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Heavy metal contamination in soil has become a serious environmental problem in China,
and chromium is one of the major threats to human health. In order to better understand
the transfer pattern of heavy metal hexavalent chromium from polluted sites into surface
water, the influencing factors that affect solute transfer from soil into the surface runoff with
linear and nonlinear adsorption equations based on a two-layer incomplete mixing model
were analyzed in this study. The Quasi-Newton method was used to optimize model
parameters by fitting with the experimental laboratory data of chromium (Cr(VI)) in surface
runoff. The local sensitivity analysis and the Morris global sensitivity analysis approaches
were used to assess the parameter importance of rainfall intensity p, the thickness of the
mixing layer hmix, incomplete mixing parameter α and γ, the soil adsorption parameters,
and the initial soil water content θ0. The study results showed that the optimized nonlinear
models were better consistent with the experimental results than the linear adsorption
equation model. The results of global sensitivity indicated that rainfall intensity p was the
main factor influencing Cr(VI) transport from the soil into surface runoff. The hmix and the α in
the two-layer model were vital parameters that influenced such transport processes.
Moreover, the soil adsorption properties and the θ0 had the lowest effects on runoff Cr(VI)
loss. The results indicate that for controlling pollution migration in surface runoff, it is
essential to focus on the analysis of precipitation conditions and soil properties that control
the thickness of the mixing layer and the degree of mixing.
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INTRODUCTION

Due to the rapid development of industrialization and urbanization, heavy metal contamination in
soil has become an essential aspect of global environmental pollution (Yang et al., 2018). Heavy
metals (e.g., Cd, Cr, and Hg) in water bodies that originate either from contaminated soil or from the
soil with natural heavy metal content may pose a threat to human health (Chen et al., 2021). Among
them, hexavalent chromium (Cr6+) has receivedmuch attention due to its easy movement with stable
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and soluble properties (Sarkar et al., 2010) and its extensive
sources from human activities, such as printing and dyeing,
iron and steel manufacturing, leather tanning, chemical
production, and fertilizers (Thangam et al., 2018). As a non-
point pollution source, high content of chemicals in the soil
migrate to the surface water and groundwater through the
rainfall-runoff process, which is a crucial process of heavy
metal pollution (Xiao et al., 2022). Therefore, it is of great
significance to study the soil Cr(VI) loss and transfer into the
rainfall-induced surface runoff.

The variations of Cr(VI) content in groundwater are usually
characterized by convection, dispersion, adsorption, and
reduction processes (Gorny et al., 2016). Various numerical
methods depend on the lumped mixing layer approach
(Donigian et al., 1977) and the diffusion approach (Wallach
and van Genuchten 1990), and these approaches have been
developed to analyze and illustrate experimental results. The
mixing layer approach has gained more popularity than the
diffusion approach by the ability to account for the influence
of raindrops in the rainfall process (Li et al., 2017). It depends on
the assumption that soil water mixes with surface runoff
instantaneously and rainwater completely or incompletely in a
thin layer below the soil surface without any contribution from
the soil part under this mixing layer. Therefore, the thickness of
the mixing layer determines the total amount of solutes transfer
into the surface runoff (Ahuja and Lehman 1983; Tian et al.,
2011a). Also, previous studies have found that the number of
solutes in the soil entering surface runoff water when the
subsurface drainage decreases exponentially with depth (Ahuja
et al., 1981). However, the complete mixing method assumes that
the soil water, surface water, and solute concentrations in
rainwater within the mixed layer are the same during
precipitation, which differs from the actual situation under
subsurface drainage conditions. Hence, the complete mixing
approach has been modified, and an incomplete mixing
approach that considers the infiltration process has been
developed (Wang et al., 1998). Both the complete mixing cell
and incomplete uptake models were used to evaluate the transfer
of soil-applied pesticide into the runoff in the field test (Young
and Fry 2019). The result showed that the incomplete model
provides more intuitive and reasonable results than the complete
mixing model. Furthermore, it reported that the complete mixing
cell model, as well as the refined equivalent model, facilitated the
use of simplified parameters when describing the runoff process
of solute transport to loess lands, while the incomplete mixed
model was more suitable for practical situations (Yang et al.,
2016). Tong et al. (2010) developed a two-layer incomplete
mixing model to analyze the chemical components
transported from soil to surface runoff water, which considers
the surface runoff-ponding layer, soil mixing layer, and the lower
layer below is regarded as the whole study system. This model is
based on the assumption that the surface of the soil is (nearly)
horizontal and the thickness of the mixing layer is considered
constant, without considering lateral or return flows in the soil.
The results of chemical components transfer from soil to the
runoff in the unsaturated soil experiments were well explained by
the simple two-layer incomplete mixing model, which verified

model is reliable and reasonable (Wu et al., 2015; Tong et al.,
2010).

