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Abstract

Ten descriptive models; two describe the water content as a function of matric potential
[6(¥)], four describe unsaturated hydraulic conductivity as a function of water content [k (&)1,

and four describe unsaturated hydraulic conductivity as a function of matric potential [ k (‘W) ]; were

used by the RETC optimizing program to analyze seven-observed different data sets for predicting or
estimating unsaturated hydraulic characteristics. The seven data sets are: 1) all laboratory measured
6 — ¥ data, 2) all laboratory measured @ — ¥ data with one k — @ matching data point, 3) all
laboratory measured @ — ¥ data with one k — W matching data point, 4) all laboratory measured
6 — ¥ data with all k —@ data, 5) all laboratory measured @ — ¥ data with all kK —¥ data, 6)
one @ —¥ matching data point with all k — @ data point and, 7) one & —¥ matching data point
with all k — P data; where €, ¥, and k indicate volumetric water content, applied suction or
pressure head, and k is field determined instantaneous-unsaturated hydraulic conductivity. Highly

significant  correlation values, R?>0.99, were obtained from fitting of van Genuchten and
Brooks and Corey models to laboratory measured @(\W) relationship. Predicted k (@), and k(%)

functions from soil water retention compared very well with observed data with linear correlation
exceeded 0.800 and regression coefficient approached unity on 1:1 line. When one k(&), or

k (W) matching point was used in the analysis besides o(\¥) data, the k(0), and k(W) functions
were more precisely predicted. The linear correlation between matched and observed k (&), and
k(W) functions exceeded 0.959 with a regression coefficient of 1.0158 on 1:1 line. Estimated
k(@), and k(W) functions obtained from analyzing both the retention and conductivity data

matched the observed values with correlation coefficient of 0.937 and a regression coefficient of
0.9888. Predicted &(V) relationships obtained form analyzing observed k(@) besides one

& () matching point underestimated observed data especially near saturation suggesting the
susceptibility of the prediction to high water content values. Predicted &(\F) values obtained from
analyzing the k() besides one (W) matching point compared precisely with observed &(\%)
values. When all predicted @(\/) data were plotted against measured &(‘V) data on 1:1 line, it
produced correlation coefficient value of 0.846 and a regressing coefficient value of 0.9308.

LAl
G il dayl ¢ P Sl agall J AN G S (gl Gliay ladset thibns 7 3al Brdie Cuasil
¢ W L) agall ) ANSS ok AL Ala) Co z3la Aay)) 5, @ S ggimall I AS ok Asl Adla)
Jadts dapdial) e Adlay) pailaadd) paal o Loll dulie Ul DU dave Julstt RETC sl iyl 8 (50
2eally Sl gyl lily(2 , adad) 8 laanaas a3 S Sl agally Sl (ggiaal) bl 5 b Lo dasadl LSl
Baaly K — W ddais ) dilal el agally Sl gyl by (3 cdildae A0S sanly K — 0 3t ) dilal L
Sl agally Ll (gpiaall ULy (5 ¢ K — 0 Sy N ALl Sl agally Sl gyl SUly(4 | Aklhe Al
6 — W <lily akii (7, Kk — @ <lly ) &Ll alas 1hi€ 9 — W clily abi(6 K — W <lly ) 2Ll
s van Genuchten aigail dailas 34(0.99<) ddle bali) b o Jguanll i K — W clily ) dilal dillae ddaiiS
) o Aariiall e Al Adladl dalhaall (s bean - sda)ll Caagll iaie Uil I Brooks and  Corey
e sanly Bang (e iy laail Jalaas 0.800 g 3 bl dalaas ashall Chuasl) inia il (e lgie Tunally duliall
esbl) Caasl) e ciliby ) dilal dalae 23S K — W 5 K — @ sasly by dhi crendia) Lavie 101 bad
L. il s le 1.0158 jlasi) Jaleas 0.956 Lol Jualaay 48y 580 el Lgie Ll k(W) 5 k(0) oL
3 K(W) S k(0) @bly I ailal Sl agally Sl (ginall @lily dilas e da3 50iad) K(W) 5 K(O) b

