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Sensitivity Analysis of a Simple
Layer-Equilibrium Model for the

One-Dimensional Leaching of Solutes

D. L. Corwin
U.S. Salinity Laboratory

USDA-ARS, 4500 Glenwood Drive
Riverside, CA 92501

Abstract

Simulated solute concentration profiles in soils are affected by in-
herent model limitations and by estimation and experimental errors in
input parameter values. Sensitivity analysis can help investigators rank
the relative importance of these errors, and focus on those parameters
that have the greatest affect on profile estimates. A sensitivity analysis is
presented for the simple layer-equilibrium model Trace Element Trans-
port (acronym TETrans). The sensitivity of the output to changes in the
following physical, chemical and biological input parameters is shown:
chemical adsorption coefficients (i.e., Langmuir affinity coefficient and
Langmuir adsorption maximum), mobility coefficient (a term specific to
TETrans which represents the fraction of soil water which is displaced
strictly by piston-type flow), field capacity water content, minimum wa-
ter content (i.e., the water content at the wilting point), bulk density,
maximum root penetration depth and root water uptake distribution.
In addition, sensitivity to the soil layer thickness, and to the initial and
boundary conditions is presented. Sensitivity of the simulated output to
a given parameter was determined by two approaches: (1) by setting all
other parameters to their mean value and letting the selected parame-
ter vary by one standard deviation above and below its mean value and
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(2) by setting all other parameters to their mean value and letting the
selected parameter vary by a fixed percentage of the mean (i.e., + 5 % of
the mean). The mean values are determined from measured values taken
from a soil lysimeter column study. Results show that the simulated out-
put over a fixed range of input parameter values for a reactive solute are
most sensitive to the adsorption parameters and the bulk density; less
sensitive to the maximum root penetration depth, the field capacity and
the mobility coefficient; and least sensitive to the plant root water uptake
distribution and the minimum water content. For input parameters rang-
ing from plus-or-minus one standard deviation of their mean measured
value, TETrans is most sensitive to the Langmuir affinity coefficient and
the mobility coefficient; less sensitive to the Langmuir adsorption maxi-
mum, the bulk density, and the field capacity; and least sensitive to the
minimum water content.

Introduction

Solute transport models are grouped into categories. The primary difference
between each category is the level of detail and conceptual completeness with
which fundamental soil processes are treated within the model [1]. Determin-
istic models presume that a system or process operates in such a manner that
a given set of events leads to a uniquely definable outcome [2]. Deterministic
models include both functional and mechanistic approaches. Functional so-
lute transport models as defined by Addiscott and Wagenet [2] are "models
that incorporate simplified treatments of solute and water flow and make no
claim to fundamentality", whereas mechanistic models incorporate "the most
fundamental mechanisms of the process."

Numerous functional models of solute transport have been developed to
describe the leaching of solutes through the soil profile [3-21]. Functional
models of solute transport are useful as management tools for agricultural
applications [2] and as preliminary assessment tools for groundwater quality
applications [19-21]. Functional models have the advantage of mathematical
simplicity and of input requirements that are modest and that can be met
without prior fitting procedures [2]. In fact, the primary reason for the use of
functional transport models as real-world application tools is that the input
parameter needs for their operation are modest and usually less difficult to
obtain, and thereby, less costly.

Even though functional models are useful as preliminary assessment tools,
they have definite limitations. The sensitivity of the output to changes, or
rather, inaccuracy in the measurement of the input parameters is among these
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limitations. For instance, it is well-known that functional transport models

that use a layered-soil approach are sensitive to the size of the layers that di-

vide the soil profile [22]. It is essential that the sensitivity of the output to

layer thickness and to all other input parameters is evaluated This informa-

tion provides a means to evaluate the limitations and strengths of a functional

model as a tool to simulate the movement and distribution of solutes through

the soil profile.

The transport model selected for sensitivity analysis in this paper is the

functional model Trace Element Transport (acronym TETrans) developed by

Corwin and Waggoner [19]. Established upon the work of Burns [11], Rose

et al. [17], and Bond and Smiles [18], TETrans is a simple, layer-equilibrium

model (see references 19-21 and 23 for details). Layer-equilibrium mod-

els divide the soil into horizontal layers. Most layer-equilibrium models are

based upon mass conservation from one layer to the next with respect to in-

puts and outputs of both solute and water. In addition, instantaneous ad-

sorption equilibrium is assumed to occur within each layer; consequently, the

name layer-equilibrium model.

TETrans simulates the one-dimensional, vertical movement of many non-

volatile organic chemicals and trace elements through the vadose zone under

transient-state conditions. It accounts for the phenomenon of bypass through

the use of a single parameter, the mobility coefficient (7 which is the fraction

of VBI which is subject to piston-type flow, where VBI is the volume of soil

water in a unit volume of soil within the depth interval zi-z2, Vt). TETrans

is a management-oriented model developed around the philosophy of user-

friendliness both in its operation and in its input parameter requirements.

Validation of TETrans for a nonreactive solute and a reactive solute was pre-

sented by Corwin et al. [21] and Corwin et al. [23], respectively.

In order to evaluate the practicality and accuracy of TETrans' ability to

simulate the movement and distribution of a solute in the soil profile, it is

necessary to know the degree to which the simulated solute concentration

distribution is affected by inherent model limitations and by errors made in

estimating or measuring the input parameter values. This information can

assist in determining which input parameters must be known accurately and

which parameters can be estimated without resulting in significant errors in

the simulated results.

The purpose of this paper is to present a sensitivity analysis of output sim-

ulations by TETrans to variations in the following physical, chemical and bi-

ological input parameters: mobility coefficient (γ), field capacity (0/c)> mini-
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mum water content (0m ,„; i.e., water content at the wilting point), bulk den-
sity (ph), maximum root penetration depth, root water uptake distribution
and chemical adsorption coefficients (specifically; Langmuir affinity coeffi-
cient, k; and Langmuir adsorption maximum, 6). In addition, the sensitivity
to the soil layer thickness, and the initial and boundary conditions are ana-
lyzed. In all cases, the sensitivity of output simulations for a reactive solute
(i.e., boron) is analyzed. In all cases except the adsorption coefficients and
bulk density, the influence of changing the input parameter upon the simu-
lation of a nonreactive solute (i.e., chloride) is examined. The examination
of a nonreactive solute more dramatically demonstrates a parameter's influ-
ence which otherwise may have been significantly dampened by the effect of
adsorption.