Adsorption is an essential part of interpreting the transfer
process, especially for heavy metal solutes, and solute transport
models are usually combined with adsorption equations to
analyze solute transport patterns. Laboratory test data was
used to examine the modeling works with linear isotherm
adsorption equation (Henry equation) by Wang (2012) and
nonlinear isotherm adsorption equation (Langmuir and
Temkin equation) by Wu et al. (2014, 2015). In addition, the
selection impact of different adsorptionmodels on the Cr(VI) loss
simulation has been evaluated, and it suggested the Langmuir
model is preferable (Xia et al., 2018). The model under each
adsorption assumption is accompanied by a set of uncertain/
unknown parameters. It is vital for model prediction accuracy to
verify these uncertain parameters. Usually, we use the best-fit
method to determine the parameters. Meanwhile, it is efficient to
order the parameters’ priority in the prediction of solute
concentration in the surface runoff before each parameter
calibration (Song et al., 2015).

The sensitivity analysis (SA) aims to give intuitive and
quantitative importance results for a specific parameter or a
group of parameters that affect model performance (Saltelli
et al., 2004), and it plays an important role in the model
verification, parameterization, optimization, and uncertainty
quantification (Song et al., 2015). Fundamental analysis of the
parameter sensitivity in a model indicates how significant the
simulation result relies on a single parameter, which is local
sensitivity analysis (LSA). However, the parameters may relate to
each other, which means one changing parameter may drive
other parameters to change. Therefore, the result of local
sensitivity is unreasonable. At this point, the global sensitivity
analysis (GSA) is vital for investigating the effects of parameters
systematically and the uncertainty of simulation results, thereby
enhancing the interpretation of the system (Saltelli and Annoni
2010). A variety of GSA techniques have been applied to
hydrogeological models, such as the screening method (Saltelli
et al., 2008), regression analysis (Tiscareno-Lopez et al., 1993),
meta-modeling method (Petropoulos et al., 2009), variance-based
method (Xia et al., 2018), etc. Based on sensitivity analysis of
fitting parameters in the two-layer incomplete mixing model
(Tong et al., 2010) with different adsorption equations (such
as α, γ, hmix, kd, K, Smax, and N). It suggested that the most
important influencing factor is hmix, and the sensitivity of
adsorption parameters in the model gradually increases with
time (Wu et al., 2015; Xia et al., 2018).

Many researchers have developed treatment processes to
remediate Cr(VI) (Bansal et al., 2009; Lu et al., 2021). In
contrast, few researchers devoted to the adsorptive solute of
Cr(VI) transfer from soil into the surface runoff, especially,
quantitative comparative analysis has not been carried out on
the important influencing of multiple environmental factors,
which is the main study in this article. As multi-factor analysis
requires a large number of experiments, considering the
toxicological damage of Cr(VI) to experimenters, this study
was limited to the test results under a single environmental
condition and relied on model simulation for analysis. In
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particular, some factors are interactive with each other, such as
rainfall intensity and the thickness of the mixing layer (Tian et al.,
2011a). Therefore, a comprehensive sensitivity analysis of various
factors needs to be carried out. In this study, the model involves
two sets of parameters, and in order to quantitatively examine the
sensitivity of different models to their parameters, a series of
sensitivity analyses were conducted. Among the GSA methods,
the screening method is identifying the significance of input
variables contributing to the output uncertainty in high-
dimensionality models than exactly quantifying sensitivity
(Saltelli et al., 2008), which reduces amounts of computation
greatly. The Morris screening GSAmethod is widely used to solve
the multi-parameter analysis due to its higher interpretability and
practicability (Shin et al., 2013; Tian 2013). For analyzing the
process of chemical transfer, the Henry and Langmuir adsorption
equation was used in the modeling. The ODE45 method was
applied to do the optimization of the parameters by using
MATLAB. The LSA and Morris GSA were performed to
evaluate the contribution and uncertainty of parameters to the
variations in soil Cr(VI) released to surface runoff. These two
sensitivity analysis methods performed well in the contaminant
prediction and water science (Herman et al., 2013; Xu et al., 2018,
2019). In this study, the sensitivity of two adsorption models was
compared to further understand the adsorption effect on heavy
metal solute loss in the rainfall-runoff process.