270



2011 : (19 abal / (1) xcl / afighily syl gl / Jiy e dba

Aallae Aty ) dilial K (0) wlily e Lgie (adl O(W) a8 2231$.0.9888 lasil Jalass 0.937 Loyl Jalaa calac)
Gsinall (e ddlad) andl) Y Lgie Ll adl) dplian (S Lo g Ll oy Lalss dalid) UL e J3) O(W) e
Basly Aalae O(W) Ak ) BLalK (W) sladiad vie dalia) adl) pe fass Lgie L) a8 a8 Sl
Llo) dules 131 bas e 3uladl (W) by e Lgie Ll G(W) @bl poes aey oo Aalilll A8 cudac
-0.9308 _lasil Jalaas 0.846

Introduction

Movement and accumulation of pollutants in the vadose zone environment are soil
water content dependent and can be estimated or predicted with different parametric
models(Abbasi et al., 2003). The reliability of a model to predicting depends on the
extent or the ability of the model to characterize the hydraulic properties under
variably saturated soil conditions (Ramos & Goncalves, 2006). When Field scale
measurements of soil water content and pressure head as a function of time on
covered field plot are available, the obtained precise determination of unsaturated
conductivity can serve as assessment criterion for evaluating the reliability of
predicting or estimating of a model(Jacques et al., 2002). The data input criterion is
another significant approach for utilizing all possible combination of available data to
be used in the analysis. Sisson and van Genuchten (Sisson et al., 1991) used the
program UNGRA to analyze five data sets for parameter estimation including 6 — ¥,
k-6, k'-6, k—-0—-y,and k'—=0—¥ whered is the volume-based water content,

Y is the pressure head, k is unsaturated hydraulic conductivity, and k' is the slope,
dk/dé@, of afitted k(&) function.

The RETC (Van Genuchten et al., 1991) is a simple one dimensional solute
transport - window or DOS based program for analyzing and (or) predicting the
o(¥), k(9), k(¥), D(A) and dk/dé data where D is soil water diffusivity. In this

study the program also was used to fit analytical functions simultaneously to observed
water retention and hydraulic conductivity data.

This program utilizes the Brooks and Corey model(Brooks & Corey, 1964) and
van Genuchten model (VanGenuchten, 1980) for describing soil-water retention
relationship and theoretical pore size distribution model of Burdine (Burdine, 1953)
and Mualem (Mualem, 1976). Accurate estimation of unsaturated hydraulic properties
is essential for applied purposes including water and solute transport in unsaturated
soil(Russo, 1988). The required hydraulic properties are the water retention curve,
hydraulic conductivity as a function of water content or soil water pressure head.
Popular field methods for the unsaturated hydraulic conductivity include the
instantaneous profile(VVachaud & Dane, 2002), and the internal drainage and zero-flux
plane methods(Arya, 2002). Laboratory methods for the unsaturated hydraulic
conductivity include the long-column method (Bruce & Klute, 1956) and the crust
method (Bouma et al., 1983), as well as transient procedures that simplify the
Richards equation, such as the horizontal infiltration method(Bruce & Klute, 1956;
Corey, 2002), the hot-air method(Arya, 2002), and the evaporation method (Wendroth
et al., 1993; Scanlon, 2005). Evaporation methods also allow simultaneous
measurement of both the water retention function and the hydraulic conductivity.

RETC allows the description of the hydraulic properties of the soil with analytical
expressions which simplifies the characterization, allows rapid comparison of
hydraulic properties of different soils, and allow interpolating and extrapolating of
hydraulic properties(Brooks & Corey, 1964; Van Genuchten, 1980; Russo, 1988).
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The flexibility of the RETC code to analyzing different data sets improves program
ability to predict or estimate unsaturated hydraulic characteristics from different data
sets. Thus the input data sets may include laboratory measured &(Y¥) relationship for

predicting the k(8), k(¥)and D(8), all (') plus one k(€) or k(W) data point,
to scale (predict) k(#), and k(¥), all 8(\F)andk(€) (or) k(¥) data to estimate
d(¥), and k(9), and k(¥), and all k(€)or k(W¥) data and one #(V¥) data point to
scale (predict) the (W) relationship.

The objectives of this study is to extend the predictability of the RETC by analyzing
different combinations of available field and laboratory measured and calculated
unsaturated hydraulic data sets and to evaluate two retention models and eight
different pore-size conductivity models associated with the program. A general but
basic objective is to compare predicted and estimated unsaturated hydraulic data
values with the laboratory or field determined data.