Theory

TETrans is a mass-balance, layered model that is driven by the amounts of wa-
ter and solute added and lost, rather than by rates of change. It models trans-
port as a sequence of chemical and physical processes: (1) infiltration and
drainage to field capacity, (2) instantaneous chemical equilibration for reac-
tive solutes, (3) water uptake by the plant root resulting from transpiration
and evaporative losses from the soil surface, and (4) instantaneous chemical
reequilibration. The root water uptake and water flow aspects of TETrans,
including its mobility coefficient, have been previously described in detail by
Corwin and Waggoner [19,20] and Corwin et al. [21,23]. In order to simulate
the chemical behavior of a reactive solute (in this case, boron), the Langmuir
adsorption isotherm model is used because it requires only two parameters.
However, several other chemical models are also available within TETrans
for other types of reactive solutes.

The simplicity of the Langmuir adsorption isotherm model makes it com-
patible with the overall intent of TETrans which is to provide reasonably ac-
curate predictions of solute transport with a minimum of input information
required. Use of the Langmuir adsorption isotherm model assumes that the
adsorption-desorption process is instantaneous and nonhysteretic. The same
general approach that was taken by Burns and Collier [24] to model boron
adsorption was also used in TETrans, except the Langmuir equation was kept
in its original form.

Basically, TETrans divides the soil into a series of layers. Each layer is
characterized by physical and chemical transport parameters that may be the
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same or different from those of other layers. These physical and chemical pa-

rameters include layer thickness, field capacity water content, minimum water

content, mobility coefficient, adsorption coefficients, bulk density and initial

conditions. After each irrigation or precipitation event, a portion of the resi-

dent soil water for a layer as defined by the mobility coeificient is displaced by

the incoming water. The layer is brought to field capacity and the increment

of water is completely mixed by a convective process with the undisplaced

portion of the resident water. The layer is temporarily regarded as a closed

system and a new equilibrium is established between the boron in solution and

the boron adsorbed on the soil. If the field capacity is exceeded by the incom-

ing water, the excess water is transferred to the second layer where the same

process is repeated. Next, water is removed from each layer in accordance

with a plant root water uptake function which is either linear or exponential

over the depth of the plant root system (i.e., down to a depth of maximum root

penetration). The adsorbed and solution phases are again reequilibrated.

Model Description

The following model steps for TETrans were previously outlined in Corwin

et al. [21, 23]. The conceptual sequence of events simulates the transport

process within a defined depth interval, z\ to zi (see Notation Section at end

of article for any undefined terms):

Infiltration and Drainage

1. Before an irrigation (BI) or precipitation,

TBI = Taw + Tad = Vt[eBICBi + PbCad) = VBICBI + ViPbCad (1)

where: Vt is a unit volume of soil within the depth interval z\-zi (m 3);

TBI is the total amount of solute in Vt immediately before an irriga-

tion (g); T)W is the total amount of solute in the soil water of Vt (g);

Tad is the total amount of adsorbed solute in Vt (g); θΒΐ is the volu-

metric water content immediately before an irrigation (m3/m3); CBI is

the concentration of solute in the soil water immediately before an ir-

rigation (g/m3); pi, is the soil bulk density (kg/m3); Cad is the adsorbed

solute concentration (g/kg); and VBi is the volume of soil water in Vt

immediately before an irrigation (m 3).

2. After an irrigation and drainage to field capacity (AI),

TAI = TBI + T{n - Tout = TBI + VinC¡n — VoutCout (2)
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a. where if 0 < γ < 1 and

(1.) if Vin > VJe - (1.0 - g)VBi, then

Vout = Vin-VJc + VBi (3)

- Vfcdn
•¿out

VAI

CAI

. , VinCi

= v,e
_ (1.0 —s

1

(Vfe -

Vout

„ + (1.0 - t)VmCin
Vout

')VBICBI

- (1.0-g)VBi)Cin

(4)

(5)

(2.) else if VJc - VBI < Vin < V}e - (1.0 - J)VBI, then

V o u ( = Vin-Vfc + Vni (7)

Cout = CBi (8)

VAI = Vfe (9)

CAI = ( V / e " Vin)CBI + VinCin (10)

(3.) else if Vin < Vfc - VBI, then

Vout

Cout

VAI

CAI

= 0
= 0

= VBI + Vin

τ ; » ι ;

(H)
(12)

(13)

(14)

b. otherwise if 7 = 0 and

(1.) if Vi„ > VfC - VBI, then eqs 3-6 are applied.

(2.) else if V¡n < Vjc - VBI, then eqs. 11-14 are applied, where:
TAI represents the total amount of solute in a volume, Vt, of
soil after an irrigation (g); 7]„ is the total amount of solute en-
tering Vt (g); Tout is the total amount of solute leaving V< (g);
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Vin is the volume of water entering Vt (m3); CAI is the con-
centration of solute in the soil water after an irrigation (g/m3);
Cin is the solute concentration of the entering water (g/m3);
Vout is the volume of water leaving Vt (m3); Cout is the solute
concentration of the exiting water (g/m3); 7 is the mobility
coefficient, or more specifically, the fraction of VBI which is
subject to piston-flow (where, 0 < γ < 1, 7 = 0 represents
total bypass, γ = 1 represents complete piston-type flow);
1.0 - 7 is the fraction of VBI which is subject to bypass; VAi
is the volume of soil water in Vt after an irrigation (m3); and
VfC is volume of water in Vt at field capacity (m3).