METHODS

Laboratory Experiment of Cr(VI) Loss
The experiment was implemented with a sandbox of 100 cm in
length, 30 cm in width, and 40 cm in height in Figure 1 (Tong
et al., 2010). A sand-gravel layer was laid at the bottom as a filter
layer, and drainage holes were set in the middle of the bottom.
The soil thickness is 23cm, and the maximum depth of ponding
water hp (tr) is 1.1 cm. The chemical content of the water is nearly
zero since distilled water was used in the rainfall. The drainage
outlet was put 23 cm higher than the box bottom. The soil is

collected from the background area, which can be regarded as soil
without chromium. The initial soil concentration was set to
300 mg/kg, and it was ground, 2 mm screened dried silty sand.
Then the calculated proportions of soil and potassium
dichromate solution were well mixed. After standing for about
30 min, the sandbox was filled in layers. Surface runoff was
collected approximately every 2 min, and the solute
concentration of the water samples was determined using an
Atomic Absorption Spectrometer (ContrAA-700, Analytic Jena
AG). This experiment was conducted in 2012 and was duplicated
twice in 2013. All of the experimental physical parameters are
listed in Table 1.

Mathematical Model
A brief description of the prediction model and laboratory
experiments of solid solute transfer into the surface runoff is
given in this paper, and more details were described in Tong
et al. (2010). The two-layer system model (Figure 2) was
applied to investigate the Cr(VI) transfer from soil into
surface runoff under the Henry and Langmuir adsorption
equations, where soil particles were ignored in the surface
runoff process. There are two sections in the model. The
upper section comprises the mixing layer and ponding-
runoff layer, and the lower layer is the soil below the
mixing layer. The equation of solute mass in the saturated
mixing layer is

Mw � Cw[α(hw − hmix · θs) + hmix · θs], (1)
where Mw is the chemical mass dissolved in the water per unit
area [μg/cm2]; hw is the depth of net water in the mixing layer and
ponding-runoff layer [cm]; θs is saturated volumetric water
content [cm3/cm3]; hmix is the thickness of the mixing layer,
where the solute concentration is evenly distributed [cm]; Cw is
the concentration of the mixing layer and ponding-runoff layer
[μg/cm3] = [μg/mL]; α (0<α ≤ 1) is the incomplete mixing
parameter of solute between the soil water in the mixing layer
and the ponding-runoff water.

The soluble chemical mass flows away via ponding-runoff and
infiltration water. Hence, the following equation based on mass
conservation is obtained:

dMw(t)
dt

� −γ · i · Cw(t) − α · q · Cw(t), (2)

where γ (0<γ ≤ 1) is the incomplete mixing parameter of the
solute between infiltration water and the soil water in the mixing
layer; q is the flow rate per unit area of surface runoff [cm/min]; i
is the infiltration flux [cm/min].

The increasing process of ponding water on the soil
surface before runoff was considered, and the rainfall-
induced runoff event can be divided into four stages, as
shown in Figure 3.

Period I: from the beginning of rainfall to the soil reaches
saturation in the mixing layer and ponding-runoff layer, 0~tsa;
period II: from saturation state in mixing layer and ponding-
runoff layer to surface ponding occurred, tsa ~ tp; period III: from
ponding to surface runoff occurred, tp ~ tr1; period IV: from
surface runoff start to the end of rainfall; according to the

FIGURE 1 | Schematic of the experimental apparatus (Tong et al., 2010).
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different characteristics of soil infiltration rate, this period can be
divided into two sub-periods:

o Sub-period I: soil infiltration linearly changes with time,
tr1~tr2

o Sub-period II: soil infiltration rate reaches a stable state, tr2~ts

The solution variations in the experiment are divided into
several different stages. Thus different equations were used for
these stages in the mixing layer and ponding-runoff layer. α and γ
are regarded as constants in the process of Cr(VI) loss from the
soil into surface runoff and infiltration.