Models for Retention and Hydraulic Functions

Two functional relationships between soil water content and soil water retention
were assumed for hydraulic parameter analysis. The first function is the van
Genuchten model (18) which will be referred to as the VG model:

95—9r
Q(T)Zer‘FW (HrSQSQS) 1

where 6(W)is the volumetric water content as a function of pressure head (¥ ), «

is an empirical parameter(L™) whose inverse is referred to as the air entry value or
bubbling pressure, n, and mare empirical parameters, and the subscript s, and r
represent parametric-saturated and residual water contents . The second function is
the Brooks and Corey model (5) which will be referred to as BC model:

9@0=a+ﬂiﬂ- 6. <0<0,) 2
(@¥)’
where A is a pore size distribution parameter which affects the slope of the fitted
water retention curve.

Unsaturated hydraulic conductivity may be obtained from easily measured water
retention curve by combining equation 1 with the pore-size distribution model of
Mualem (10) , the VGM model. The RETC code utilizes VG model to predict
unsaturated hydraulic conductivity as a function of both volumetric water content,
k(0), and pressure head, k(‘{’) as follows:

k(0) = k(e r){1 [1- (9 6;) "1} (m=1-1/n) 3
k(“P) — ks{l_ (aq;)mn[1+ (a\/I:) ) } (m —1-1/ n) 4
[1+ ()]

where k. is the saturated hydraulic conductivity, | is pore-connectivity parameter,

is the effective saturation and will be referred to as S for simplicity, i.e.;

5= L (0<S<)) 5
es_er

When Brooks and Corey model is combined with Mualem model (BCM) then
equations 3 and 4 will be given by:
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0-0.
k 9 . K 1+2+2/ 2
(9) = (0 ) —) 6

k
k(¥ )‘W /
As well, when van Genuchten model is combined with Burdine pore-size
distribution model (VGB) then equations 3 and 4 will be given by:

k() =k (9 r){1 [1 —( % )“m] ¥ (m=1-2/n) 8
k(\P)z ks{l_(aT)n72[1+(;Z\P) )7 } (m:1_2/n) 9
[1+(@¥)"]™

Also when the Brooks and Corey model is combined with Burdine pore-size
distribution model (BCB) then equations 3 and 4 will be given by:

0—06 +1+

k(€) =K, (ﬁ)l el 10
kS

k() = ap) 11

Inspecting of above mentioned hydraulic functions reveals that they contains
seven unknown parameters (I, €, , 6., a, n, 4, k) when assuming that the value

of the parameter m is restricted to m=1-1/n for the VGM, based models and
m=1-2/n for the VGB based models. RETC code may be used to fit one, several,
or all parameters simultaneously to observed data.

Derivation of the final formula of equations 3, 4, 6, 7, 8, 9, 10, and 11 from
equations 1, and 2 in conjunction with the pore size conductivity models of Mualem
(Mualem 1976) and Burdine (Burdine, 1953) are given in details in van Genuchten
and Nielsen (Van Genuchten & Nielsen, 1985).

Materials and Methods
The data sets were obtained from an in situ infiltration-drainage study in which a

minimum depth of infiltration water was allowed to pond on the surface of an 8m X
8m field plot for enough time to establish equilibrium between soil water content and
soil water potential. The soil was silt clay loam, located at the experimental field of
the College of agriculture , 20 km west of Baghdad, and classified as a typic
torrifluvent. The plot was covered to prevent evaporation from the soil surface.
Drainage was initiated directly after the cessation of infiltration. Soil water content as
a function of time was measured gravimetrically at 14 depths (10 cm increments)
during 90 days of drainage while soil water pressure head was inferred from
laboratory determined soil water-retention relationship for the whole pressure head
range between 0 and 1500 KPa. Unsaturated hydraulic conductivity was calculated
from the time rate of change in soil water content and inferred soil water pressure
head during drainage according to the instantaneous profile theory (Arya et al., 1975;
Vachaud & Dane, 2002).
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Field and laboratory measured data sets

Seven different combinations of data sets were used in the hydraulic parameter

optimization process for fitting, estimating or predicting soil water-retention

relationship and , unsaturated hydraulic conductivity as a function of water content

and pressure head. The following data sets were used for analysis:

1. data set 1 is the laboratory measured @(W) data only for fitting the &(¥)
functions and predicting k(€) and k(W) relationships.