Chemical Equilibration

Chemical equilibration involves the partitioning of a reactive solute into the
solution and adsorbed phases. Based on the conservation of mass, the total
boron in a soil layer of thickness ζ (total volume Vt) after an irrigation is equal
to the boron present before the irrigation, plus the total boron entering the
layer minus the total boron leaving the layer. This is represented in simple
mathematical form as:

TAI = TB ι + Tin - T o u ( (15)

where: TA¡ represents the total amount of solute in a volume, Vt, of soil after
an irrigation (g), T¡n is the total amount of solute entering Vt (g) and Tout

is the total amount of solute leaving Vt (g). Equation 15 is more specifically
represented in terms of the volume of water and solute concentration in the
soil layer,

TAI = TBI + Vind„ — VoutCOut (16)

where: V¿n is the volume of water entering Vt (m
3), C,n is the solute concen-

tration of the entering water (g/m3), Vout is the volume of water leaving Vt

(m3) and Cout is the solute concentration of the exiting water (g/m3). After
an irrigation the volume of water in Vt equals either field capacity,

VAi = VJe (17)

or VAI = VBI + Vin (18)

where: VAi is the volume of soil water in Vt after an irrigation (m3), V¡c is the
volume of soil water in Vt at field capacity (m3) and VBI is the volume of soil
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water in Vt immediately before an irrigation (m3). Assuming instantaneous
adsorption-desorption and assuming that boron obeys the Langmuir adsorp-
tion isotherm model, TAI is partitioned into the solution and the adsorbed
phases according to:

TAI = VAICAI + VtPi [ ^ - ] (19)

where: CAI is the concentration of the solute in the soil water after an irri-
gation (g/m3), Pi is the bulk density (kg/m3), k is the Langmuir affinity coef-
ficient (m3/g) and 6 is the adsorption maximum (g/kg). Using eqs. 16 and 19
and solving for CAi, eq. 20 is obtained,

n {VAI + VtPkkb - TAIk)
C A I = —

\/{VAI + VtPikb - TAikf + 4VAikTAI

2VAik
 K }

where the positive solution is the one needed. The total amount of boron in
the adsorbed phase is represented by:

τ - Ι/Λ· τ/ Γ kbCA¡ ] , 0 1 .
Tad = VtCad = Vtpb \ (21)

[1 + kÜiiand therefore, the adsorbed solute concentration, Cad, is,

kbCAI 1

J
Equations 20 and 22 determine the solution and adsorbed phase solute con-
centrations following an irrigation by using the value of TAi from the mass-
balance equation (eq. 16) and the appropriate value for VAI from either eq. 17
or 18.

Plant Root Water Uptake

A knowledge of the total amount of evapotranspiration (ET) between irriga-
tion events and the plant root distribution of a crop is needed for TETrans.
The root water uptake model simulates the net loss of water from each depth
increment within the root zone of a maturing plant Root growth is assumed
to occur linearly from the date of planting to the date of maturity. If the
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plant is harvested and the root system is terminated, all subsequent loss of

water from the root zone occurs by a simulation of evaporative loss from the

soil surface. TETrans does not account for the upward movement of solute

resulting from the processes of evaporation or transpiration.

Evapotranspiration is only viewed as a sink for water loss which results

in the concentration of the solute within the root zone. It is not viewed as

creating a potential gradient which results in the net upward or downward

movement of the solute between depth increments.

In TETrans the distribution of the removal of water by the plant root is

fitted with the option of two models: linear or exponential distribution. The

linear distribution was used for the simulations in this paper. The linear root

water uptake model is that of Perrochet [25] which is a synthesis of previous

models and work presented by Molz and Remson [26], Feddes et al. [27],

Hoagland et al. [28], Ritchie [29], Ritchie et al. [30] and Prasad [31]. On a

capacity basis, the volumetric root extraction function, S, is expressed by:

SW,z) = Γ(Φ)9(Ζ)ΤΡ (23)

where: ψ is the soil-water suction head (m), ζ is the soil depth (m), r(i/>) is

the reducing factor, g(z) is the root distribution function and Tp is the poten-

tial volumetric transpiration (m3). Perrochet [25] expresses the linear root

distribution function by:

« P . ^ (24)

where, αϊ is the linear plant root distribution coefficient ( - 1 < αϊ < 1),

ζ < L and L is the plant root depth (m). The root distribution function must

be normalized so that its integral over L is unity. It is assumed in TETrans

that moisture conditions are optimal; consequently, the reducing factor, r(ip),

is equal to 1.

Because the actual volumetric transpiration, Ta, is the integral of the vol-

umetric extraction function from the soil surface (z = 0) to the depth of root

penetration (z = L), then the relative water uptake for a linear root distri-

bution, Ui(z), over the soil depth interval z\ to z2 (where, 0 < z\ < z2 < L)

becomes,

Following the same logic, the relative water uptake for an exponential root
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distribution, Ue{z), over the soil depth interval z\ to 22 becomes,

p-oii _ e-azi
U<& = χ _ e - L C26)

where: α = a2/L, and 02 is the exponential plant root distribution coeffi-
cient. Therefore, the water loss within the z\ to z2 depth interval is equal to
the actual volumetric transpiration multiplied by the relative water uptake.
VAI is adjusted to Vet which represents the volume of soil water in Vt follow-
ing the removal of water by root uptake to meet transpiration needs. So, the
water withdrawn by plant roots for any given depth increment, z\ to Z2, is re-
moved in a manner which corresponds to the relative plant root water uptake
expressed by either eq. 25 or 26 which are a reflection of the plant root dis-
tribution. Within any given depth increment, the residing soil water cannot
be withdrawn below a minimum volume of water, Vmin, by the plant root.
Vmin is an empirical value which lies above the water content at the wilting
point and represents the lowest volume of water within Vt which is observed
to occur after any ET event.