In this process, adsorption is a significant factor influencing
the Cr(VI) loss. Two kinds of adsorption equations were used to
describe this relationship.

Langmuir adsorption equation (Langmuir 1918):

Cw

S
� 1
KSmax

+ Cw

Smax
, (3)

where S is the capacity of equilibrium adsorption [mg/Kg], Smax is
the single molecular layer adsorption saturated adsorption
capacity [mg/Kg], K is a constant that describes the reaction
energy, it links with the adsorption-desorption equilibrium
constant for a reversible reaction [L/mg].

Henry Adsorption Equation

s � kdCw , (4)
where kd is the linear absorption coefficient [L/kg].

The Langmuir adsorption equation in the mixing model:

Mw � Cw[α(hw − hmix · θs) + hmix · θs] + hmix · ρs ·
Cw

BCw + C
,

(5)
where B � 1

Smax
1

K ·Smax
.

The Henry adsorption equation in the mixing model:

Mw � Cw[α(hw − hmix · θs) + hmix · (θs + kdρs)]. (6)
The ODE equations used in the numerical calculation are

shown in Supplementary Text S1.

TABLE 1 | Experimental and simulation parameters used in this test.

Experiment Initial volumetric water
content θ0

Saturated volumetric water
content Ts

Rainfall
intensity p/
[cm/min]

Initiation time of
ponding tp/min

1 0.35 0.49
0.0925

10

2 0.30 0.49
0.0978

25

3 0.30 0.49
0.0963

2

Initiation time of runoff tr/min Initiation time
of steady runoff ts/min

Initial solute
concentration
in soil S0/
[mg/kg]

Bulk density ρ/[g/cm3]

32 34.5 300 1.35
52 55 300 1.35
23 25.5 300 1.35

FIGURE 2 | Simple two-layer incomplete mixing model (Non-actual size)
(Tong et al., 2010).

FIGURE 3 | The curve of soil infiltration rate changes with time during a
rainfall event (Mein and Larson 1973).
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Optimization
The experimental data were applied to calibrate the mathematical
model with the Langmuir and Henry adsorption equations. Some
parameters in the equations above were not obtained by the
experiment test directly. The Quasi-Newton optimization
method was used to calculate parameters of γ, α, hmix, kd in
the Henry equation and γ, α, hmix, B, C in the Langmuir equation
by fitting experimental results. The application of the Quasi-
Newton method was shown in Supplementary Text S2.

Sensitivity Analysis
Local Sensitivity Analysis
In this work, the forward difference approximation was used to
calculate the sensitivity of ith observation concerning jth
parameter (Hill and Tiedeman 2007):

(zy′i
zbj

)∣∣∣∣∣∣∣∣
b

≈
y′i(b + Δb) − y′i(b)

Δbj
, (7)

where y′
i is the calculated result of ith observation; bj is the jth

estimated parameter; b is the vector of parameter values; Δb is a
vector of zero except that the jth parameter is Δbj, Δbj should be
1–5% of bj (Saltelli et al., 2000).

Different parameters had different units, and for adequate
comparing sensitivity of different parameters, approximations
were converted to a dimensionless scaled form (Hill 1992; Hill.
1998):

dssij � (zy′i
zbj

)∣∣∣∣∣∣∣∣
b

∣∣∣∣bj∣∣∣∣ω1/2
ii , (8)

where dssij is dimensionless scaled sensitivity of ith observation
with respect to jth parameter; ωii is the weight in the ith
simulation.

The total effect of different observations for one parameter is
reflected in composite scaled sensitivity. It was calculated by the
following equation (Hill 1992; Hill 1998):

cssj � ∑N

i�1(dss2ijN
)1/2

, (9)

where cssj is composite scaled sensitivity (CSS) of jth parameter;
N is the number of observations.

Global Sensitivity Analysis With the Morris Method
In the modeling, variations of some parameters may influence
each other on the local estimation. GSA thoroughly considers the
significance of one parameter under interactions with other
parameters. In this study, the Morris method (Morris 1991;
Saltelli et al., 2004) was implemented in calculating the global
sensitivities of parameters. The Morris method is a one-at-a-time
experiment. It is based on the element effect, which is the effect of
changing one parameter at a time. The trajectory sampling was
used in the Morris method to compute m parameters (m+1)
simulations were calculated with a random start sampling point
in one trajectory, the input space of each parameter is discretized
into n levels, and the whole calculation contains r trajectories. The
element effect of changing ith parameter in jth trajectory is

dij �
y(xj + eiΔ) − y(xj)

Δ
, (10)

where xj � (x1, x2, ..., xm) of jth trajectory; Δ � 1/(n − 1); ei is a
vector of zeros but with a unit at its ith component.

