model responded when various parameters were
changed independently. The time until runoff took place is shown
in Table 5.

The initial soil moisture content, rainfall intensity, and slope
gradient had a considerable influence on the solute concentration
in the runoff [Figs. 7(b–d)]. From Table 5, it was found that initial
soil moisture content had an important influence on the surface
runoff solute concentration because of its effect on the time before
runoff commences. Lower initial soil moisture content increases
the time period during which solutes are displaced downward
by the infiltrating water prior to the initiation of runoff; this reduces
the subsequent solute flux to the surface runoff, supporting pre-
vious results presented by Wallach et al. (2001).

Fig. 5. Comparison of model results with experimental flux data for
two different soil types: (a) loam; (b) sandy loam; squares represent the
measured data and the solid line the simulated data

Fig. 6. Comparison of model results with experimental solute concen-
tration in the runoff data for two soil types: (a) loam; (b) sandy loam;
squares represent the measured data and the solid line the simulated
data

Table 4. RMSE to Compare the Simulated Results from the Model and the
Experimental Data

Soil Variable RMSE

Loam Soil water content 0.016 (cm3 cm−3)
Runoff volume 41.586 (mL)
Solute concentration in soil profile 178.05 (mgL−1)
Solute concentration in runoff 6.892 (mgL−1)

Sandy
loam

Soil water content 0.028 (cm3 cm−3)
Runoff volume 40.472 (mL)
Solute concentration in soil profile 176.268 (mgL−1)
Solute concentration in runoff 12.638 (mgL−1)
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The same effect was seen for soil moisture content; the rainfall
intensity effected the solute concentration in the runoff by control-
ling the time until runoff occurred. It took longer for runoff to occur
at lower rainfall intensities for a given initial soil moisture content.
Higher solute concentrations were found in the runoff for higher
slope gradients.

The slope gradient influenced the solute concentration in the
runoff by controlling water infiltration and the depth of the mixing
zone in the model. The rainfall and runoff erosion ability increased
with slope gradient, resulting in more soil erosion to runoff, and
therefore more solute in the runoff. The mixing zone depth can
express the rainfall and runoff erosion ability, but the mixing zone
depth counts for little when the soil erosion is serious. Fig. 7(e)
shows the relationship between solute concentration in runoff
and the initial solute concentration in the soil. This relationship dif-
fered from the other model relationships because unlike for the
other factors, the solute concentration in the runoff became stable
over the same time.

Conclusions

Water transport in the soil profile can be accurately described by the
Richards’ equation and the kinematic wave approximation when
provided with realistic simulations for overland flow. A physically-
based transfer model was developed that showed strong correlation
with the experimental data. The results showed that rainfall-driven
processes thoroughly mix the runoff and water in the mixing zone,
and that the solute in the deeper soil was transported into the mixing
zone by molecular and flow mechanical dispersion. The chemical
transported into the soil from beneath the mixing zone can be de-
scribed by convection-diffusion equations. It was important to note
that the model cannot simulate the solute transport in the runoff
under high levels of soil erosion. The infiltration had the greatest
impact on solute concentration in the runoff, both before the runoff
starts and during the period that runoff occurs. If infiltration is in-
creased, then the solute concentration in the runoff will decline,
resulting in a reduced nutrient loss.
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