Concomitant with the removal of water by the roots is the concentration
of the solute. During the extraction of soil water, roots behave similar to a
semipermeable membrane. Solutes remain behind as the water is extracted.
Therefore, evapotranspiration results in the concentration of solutes within
the root zone. For a nonreactive solute, the degree to which the solute is
concentrated can be approximated by multiplying the solute concentration in
the soil solution by VAi/Vet·

Chemical Reequilibration

Following the removal of water by the roots as described above, the volume
of water in Vt just before the next irrigation becomes,

VBI = VAi - Vtt (27)

where Vtt is the volume of water in Vt removed by evapotranspiration (m3).
Concomitantly, the solute is concentrated by the factor VAi/Vet and another
chemical equilibration occurs. Once again, eqs. 20 and 22 are used to de-
termine the solution and adsorbed phase solute concentrations except VBI is
used in place of VU/.
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Methods and Materials

The sensitivity of TETrans to a particular input parameter is evaluated by two

approaches: (1) by observing the magnitude of change in the simulated results

due to a change in the selected parameter ranging from plus-or-minus one

standard deviation of the mean while all other parameters are held constant

(i.e., at their mean value) and (2) by observing the magnitude of change in

the simulated results by setting all parameters to their mean value and letting

a selected parameter vary by a fixed percentage of the mean (i.e., ± 5 % of the

mean). The first input parameter range, which is based on standard deviation,

is hereafter referred to as the "standard deviation range" (or SD range); the

second range, which is based on a fixed percentage of the mean, is hereafter

referred to as the "fixed range". In the first approach, a range for each input

parameter is established that reflects the probable accuracy of measurement

of that parameter. The sensitivity of the output to this range provides the

user with a means of assessing the effect that the accuracy of measurement

of a given input parameter will have upon the simulated results. However, it

can be problematic to compare model sensitivities determined with standard

deviations of the parameters. Such sensitivities reflect both the model effects

and the measurement uncertainties of the parameters; consequently, for strict

comparisons to evaluate model effects the use of a fixed percentage change

for all parameters is more reasonable.

The input parameters selected for sensitivity analysis include: bulk den-

sity ( P J ) ; minimum water content, or more specifically the water content at

the wilting point (ν^,·η); field capacity water content (V) c); mobility coeffi-

cient (γ); Langmuir affinity coefficient (k); Langmuir adsorption maximum

(6); maximum root penetration depth (Lmax); and root water uptake distribu-

tion [i/(z)]. These parameters are grouped into physical, chemical and plant

parameters. In addition, the sensitivity to the soil layer thickness, and to the

initial and boundary conditions is analyzed.

The data used for each input parameter, and the initial and boundary con-

ditions come from a solute transport experiment previously described in de-

tail by Corwin et al. [21,23]. There is a fundamental difference between the

physical, chemical and plant parameters; and the soil layer thickness. In a

homogeneous profile (as in the case of Burns [21] and Corwin, Waggoner,

and Rhoades [23]) the layer thickness has no unique physical, chemical or

biological meaning; consequently, it can be chosen arbitrarily. The soil layer

thickness was arbitrarily set to a constant 0.15 m to coincide with instrument
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placement; therefore, the sensitivity to layer thickness and number of layers
is shown for arbitrary rather than measured values. The sensitivity to the ini-
tial (i.e., initial soil solution concentration of the solute, and initial soil water
content) and boundary conditions (i.e., irrigation amount, evapotranspira-
tion, and solute concentration in the irrigation water) is analyzed only for
a fixed range of variation because only one measurement was available for
each for a given irrigation event; consequently, no standard deviation could
be obtained. Except for the mobility coefficient, the mean of all other input
parameters is calculated from a minimum of five measurements. In the case
of the mobility coefficient the 99% confidence interval is used. Because of
difficulties in measuring the plant parameters (i.e., root water uptake distri-
bution and maximum plant root depth), sensitivity analysis is only performed
using a fixed range of values.

The significance of the change in the simulated output resulting from a
change in an input parameter is assessed by using the square root of the sum
of the squares of the differences for a total of 51 simulated points. These 51
points represent calculated solute concentrations for the 51 irrigation events
which occurred over the 1100 days of the solute transport study (see Corwin,
Waggoner, and Rhoades [21] and [23]). The solute concentrations were cal-
culated at each of three selected depth increments: 0-0.15, 0.30-0.45, and
0.60-0.75 m.

Basically, the solute transport experiment [21, 23] involved studying the
movement of boron, chloride, and major salt ions through a collection of soil
columns each varying in irrigation management strategy (i.e., varying leaching
fraction and rotation of varying irrigation water quality), in cropping strategy
(i.e., single crop or rotation of crops), and in irrigation water quality (four
different irrigation water qualities). The soil columns were 0.46 m in diam-
eter and 1.52 m in length. The columns were uniformly packed with 1.37 m
of Arlington loam soil and 0.15 m of coarse drainage material at the bot-
tom of the column. Instruments including time domain reflectometry (TDR)
probes, tensiometers, and soil solution extractors were installed at the cen-
ter point of five depth increments: 0-0.15, 0.15-0.30, 0.30-0.45, 0.45-0.60,
and 0.60-0.75 m. The mean and standard deviation for each input transport
parameter in this study were determined from soil samples or in situ instru-
mental measurements taken from within the five depth increments. Out of 24
soil columns in the study, the parameter values from a single representative
soil column were used for this sensitivity analysis. The soil column selected
for the comparison was one of the most chemically dynamic soil columns be-
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cause a cyclical irrigation management strategy was used with the application
of two different qualities of irrigation water and the rotation of two different
crops. The irrigation waters used included a water that simulated California
Aqueduct water (low in boron and low in salt) and a water that simulated San
Joaquín Valley drainage water (high in boron and high in salt).

The physical transport parameters used in TETrans include bulk density,
minimum water content, field capacity water content and mobility coefficient.
Bulk density was obtained using the core method described by Blake and
Hartge [31]. Two bulk density samples were taken at each of five depths.
The minimum water content (i.e., permanent wilting point) was determined
according to the procedure outlined by Cassel and Nielsen [32]. The field ca-
pacity water content was taken to be the water content at a given depth of the
soil column three days after an irrigation occurred as measured with TDR.
The mobility coefficient which is used in TETrans to account for hydraulic
bypass was determined by Corwin et al. [21].