Once computations were completed, the average (μ) of one
parameter in r trajectories reflects an estimation of the total-order
effect, and the standard deviation (σ) described the variability of
parameter space and the extent of parameter interactions
(Herman et al., 2013).

μi �
1
r
∑r

j�1dij, (11)

σ i �
��������������
1
r
∑r

j�1(dij − ui)2√
. (12)

The specified value in local analysis and estimation ranges in
the global analysis of seven parameters are listed in Table 2.

RESULTS AND DISCUSSION

Experiment and Optimization Results
There are three categories of parameters in the optimization,
including the two incomplete mixing parameters α and γ, the
mixed layer thickness hmix related to precipitation conditions
(Ahuja et al., 1981), and the parameters of adsorption equations.
Five and four parameters are involved in the modeling with
corresponding Langmuir and Henry adsorption equations. The
results of Quasi-Newton optimization are expressed in Figure 4,
and the observed data (Experiment 1 is cited byWang 2012; and
Experiment 3 is cited by Wu et al., 2014) are presented as black
squares. The simulations fit the experimental results quite well
under both adsorption equations. The R-square of Langmuir
adsorption and Henry adsorption ranged from 0.84 to 0.99. The
results of the three experiments show that the initial
concentration of Cr(VI) in the surface runoff was different
between the three experiments, from 1.7 mg/L to 20 mg/L,
and they reduced with time. In the early stage of the
experiments, the concentration of soil heavy metal solutes
was high, and the main factors affecting the solute
concentration in runoff water were dissolution, mixing, and
dilution. As the precipitation time extended, the density of
surface soil pollutants decreased, and the concentration of
solutes entering the surface runoff water also decreased
rapidly. Surface pollutants precipitated from the soil, the
influence of adsorption is strengthened, and deep pollutants
contribute to the solute concentration in runoff water through
convection, diffusion, and other effects.

The optimization results for all parameters are within a
reasonable range which is from previous studies (Table 2). The
γ is much larger than the α, which is consistent with the
observations, and the solute concentration in surface runoff
water (0.0 mg/L~1.7 mg/L) is much smaller than that in
subsurface drainage water (139.3 mg/L~234.3 mg/L) in the
experiment. Therefore, controlling subsurface drainage
would be a practical approach to limit Cr(VI) migration
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from contaminated soils. In addition, this phenomenon is the
same as in the case of fertilizer components loss in surface
runoff from the soil with sandbox experiments (Tong et al.,
2010). However, according to experiment and simulation
results under the free subsurface drainage condition, the
hmix is one magnitude degree lower than the hmix in this
study (Tian et al., 2011a). Meanwhile, the soil was designed
to be initially saturated without ponding depth, causing a
much shorter runoff starting time than unsaturated soil
(Tian et al., 2011b). Therefore, the deeper mixing layer is
reasonable, considering the longer interaction time between
soil and runoff water. The hmix is close to the result of the
experiment (0.356 cm), in which the water table was controlled
to be 0 cm below the soil surface during the rainfall process
(Tian et al., 2011b).

Local Sensitivity
For the LSA, the CSS of Cr(VI) concentration in surface runoff
was calculated under each parameter’s Langmuir and Henry

adsorption equations. Moreover, the value ranges of the
parameters are listed in Table 2. In general, a larger CSS value
represents more significance of such parameter to the simulated
Cr(VI) concentration in surface runoff. The results of the LSA are
shown in Figure 5.

As shown in Figures 5A,B, the model is more sensitive to the
parameters in the early stage, and the sensitivity gradually
decreases over time. Based on the results of the local
sensitivity analysis of the three experimental results, it can be
seen that the overall nonlinear adsorption model is more sensitive
to parameters the mixing layer depth hmix, the rainfall intense p
and incomplete mixing parameter γ, and the remaining
parameters including both parameters in the Langmuir
adsorption equation are less sensitive (Figure 5C). However,
the model with a linear adsorption equation is sensitive to all of
the parameters except the initial water content (Figure 5D). The
results illustrate that Cr(VI) transport and releasing are more
influenced by the thickness of the mixing layer and ponding-
runoff layer. These LSA results of the three experiments are not

TABLE 2 | The value ranges for local and global sensitivity analysis of all parameters. L and H represent Langmuir and Henry. EX1, EX1, and EX3 are short for the three
experiments, 1, 2, and 3.