2. data set 2 is the laboratory measured &(V') data together with one measured k(&)
data point to predict k(&) relationship.

3. data set 3 is the laboratory measured &(W)data together with one measured
k(\V) data point to predict k(‘V') relationships.

4. data set 4 is the laboratory measured (V) data together with all k(&)data to
estimate 9(WV), k(@) and k() relationships.

5. data set 5 is the laboratory measured &(W)data together with all k(W) data to
estimate 4(WV), k(@) and k() relationships.

6. data set 6 is one laboratory measured &(\V') data points together with all k(&) data
to predict (V) and estimate the k(&) and k(') relationships.

7. data set 7 is one laboratory measured &(W)data points together with all
k(\V) data to predict (W) and estimate k(&) and k(') relationships.

The RETC does nonlinear least-squares fitting for equations 1, 2, 3, 4, 6, 7, 8, 9,
10, and 11 into different data sets for parameter estimation. In this study curve
fitting refers to analyzing measured data alone for parameter estimation such as
fitting equations 1 or 2 to laboratory measured (W) relationship, in the same time
the fitted parameters can be used to predict other functions as the case when
parameters of equation 1 are used to create the predictive curves for equations 3 or
4,

An estimating curve results from simultaneous fitting of both the retention and
conductivity models to observed water retention and hydraulic conductivity data,
consequently the same fitted parameters will be used to give an estimating curves for
both the retention and hydraulic conductivity functions. For example, estimating
curves were obtained from simultaneous fitting of equations 1 and 3 and 8 to data set
4 or from fitting equations 1 and 4 and 9 to data set 5.

Results
Fitting of Retention and Hydraulic Models
Values of the hydraulic parameters(8,,0, «, n) obtained from fitting equations

1 and 2 to the laboratory measured soil water-retention relationship are given in the
fitted equations shown on figure 1. Fitting of equations 1 and 2 resulted in high R-
squared values; 0.999, 0.995; but sum of squares of deviations between measured
and fitted values was lower for equation 1 than equation 2. The fitted curve of
equations 2 matches observed data very well for the whole domain of observed data
except at the wet end when the laboratory-observed & at pressure head values of 0,
and 10 cm of water (stand for measured water content values of 0.5324 and 0.5300
cmi.cm™ respectively) were higher than the fitted value of the parameter 6,

(0.5212cm?®.cm®) which indeed violates the boundary conditions of equations 2. The
dotted line in figure 1 (BC model) suggest, at least, that a pressure head at 30 cm

274



2011 : (19 abal / (1) xcl / afighily syl gl / Jiy e dba

represent the air-entry value and a break in the fitted line has to be introduced at non-
zero suction head which means that a straight line, represented by the arrow on the
figure, with a zero slope may be extended from ¥ =30cm to complete saturation
where ¥ =0 and (6= 6,). Figure 1 also shows that the fitted curve of equation 1

matches the observed data very well for the whole domain of fitted 8 where

0.1880 < measured ¢ < 0.5336 which satisfies the boundary conditions of
equation 1. If we designate W(6,) =y, and that 6.is less than 6, , whered,

represents total porosity, then . is the non-zero capillary height. According to

equation of capillarity 10 mm capillary rise is approximately occurred in a pore
radius of 1.5 mm which suggest applying a physical importance to y or consider

w, as a fitting parameter. Rawls et al. (12) mentioned that the value of . is

somewhere between 10 and 1000 cm of water in the Brooks and Corey model.

Since no observed hydraulic conductivity data were used in this fitting(data
setl), values of the fitted parameters , shown on figure 1, will be used to predict
unsaturated hydraulic conductivity either as a function of water content (equations 3,
6, 8, and 10), or as a function of pressure head (equations 4, 7, 9, and 11) and
hence this method will be referred to as the predictive method. Values of the
parameter | was assumed to be 0.5 for Mualem-based conductivity models and 2 for
Burdine-based conductivity models and value of k for the layer 0-10 cm was taken

as the instantaneous hydraulic conductivity value at early drainage time, 1cm.day™
as suggested by van Genuchten and Nielsen(19).
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Figure 1. Measured (open circles) and fitted, solid and dotted lines, soil water
retention relationships for silt clay loam textured- soil.