The.chemical transport parameters include the Langmuir adsorption co-
efficients (i.e., k, the Langmuir affinity coefficient and b, the Langmuir ad-
sorption maximum) for the adsorption of boron onto Arlington loam soil as
determined using the batch adsorption technique. Stock solutions of 5, 10,
15,20, 30,40 and 50 mg/L of boron were prepared. Sixty-two gra ms of stock
solution were added to 200.0 g of soil to form a saturation paste. The sat-
uration paste was covered and stirred constantly in a 25 °C well room for
48 hours. The saturation extract was removed and the boron concentration
present in the equilibrium solution was determined using the azomethine-H
method outlined by Bingham [33]. A total of five equilibrium isotherms for
the adsorption of boron onto Arlington loam were determined. The data for
all five isotherms were combined to determine a single value for k and for b.

The plant input parameters include the maximum root penetration and
the root water uptake distribution for two rotated crops: milo and wheat.
A determination of the root water uptake distribution is a difficult parame-
ter to determine because the uptake distribution will vary as different por-
tions of the root zone are subjected to stresses resulting from the presence
of salts and a diminished water content. Root water uptake distribution for
both crops was approximated using TDR measurements by fitting calculated
water contents to measured water contents. The root water uptake distribu-
tion was estimated to be linear over the length of the root system and to be
approximately 40-30-20-10 in its distribution (i.e., 40% of the total evapotran-
spiration coming from the uptake of water from the top quarter of the root
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zone, 3 0 % of the total evapotranspiration coming from the uptake of water

from the second quarter of the root zone, and so forth). Furthermore, sim-

ulations using a 40-30-20-10 distribution resulted in the best fit of predicted

solute concentrations of chloride in the soil solution to measured chloride

concentrations in the soil solution for the soil column presented in this paper

and three other soil columns presented in previous papers [21,23]. Because of

these reasons and because many crops under optimum growing conditions are

known to extract water from the root zone in a 40-30-20-10 uptake distribu-

tion [26], a 40-30-20-10 distribution is used in this sensitivity study. The root

water uptake distribution is assumed to be linear over the extent of the root

zone [25,31]. The maximum root penetration depth was estimated from T D R

probes placed at the 0.075,0.225,0.375,0.525, and 0.675 m depths within the

soil column. However, the root penetration depth for the two rotated crops in

the experiment extended beyond the deepest T D R probe as established from

the depletion of water within the soil profile; consequently, a maximum pene-

tration depth of 0.90 m was used for both plants because this depth produced

the best fit of simulations of a nonreactive solute to measured soil solution

chloride data [21,23].

Results and Discussion

The effect that a change in each parameter has upon the simulated output of

the model is assessed by determining the square root of the sum of the squares

of the differences between the calculated solute concentrations resulting from

the use of the upper and lower range of the parameter for both the standard

deviation range and the fixed range over the entire 1100-day simulation (i.e.,

51 simulated points for each depth increment). Simulations of the movement

of chloride and boron through the soil profile are shown for three soil depth

increments: 0-0.15, 0.30-O.45, and 0.60-0.75 m. The chloride concentration

through the soil profile is simulated for those parameters influencing only wa-

ter flow (i.e., 0 m i n , θ/ο 7, maximum root penetration depth, and root water

uptake distribution), whereas the total boron concentration (i.e., solution and

adsorbed boron) is simulated for those parameters influencing both adsorp-

tion (i.e., the adsorption coefficients Langmuir it and 6, and the bulk density)

and water flow.

The mean, and the fixed and standard deviation ranges for each selected

input parameter are shown in Table 1. The initial and boundary conditions

are shown in Table 2 and Figure 1, respectively.



SIMPLE LAYER-EQUILIBRIUM MODEL 215

Table 1: The mean, fixed range, and standard deviation (SD) range of the
input parameters for TETrans.

Input parameter

Physical parameters

Mean

Pb (kg/m3) 1600.0

emin (m3/m3)
6te (m3/m3)
7

Chemical parameters
Langmuir k (L/mg)
Langmuir 6 (mg/kg)

Plant parameters
H¿O uptake dist. αϊ
Max. root depth (m)

0.09
0.29
0.498

0.0503
17.874

= -0.80 a

0.90d

Fixed range"

1520-1680
0.0855-0.0945
0.2755-0.3045
0.4731-0.5229

0.0478-0.0528
16.980-18.7677

αϊ = -0.76 to -0.84
0.855-0.945

SD range6

1550-1650
0.084-0.096
0.274-0.306
0.442-0.554c

0.0467-0.0539
17.278-18.470

nae

nae

"Ranges represent plus-or-minus 5 % of the mean.
fcRanges represent plus-or-minus one SD from the mean, except where specified

otherwise.
c Range represents the 99% confidence interval.
dValues are not means, but arbitrary values.
c Not applicable.

Table 2: The depth increments and initial conditions for TETrans.

Depth increments (m):

Initial conditions (all depth increments):

Soil solution chloride cone.
Soil solution boron cone.
Soil water content

0.0 -0.15
0.15-O.30
0.30-0.45
0.45-0.60
0.60-0.75

0.0 meq/L
0.0 mg/L
0.29 m3/m3
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Figure 1: The boundary conditions for TETrans including (a) the amount

of irrigation water applied, (b) the boron and chloride concentration of the

irrigation water, and (c) the evapotranspiration rate between irrigations.
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Sensitivity to Initial and Boundary Conditions

A variation in the initial conditions, either the initial soil solution solute con-
centration or the initial soil water content, has little long-term influence, but
they can affect the simulation of the initial three or four irrigation events.