Parameter Specified value Range Unit References

EX1 1 EX 2 EX3

hmix_L 0.37 0.76 0.48 0–1 Cm Ahuja et al. (1981) Ahuja and Lehman, (1983) Wallach et al. (1988) Havis et al. (1992) Nofziger and Wu
(2005) Walter et al. (2007) Shi et al. (2011) Tian et al. (2011a)hmix_H 0.40 0.78 0.64

γ_L 0.6 0.41 0.67 0–1 - Tong et al. (2010)
γ_H 0.55 0.24 0.35
α_L 0.14 0.34 0.32 0–1 -
α_H 0.08 0.02 0.02
Smax 57.1 68.73 63.21 22.9–200 mg/kg Khan et al. (2010) Fernández-Pazos et al. (2013) Tewari and Vivekanand (2013)
K 0.02 0.19 0.07 0.00078–0.428 L/mg
kd 0.2 0.51 0.2 0–2.5 L/kg Fernández-Pazos et al. (2013)

FIGURE 4 | Comparison of experimental data and optimized models within Langmuir and Henry equation. Note: OB was for the Observation data.
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showing a similar trend but are not precisely consistent with each
other, which indicates that the result of the LSA method varies
with the calculated parameters and/or the experimental
conditions.

Global Sensitivity
Unlike LSA, GSA considers the existence of correlations
between parameters and gives a more comprehensive
perspective of the sensitivity of different parameters. All
parameters in LSA were examined in the GSA. The Morris
trajectory method was applied for less computational cost than
using the variance-based method. A simulation with level n = 4
and path r = 10 is good enough for most cases (Saltelli et al.,
2004). Therefore, the Morris trajectory high-density sampling
methods, where level n = 5 and path r = 10 in this study, were
used to obtain more reliable results, and the results were
plotted in Figure 6.

The model’s sensitivity to different parameters over time
shows that the trend resembled the LSA, where the model is
more sensitive to parameter changes in the early stage and
gradually decreases with time (Figures 6 (a) and (b)). From
the absolute mean values of element effect for each parameter
abs(μ), the simulated results show that Cr(VI) concentration
in surface runoff water is most sensitive to parameter p,

followed by hmix, α, γ, adsorption parameters, and θ0,
which are significantly different from the results of the
LSA. This means that the model is most sensitive to p
considering the interaction of the parameters, with which
hmix was also an essential parameter for the model. Overall,
the model is fairly sensitive to the two incomplete parameters
of α and γ in the simple two-layer model. The α has a more
substantial effect on Cr(VI) loss in the surface runoff than γ,
which is also different from the results of the LSA. Both from
the LSA and GSA results, the parameters in the adsorption
equations as well as θ0 have relatively small effects on the
results of Cr(VI) loss in surface runoff. The impact on the
simulation results of adsorption parameters in the Henry
linear equation is relatively more significant than that of the
parameters in the Langmuir nonlinear adsorption equation.
This is most likely due to the nonlinear adsorption equation
having a more complex form and one more parameter, which
decentralize the calculation, and when the parameters are
compared individually, neither one has a significant effect on
the simulation results.

The results of the LSA are significantly different from the
results of the GSA. According to the GSA method, it is known
that the result includes two parameters, one is the mean (μ)
value of elemental effects, and the other is the standard

FIGURE 5 | CSS values of Langmuir (A) and Henry (B) models along time during the rainfall-runoff process; (C) and (D) represent the mean values of CSS at
different times for each parameter in the model with Langmuir and Henry equations, respectively.
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deviation (σ) value of elemental effects. The value μ represents
a general estimate of the sensitivity of a given input, and σ is a
proxy for the input interaction and/or the non-linearity
amount. The higher the value of σ represents less reliability
of the sensitivity in the LSA (van Engelen et al., 2021). The
absolute mean of the element effects and the standard
deviation values are combined to analyze the model’s
sensitivity to the parameters (Figure 7).