Figure 2 shows that the VGM predictive curve, equation 3, described the
hydraulic conductivity data precisely over the whole range of the observed values
while the VGB predicted values, equation 8, were lower than the observed values.
When the RETC program was used to analyze the retention data, the VGM and VGB
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models produced different hydraulic parameters during the optimization process. The
two predictive curves of BCM and BCB were identical and over estimated measured
conductivity values since the same hydraulic parameter values were used to predicting
conductivity using equations 6 and 10. The two curves overlapped over the whole
range between saturated and residual water content indicating that the trend of the
two equations were quite similar. Overall fitting of the four functions was quite
acceptable with a linear correlation values exceeded 0.800 between observed and
predicted conductivity values.

Same values of the parameters shown on figure 1 were used to predict hydraulic
conductivity as a function of pressure potential using equations 4, 7, 9, and 11. It is
clear from figure 3 that the four k(W) functions performed equally well in predicting

the hydraulic conductivity at low pressure head values. The linear correlation
between measured and predicted hydraulic conductivity values exceeded 0.960
suggesting the reliability of the four functions to delineating field unsaturated
conductivity over the whole range of water retention data. At higher pressure head
values the BCM and the BCB predictive curves performed better than the VGM and
VGB predictive curves. Over all description of the hydraulic conductivity functions is
quite acceptable.

The RETC code was used to estimate the hydraulic conductivity curves from data set

4 and data set 5 where all retention and conductivity data were included in the fitting

process for parameters estimation. The four estimating curves of the k(&)
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Figure 2. Soil water content and unsaturated hydraulic conductivity curves for
silt clay loam textured-soil. Open circles indicate measured values and lines
indicate different predictive curves based on indicated functions.

functions; equations 3, 6, 8, and 10; are shown on figure 4. This figure shows

that the hydraulic conductivity of the Silt clay Loam was well described by the four
functions even higher estimation was obtained from equations 3 and 8 as
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Figure 3. Pressure head and unsaturated hydraulic conductivity curves for silt
clay loam textured soil. Open circles indicate measured values and lines
indicate different predictive curves based on indicated functions.

evident from sum of squares of deviations between observed and estimated values
(Table 1). The four estimating curves on figure 4 show that estimated values are
accurate enough to replace observed values and the simultaneous fitting of the
retention and conductivity data improved parameter estimation.
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-
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Volumetric water content, cm®. cm™

Figure 4. Soil water content and unsaturated hydraulic conductivity curves for
silt clay loam textured-soil. Open circles indicate measured values and lines

indicate different estimating curves based on indicated functions.

Estimated conductivity curves as a function of pressure head described observed
values nicely especially at the low pressure head values, however; at high pressure
head values the VGM and the VGB curves, equations 4 and 9, under estimated the
observed k(W) (figure 5). Compared with VGM and VGB estimating curves the
BCM and the BCB curves produced lower sum squares values between measured and
estimated values over the whole range of measured data. Almost the same trend as in
figure 3 was obtained in figure 5 for all estimating curves. An improved estimation
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could be obtained if the RETC program was allowed to optimize all seven
parameters(@,, 6, , «, m, n, |, and k,) in equations 1 and 4 which increase curve

fitting flexibility of the program as indicated by Abbasi et al. (1).
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Hydraulic conductivity, cm.day™
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Figure 5. Pressre head and unsaturated hydraulic conductivity curves for for
silt clay loam textured-soil. Open circles indicate measured values and lines
indicate different estimating curves based on indicated functions.

Soil water-retention curve will be estimated from optimized parameters obtained
from fitting of equations 3, 4, 6, 7, 8, 9, 10 and 11 to data set 4 and 5. Likewise
prediction of the soil water-retention relationship will be obtained from parameter
fitting of equations 3, 4, 6, 7, 8,9, 10 and 11 to data set (6) and (7).

Values of the hydraulic parameters for estimating or predicting soil water
retention relationship from different data sets are given in table 1. Estimation of the
retention soil water content occurs when all observed ¢(w) and k() or k(¥) data
were used in parameter estimation. The RETC in this case simultaneously fits the two
function to observed data. Figure 6 shows that the VGM and the VGB models
(equations 3 and 8) underestimated observed water content values at the wet end of
soil water retention relationship otherwise a precise estimate was obtained from
different equations over the whole range of observed values of the water retention
relationship. When observed k(o) or k(W¥) data were used besides observed o(w)
data in parameter estimation, the fitted parameters imitated the inherent variability in
the instantaneous hydraulic conductivity resulting in more precise estimate of the
k(@) and k(W¥). This case is reflected in figures 4 and 5 where precise estimate of

k(@)and k(¥) values were obtained from the same parameters of figure 6.
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Table 1. Hydraulic parameters, Root Mean Square Errors(RMSE) and
correlation coefficients(R?) obtained from analyzing indicated data sets using
the RETC program. Values of the parameters were used to calculate either the
estimated or predicted curves according to the governing equations; 3, 4, 6, 7, 8,