Variations in the boundary conditions (i.e., irrigation amounts, irrigation
solution concentrations and ET) do have significant affects. Figures 2-5 show
the influence upon the simulated results of a variation of ± 5 % of the mea-
sured values for the irrigation amount, the irrigation water solute concentra-
tion and the E T amount at two depth increments for boron and chloride. The
figures indicate that for either a nonreactive or reactive solute a variation in
the irrigation amount or the E T amount has virtually no or minimal influence
at the surface (0-0.15 m), whereas a variation in the solute concentration of
the irrigation water will have a definite effect throughout the profile. The ef-
fect throughout the profile of increased solute concentration in the irrigation
water (see Figures 2b, 3b, 4b, and 5b) is quite obviously due to the increase
in the amount of solute entering the soil. Sensitivity to variations in the irri-
gation amount and the E T amount is more significant lower in the root zone
(0.60-0.75 m). An increase in the irrigation amount, while the E T remains
constant, causes an increase in the amount of leaching. The increased leach-
ing fraction lowers the amount of solute present in the lower portions of the
root zone where it has built up due to the greater removal of water by the plant
root at the shallower depths (see Figures 2a, 3a, 4a, and 5a). The reason for
variations in ET having a greater influence upon simulated solute concentra-
tions at lower depths (see Figures 2c, 3c, 4c, and 5c) is because increasing the
E T means that more soil water is being removed; consequently, the solute is
being concentrated to a higher level. Greater solute concentrations will ap-
pear lower in the root zone due to the removal of more water near the soil
surface and the subsequent leaching of solutes into the lower portions of the
soil profile.

Effect of Soil Layer Thickness and Number of Layers

The number of soil layers and their thickness are known to influence the sim-
ulated output of functional models [22]. In order to compare the effects of
varying the number of soil layers and their thickness, it is necessary to make
the comparison between layers with the same midpoint because TETrans de-
termines the average solute concentration for each soil layer. To demonstrate
what is meant, assume a hypothetical situation. If a soil consisted of a single



218 CORWIN

ε
υ

"ω
s

Β
ο

*.£
αU

Ήα>
uG
Ο

U

υ

'Π

Ξ
ο

G
<υ

ε
U
C

h-<

J=

ep
t

Q

ε
»o
o
o

o

30

20

10

30

i »

10

30

20

10

Sensitivity to the Boundary Conditions

(a) Irrigation amount

( ± 5 % of Ihc measured value)

200 400 600 800 1000 1200 1400

(b) Chloride concenlralion of llie irrigation
water ( + 5 % of the measured value)

Lower Limil
Upper Limit

200 400 600 800 1000 1200 1400

(c) Evapotranspiration amount
( ± 5 % of the measured value)

200 400 600 800

Time (days)
1000 1200 1400

Figure 2: Sensitivity of TETrans' simulation of chloride concentration to a

variation (i.e., ± 5 % of the measured value) in the boundary conditions at the

0 to 0.15 m depth increment: (a) irrigation amount, (b) chloride concentra-

tion of the irrigation water, and (c) evapotranspiration amount. Solid line

represents 5% above the measured value and dashed line represents 5% be-

low the measured value.
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Figure 3: Sensitivity of TETrans' simulation of chloride concentration to a

variation (i.e., ± 5 % of the measured value) in the boundary conditions at

the 0.60 to 0.75 m depth increment: (a) irrigation amount, (b) chloride con-

centration of the irrigation water and (c) evapotranspiration amount. Solid

line represents 5% above the measured value and dashed line represents 5%

below the measured value.
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Figure 4: Sensitivity of TETVans' simulation of total boron concentration to a

variation (i.e., ± 5 % of the measured value) in the boundary conditions at the

0 to 0.15 m depth increment: (a) irrigation amount, (b) boron concentration

of the irrigation water and (c) evapotranspiration amount. Solid line repre-

sents 5% above the measured value and dashed line represents 5 % below the

measured value.
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Figure 5: Sensitivity of TETrans' simulation of total boron concentration to

a variation (i.e., ± 5 % of the measured value) in the boundary conditions at

the 0.60 to 0.75 m depth increment: (a) irrigation amount, (b) boron con-

centration of the irrigation water and (c) evapotranspiration amount. Solid

line represents 5% above the measured value and dashed line represents 5%

below the measured value.
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layer of 3-m thickness with an average total solute concentration of 10.0 mg/L,
then dividing that single layer into three layers of 1-m thicknesses might re-
sult in an average concentration distribution of 7.5, 10.0 and 12.5 mg/L for
each of the three layers. Only at the midpoint of the second layer is the con-
centration the same as the one 3-m layer; consequently, a comparison of the
effect of varying the number of layers and the layer thickness must be done
at a common midpoint

Figures 6 and 7 show the actual effect of increasing the number of layers
and decreasing their thickness from five layers of 0.15-m thickness (dashed
line) to 25 layers of 0.03-m thickness (solid line) upon the calculated solute
concentrations at three depths for the 1100-day simulation. The three depths
(i.e., 0.075, 0.375, and 0.675 m) represent the midpoint of the three depth
increments. At all depths the chloride concentration is higher for a large
number of layers of smaller thickness than for a small number of layers of
larger thickness (Figure 6). Simulating the movement of an adsorbed species
such as boron results in only a slight difference between the output for 25
layers of 0.03-m thickness and for five layers of 0.15-m thickness (Figure 7).

The variation in the calculated solute concentration that results from
changes in the layer thickness as shown in Figures 6 and 7 is the consequence
of the influence of the layer thickness upon five aspects (or rather submod-
els) of the TETrans model: plant root water uptake distribution, bypass, root
growth, adsorption, and mixing of water entering a layer with the soil water
already residing within that layer. Table 3 shows the effect that layer thick-
ness has upon each submodel by comparing the relative increase or decrease
in the calculated solute leaving the root zone. In Case 1, E T is assumed to be
zero (no plant root water uptake and no evaporation); consequently, there
is no root growth. No bypass is also assumed. Only the influence of layer
thickness upon adsorption and mixing is shown. The effect upon adsorption
is revealed by comparing chloride, a nonreactive solute, to boron, a reactive
solute. Case 1 shows that variation in the layer thickness has minimal influ-
ence upon mixing, particularly for a nonreactive solute. Case 2 shows the
effect of layer thickness upon bypass, adsorption, and mixing. Case 2 reveals
that varying the layer thickness has only a modest effect upon bypass calcu-
lations which, in turn, alter the calculated total solute leaving the root zone.
Case 3, however, shows the most dramatic influence of layer thickness which
is upon the plant root water uptake calculation. The influence of layer thick-
ness upon adsorption is the second most dramatic as shown by a comparison
of the relative percent change in calculated solute leaving the root zone for
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Sensitivity to Layer Thickness
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Figure 6: Sensitivity of TETrans' simulation of chloride concentration to a
variation in the layer thickness (0.03 m, solid line; 0.15 m, dashed line) for
three depths: (a) 0.075 m, (b) 0.375 m and (c) 0.675 m.
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Figure 7: Sensitivity of TETrans' simulation of total boron concentration to

a variation in the layer thickness (0.03 m, solid line; 0.15 m, dashed line) for

three depths: (a) 0.075 m, (b) 0.375 m and (c) 0.675 m.