As shown in Figure 7, p is the most critical factor controlling
Cr(VI) loss in surface runoff. Meanwhile, both hmix and α are

essential to the model, but γ is less important. Under the linear
adsorption equation condition, the adsorption coefficient kd is
more crucial to the model, while under the nonlinear adsorption
assumption, all the parameters associated with the adsorption
equation have little effect on the simulation results. The θ0 has a
minor effect on both models. According to experimental results
the θ0 is a vital parameter to the solutes concentrations in the
surface runoff. It has been shown that the higher θ0 is the greater
runoff volume per unit time and higher solute concentration in
the runoff, but less sediment mass in the runoff (Dong et al.,

FIGURE 6 | (A) and (B) represent that the absolute mean values of the element effect of each parameter abs(μ) are changing with time in the model with Langmuir
and Henry equations; (C) and (D) is the average of elemental effects at different times for each parameter.

FIGURE 7 | The absolute mean versus standard deviation of element effect for each parameter at the runoff start time.
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2018). The difference between the results of this study and the
previous study is that the θ0 was used only for the calculation of
the ponding time but is less relevant to the subsequent calculation
of the solute concentration in the surface runoff. The parameter
hmix gradually increases with p (Tian et al., 2011a), which
enhances the impact of rainfall variability on the model. The γ
is vital to the simulation result due to the high σ value resulting
from the interaction of the strong parameters. Despite the
parameter p, the GSA results are consistent with the previous
study with the variance-based GSA (Xia et al., 2018). Therefore, it
shows that the low computational effort of the Morris trajectory
method is able to give reasonable results for the model in
this study.

The mean of the absolute value of elementary effects (μp) is
calculated to show non-monotonous effects (Campolongo et al.,
2007). The two elementary effects parameters allow us to estimate
a measure of non-monotonicity, ϵ, for each parameter:

ε � abs(μ)
μp

. (14)

An ϵ approaching one represents the elementary effect of the
input is quite monotonous. The sign of the model’s response to
changes in the input is always equal, regardless of the other input
configurations. In contrast, close to zero means it is highly non-
monotonous. As shown in Figure 8, only the nonlinear
adsorptive parameter K variation showed a relatively high
non-monotonicity for the simulation results with different
model parameters. The rest of the parameter effects were
monotonic. However, the sensitivity of the model to K was
deficient in both the LSA and GSA and had little effect on the
simulated results of Cr(VI) concentration in surface runoff.

CONCLUSION

In order to better understand the Cr6+ transfer from
contaminated fields under precipitation with subsurface
drainage conditions, the main influencing factors of Cr(VI)

loss in surface runoff under the two adsorption assumptions
were explored on the basis of a previous experimental study. The
numerical model was used in the calculation to solve the complex
equations. The optimization with the Quasi-Newton method was
applied to determine several vital parameters, such as γ, α, hmix,
kd, K, and Smax. Then, the LSA and GSA were carried out on the
significant parameters, such as p, γ, α, hmix, θ0, kd, K, and Smax, in
the model to investigate the effect of different parameters on the
simulated Cr(VI) concentration in surface runoff. The main
conclusions were obtained as follows:

• Quasi-Newton optimization performs very well in this
study, and the optimization results well fit with the
experimental data. In addition, the parameters
determined from optimization were reasonable.

• The sensitivity of the model to all parameters gradually
decreased as precipitation proceeded.

• The local sensitivity of the model to the parameters in
descending order is γ, p, hmix, and α. The sensitivity of
the model to the parameters in the adsorption equations and
the θ0 was inferior.

• The GSA of the models shows that the models are also more
sensitive to p, hmix, and α, while not γ, θ0, and parameters
related to the adsorption equation.

In summary, this study supplemented the influence of
environmental factors on runoff loss of adsorptive heavy
metal chromium. The effects of rainfall intensity, the
model mixing parameters, the thickness of the mixing
layer, and adsorption conditions on the migration of
hexavalent Chromium were quantitatively compared using
a low computing cost GSA method. It turns out that the most
important factors influencing the Cr(VI) transfer from soil
into surface runoff during precipitation were the p, hmix, α,
and γ. θ0 and the adsorption properties had a minor effect on
the simulated Cr(VI) concentration in surface runoff.
However, it should be mentioned that the θ0 is a
significant condition to the concentration variations in the
surface runoff.

FIGURE 8 | The ϵ values of each parameter in the simulation during the rainfall process.
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