9, 10 and 11.
model van Genuchten- Brooks and van Genuchten- Brooks and
Mualem Corey-Mualem Burdine Corey-Burdine
Governing | 4 4 6 7 8 9 10 11
equation
1. All (%) and k(@) or k(W¥) data
o, 0.2089 | 0.0000 0.0000 | 0.0000 0.1815 | 0.0000 0.0000 | 0.0000

0.4652 | 0.5204 0.5312 | 0.5077

0.4465 | 0.5157

0.5312 | 0.5172

0.0053 | 0.0091 0.0550 | 0.0176

0.0065 | 0.0108

0.0039 | 0.0184

2.2190 | 2.1455

0.0887 | 0.1230

0.1027 | 15.6496 0.4925 | 0.9635

0.0328 | 3.6259

0.4898 | 0.8282

MSE | 0.0102 | 0.0239 0.0238 | 0.0291

0.0439 | 0.0225

0.0246 | 0.0255

0,

a

n 1.2959 | 1.1497 0.0927 | 0.1137
k
R

R

2 0.953 0.963 0.873 | 0.946

0.909 | 0.967

0.972 | 0.957

2. All g(¥) and one k(@) or k(W) matching data point

0.1384 | 0.2036 0.0316 | 0.1001

0.0000 | 0.1968

0.0933 | 0.1045

0.5383 | 0.5324 0.5269 | 0.5269

0.5341 | 0.5256

0.5212 | 0.5269

0.0026 | 0.0102

0.0143 | 0.0182

1.2187 | 1.3804 0.1319 | 0.1804

2.1221 | 2.3356

0.1862 | 0.1835

A
a 0.0149 | 0.0078 0.0236 | 0.0183
n
k

. 1.9697 | 4.5363 0.1005 | 1.1865

1.5290 | 1.7508

0.0122 | 0.7349

RMSE 0.0056 | 0.0012 0.0052 | 0.0026

0.0058 | 0.0076

0.0025 | 0.0031

R? 0.91 0.999 0.925 | 0.991 0.902 | 0.989 0.985 | 0.981
3. One 6(¥) matching data point and all k(&) or k(¥) data