Table 3: The influence of layer thinckness upon various submodels of the TETrans model (i.e., plant water uptake

distribution due to ET, bypass, root growth, adsorption, and mixing) as reflected by differences in the calculated total

solute passing beyond the root zone.

Submodels
No. of

Layers

Layer

thickness

(m)

Cale, total solute

leaving root zone

Boron Chloride

Relative percent

difference

Boron Chloride

CD

2

oσm

Case 1: No ET, no bypass (γ = 1.0),

and no root growth

Case 2: No ET, no bypass (7 = 0.498),

and no root growth

Case 3: E T and bypass (7 = 0.498),

and no root growth

Case 1: E T and bypass (7 = 0.498),

and root growth

5
25

5

25

5

25

5

25

0.15
0.03

0.15

0.03

0.15

0.03

0.15

0.03

2.026
2.027

2.051

2.054

1.468

1.433

1.432

1.396

20.409
20.414

20.477

20.485

19.325

19.217

19.226

19.110

-0.05 -0.02

-0.18

2.44

2.58

-0.04

0.56

0.61

to
U
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boron and for chloride for all four cases. Finally, Case 4 shows a modest ef-
fect of varying the layer thickness upon the root growth calculation and its
resultant influence upon the solute concentration leaving the root zone.

Effects of Physical, Chemical and Plant Parameters

Fixed Range of Input Parameter Variation

The sensitivity of TETrans to a fixed percentage of change (i.e., ± 5 % ) of each
of the input parameters provides a means of comparison that reflects only
model effects. Figures 8 and 9 are three-dimensional graphs of the square
root of the sum of the squares of the differences of the solute concentrations
computed from the lower and upper values of the fixed range of each input
parameter for chloride and boron, respectively. A comparison of three depth
increments (i.e., 0-0.15,0.30-0.45, and 0.60-0.75 m) is presented.

Figure 8 shows the sensitivity of TETrans to changes in those input pa-
rameters that influence the movement of a nonreactive solute: field capac-
ity, mobility coefficient, maximum root penetration depth, root water uptake
distribution, and minimum water content. TETrans is most sensitive to vari-
ations in the field capacity when simulating the movement of a nonreactive
solute; less sensitive to the mobility coefficient and the maximum root pene-
tration depth; and least sensitive to the plant water uptake distribution and
minimum water content.

On the other hand, Figure 9 shows the sensitivity of TETrans to changes in
all input parameters that influence the movement of a reactive solute: bulk
density, adsorption coefficients, maximum root penetration depth, field ca-
pacity, mobility coefficient, plant water uptake distribution, and minimum
water content. For simulating a reactive solute, TETrans is most sensitive to
those input parameters influencing the adsorption process, particularly, the
bulk density and the Langmuir adsorption maximum, 6. The sensitivity of
TETrans to the bulk density and Langmuir adsorption maximum is the same.
The reason can be seen in eq 21 where the bulk density (pb) and the Lang-
muir adsorption maximum (6) appear in the numerator of the same term,
VtpikbCAiHX + WAI), which calculates the total amount of solute in the
adsorbed phase. TETrans is less sensitive to the Langmuir affinity coefficient
(k), the maximum root penetration depth, the field capacity, and the mobility
coefficient; and least sensitive to the plant water uptake distribution and the
minimum water content.
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Chloride
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Figure 8: Sensitivity of TETrans* simulation of chloride concentration at three
depth increments to a fixed change in the input parameters of ± 5 % of the
mean.
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Boron

Fixed Range

Figure 9: Sensitivity of TETrans' simulation of total boron concentration at
three depth increments to a fixed change in the input parameters of ± 5 % of
the mean.
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A comparison of the common input parameters for a reactive and non-
reactive solute shows the same order of sensitivity except there is a shift in
the significance of the maximum root penetration depth. The maximum root
penetration depth is of less significance for a nonreactive solute. Ostensibly,
variation in the maximum root penetration depth influences the calculation
of the partitioning of a reactive solute causing greater variation in the output,
particularly at shallower depths. This effect is the result of the influence of
the maximum root depth upon the amount of water removed from each layer
through the root zone.

A comparison of the three depths shows that opposing trends exist for
a nonreactive (Figure 8) and a reactive solute (Figure 9). In general, at the
deeper depths TETrans is less sensitive to parameter changes for a reactive so-
lute, whereas for a nonreactive solute the opposite appears to be more likely.

Standard Deviation Range of Input Parameter Variation

The sensitivity of TETrans to input parameters ranging from plus-or-minus
one standard deviation of their measured average brings in an added effect
beyond modeling effects which includes the measurement uncertainties of the
different parameters. It is important to know the influence of the measure-
ment uncertainty of each parameter in order to know where refinement in
measurement is needed or where particular caution is needed to assure the
greatest possible simulation accuracy.

Figures 10 and 11 are three-dimensional graphs of the square root of the
sum of the squares of the differences of the solute concentrations computed
from the lower and upper values of the standard deviation range of each in-
put parameter for chloride and boron, respectively. As in Figures 8 and 9, a
comparison of three depth increments is also presented.

Figure 10 shows the sensitivity of TETrans to measurement uncertainties
in three parameters for a nonreactive solute: mobility coefficient, field ca-
pacity and minimum water content. The plant parameters of maximum root
penetration depth and plant water uptake distribution have been excluded
because they were not actually measured, but rather estimated using TDR.
Figure 10 indicates that the uncertainty in the measurement of either the mo-
bility coefficient or the field capacity results in the greatest influence upon the
simulated output, whereas uncertainty in the measurement of the minimum
water content has minimal influence.

Figure 11 shows the sensitivity of TETrans to measurement uncertainties
in the following input parameters: adsorption coefficients (i.e., Langmuir k
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Chloride

Standard Deviation
Range

Figure 10: Sensitivity of TETrans' simulation of chloride concentration at
three depth increments to a change in the input parameters of plus-or-minus
one standard deviation of the mean.
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Boron

Standard Deviation
Range

Figure 11: Sensitivity of TETrans' simulation of total boron concentration at
three depth increments to a change in the input parameters of plus-or-minus
one standard deviation of the mean.
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and 6), mobility coefficient, bulk density, field capacity, and minimum water
content. As in Figure 10, the plant parameters of maximum root penetration
depth and plant root water uptake distribution have been omitted. Figure 11
shows that TETrans is: most sensitive to uncertainty in the measurement of
the Langmuir affinity coefficient (k) and the mobility coefficient, less sensitive
to uncertainty in the Langmuir adsorption maximum (6), the bulk density, and
the field capacity; and least sensitive to the minimum water content.

By using the lower limit of the standard deviation range for all parameters
as input to TETrans and comparing the simulated output to the upper limit
of all parameters, a sensitivity envelope is created (see Figure 12). Figure 12
shows the sensitivity range over which any simulation using the measured pa-
rameters in Table 1 is likely to occur. The sensitivity range is due to model
effects and uncertainty in the measurement of the input parameters. The
variation in the simulated output at any given point for the lower and upper
limit is never greater than 16% for the reactive solute boron (Figure 12).

Summary

Sensitivity is the "degree to which the model result is affected by changes in a
selected input parameter" [1]. Sensitivity analysis provides a means of identi-
fying which input parameters have a large influence on the simulated output,
thereby indicating which parameters should be defined with better accuracy
and precision. Model sensitivity to its inputs can be used to plan the sample
design and to choose the number of samples needed to obtain the appropriate
accuracy and precision to meet a model user's needs [34]. The robustness of a
model depends upon its sensitivity to fixed variations in the input parameters.
The sensitivity of a model to a fixed percentage change in its input parameters
reflects the model effects due to conceptual design, whereas the sensitivity of
a model to the standard deviation range of its inputs (i.e., plus-or-minus one
standard deviation of the measured means) reflects not only models effects,
but also uncertainties in the measured input parameters.

For a reactive solute, sensitivity analysis for a fixed range of inputs indi-
cates that the order of sensitivity of TETrans to its input from most sensitive
to least sensitive is: bulk density, adsorption coefficients (Langmuir 6 and
Langmuir fc), maximum root penetration depth, field capacity, mobility co-
efficient, plant water uptake distribution, and minimum water content. Over
the standard deviation range, the order of sensitivity from most sensitive to
least sensitive is: Langmuir k, mobility coefficient, Langmuir b, bulk density,
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Figure 12: Sensitivity envelope for TETrans* simulation of total boron con-
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field capacity and minimum water content. In addition, layer thickness has a
significant effect upon the simulated root water uptake values and upon the
simulated adsorption values. An accurate knowledge of the solute concentra-
tion in the irrigation water is particularly important due to its influence upon
the simulated solute concentrations at all depths, whereas an accurate knowl-
edge of the irrigation amount and the E T amount is of greater significance to
simulated results lower in the root zone.

Notation

ET evapotranspiration
TDR time domain reflectometry
αϊ linear plant root distribution coefficient (-1 < a\ < 1)

a2 exponential plant root distribution coefficient (a2 > 0)
7 mobility coefficient, or more specifically, the fraction of VBI which

is subject to piston-flow (where, 0 < 7 < l , γ = 0 represents total
bypass, 7 = 1 represents complete piston-type flow)

1.0 — 7 fraction of VBI which is bypassed
Pb soil bulk density (kg/m3)
φ soil-water suction head (m)
ΘΒΙ volumetric water content immediately before an irrigation

(m3/m3)
θ/c volumetric water content at field capacity (m3/m3)
α oii/L

b Langmuir adsorption maximum (g/kg)
Cad adsorbed solute concentration (g/kg)
CAÍ concentration of solute in the soil water after an irrigation (g/m3)
CBI concentration of solute in the soil water immediately before an

irrigation (g/m3)
C/e concentration of solute in the soil water at field capacity (g/m3)
dn solute concentration of the entering water (g/m3)
Cout solute concentration of the exiting water (g/m3)
g(z) root distribution function
k Langmuir affinity adsorption coefficient (m3/g)
L plant root penetration depth (m).
Γ(Φ) reducing factor
S(V>, z) volumetric root extraction function
Ta integral of the volumetric extraction function from the soil surface
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(ζ = 0) to the depth of root penetration (z = L)
Tad total amount of adsorbed solute in Vt (g)
TAI total amount of solute in a volume, Vt, of soil after an irrigation

(g)
TBj total amount of solute in a volume, Vt, of soil immediately before

an irrigation (g)
Tin total amount of solute entering Vt (g)
Tout total amount of solute leaving Vt (g)
Tp potential volumetric transpiration (m3)
Ttw total amount of solute in the soil water of Vt (g)
U\(z) relative water uptake over the soil depth interval z\ to z2 for a lin-

ear root distribution
Ue(z) relative water uptake over the soil depth interval z\ to z2 for an

exponential root distribution
VAJ volume of soil water in Vt after an irrigation (m3)
VBI volume of soil water in Vt immediately before an irrigation (m3) =

V/c volume of water in Vt at field capacity (m3) = 0jcVt

Vin volume of water entering Vt (m3)
Vmin minimum volume of soil water in V« (m3)
Vout volume of water leaving Vt ( m 3 )
V( a unit volume of soil within the depth interval z\ to z2 ( m 3 )
ζ soil depth with zero at the soil surface and positive downward (m)
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