o, 0.1956 | 0.0000 0.0000 | 0.0000 0.0420 | 0.0000 0.0000 | 0.0000

0. 0.4447 | 0.4529 0.5312 | 0.4072 0.4256 | 0.4546 0.5194 | 0.4411

a 0.0042 | 0.0094 0.0550 | 0.0186 0.0047 | 0.0094 0.0924 | 0.0187

n 1.2980 | 1.1044 0.0927 | 0.0537 0.1312 | 2.1119 0.0860 | 0.0777

K. 0.0314 | 25.2376 0.4925 | 0.6709 0.0149 | 3.0382 0.3278 | 0.6709

RMSE | 0.0326 | 0.0204 0.0145 | 0.0257

0.0443 | 0.0198

0.0191 | 0.0223

R? 0.917 0.967 0.977 | 0.961

0.854 | 0.968

0.974 | 0.962

At pressure head values below field capacity, estimated or predicted values

obtained from fitting the different equation are sensitive to @, since small change in
pressure head may cause big change in water content especially in well aggregated
and course textured soils (Vogel et al., 2001). Low converged values of the
parameter &, , 0.4652 and 0.4465, obtained from fitting equations 3 and 8 to all
o(w) and k(o)data resulted in lowest g(w) relationship at the wet end and highest
RMSE values. Highly significant correlation values were obtained between
observed and estimated g(w) relationships on 1:1 line. It is worth mentioning that
the slope of the regression line between observed and estimated values approached
unity (0.9888) and the regression line (solid line) almost overlapped with the 1: | line
(dotted line) as evident from figure 6 . When all g(w) data and only one k(@) or
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k(¥) data point (data sets 2 and 3) were analyzed for parameter estimation, the
resulting e(w) relationships are shown on figure 7. In this study, the weight of the
matching observation was assigned to unity in the objective function as the weight of
any observation in the input data which indeed produced a fitting parameters.
Compared with data sets 4 and 5 , lower RMSE, and higher r® values of the fitted
6(¥) relationships were obtained (see Table 1). As suggested by Sisson and van
Genuchten(Sisson & Van Genuchten, 1991), it is appropriate to match the calculated
o(¥), k(0), and, k(¥) curve at one observed 9(¥), k(0), and k(¥)data point to
force the estimated curves to pass through the matching point for better fitting.
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Figure 6. Fitted, solid line, and estimated (symbols) soil water retention functions
based on data set 4 and 5 for silt clay loam textured-soil (left) and 1:1 line
between observed and estimated soil water retention relationships (right).

Figure 7 also shows that 1:1 line relationship between observed and estimated
values of the &6(W¥) functions resulted in a highly significant correlation and
regression coefficient approached unity(1.0158).
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Figure 7. Fitted, solid line, and estimated (symbols) soil water retention
functions based on data set 2 and 3 for silt clay loam textured-soil (left) and
1:1 line between observed and estimated soil water retention relationships

(right).
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When different equations were fitted to one observed ¢(w)data point and all
k(@) or k(¥)the resulting parameters are given in Table 1. Values of the fitted
parameters were used to predict the o(w) relationships since only one observed
6(W¥) data point as a matching point was used in parameter estimation. This method
may be referred to as the scaled-predictive method for the o(w) relationships. The
predicted o(w) relationships are given in figure 8 (symbols). Lower water content
values near saturation were obtained when equations 3, 4, 8, and 9 were used for
parameters estimation, thus suggesting the sensitivity of the @(¥) relationships near
saturation. Better predicted () relationships were obtained under the same

equations when the relation between the variables n and m was not restricted. The
restriction of the two parameters decrease the flexibility of the curve to fit observed
values near saturation. Another alternative to improve the prediction of the g(w) at

the wet end is to consider that &, has a physical meaning rather than fitted parameter

and depend the observed value of @, at saturation as suggested by Schaap and van

Genuchten ,(Schaap & Van Genuchten, 2006).
The regression line on figure 8 (solid line) occurs below 1:1 line indicating that
the predicting equations underestimated the observed @(¥) as evident from

regression equation on the figure 8 where the regression coefficient value was 0.9308.
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g ©  measred "’Q HEstimated = 0'9308€0b5erved
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g " Eq.3 - R=0.846
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Figure 8. Fitted, solid line, and predicted (symbols) soil water retention
functions based on data set 6 and 7 for silt clay loam textured-soil (left)
and 1:1 line between observed and predicted soil water retention
relationships (right).

Conclusions

The result of this study indicated that the RETC program can be used to analyze
different combinations of available unsaturated hydraulic data rather than a program
for fitting laboratory measured water retention data to equation(1). Data analysis
may be obtained from any of the 10 different equations and the resulting parameters
can be used either for prediction and (or) estimation besides fitting for unsaturated
characteristics. Extended analysis also permits one to interpolate or extrapolate
experimental data when only a limited number of observed data are available such as

281




Journal of Babylon University/Pure and Applied Sciences/ No.(1)/ Vol.(19): 2011

the o(w)relation at low presser head values in the laboratory or field measured
water content values.

The difference in fitted parameters from the seven different data sets used in this
study may be reduced if more precise estimate for 6, were obtained on undisturbed

cores or by averaging many water content values sampled directly after initiating of
drainage especially under the conditions of heavy textured soils. As well, an estimate
of 4, can be improved by averaging many water content values sampled at the end

of the drainage cycle. More precise analysis at the wet end may be obtained if water
content measurement were made for short time intervals immediately after initiating
drainage.

Very precise measurements of the water content and unsaturated hydraulic
conductivity function close to saturation are needed since small change in water
content near saturation is accompanied with sharp change in unsaturated
conductivity value. Small time step besides very sensitive equipments are required to
measuring time rate of change in both water content and pressure potential during
infiltration or flux studies for precise determination of unsaturated hydraulic
conductivity at the wet end.

This study showed that the predicting equations of the hydraulic properties of
unsaturated slit clay loam soil were very sensitive to changes in the soil water
retention relationship near saturation.
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