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Abstract. The soil hydraulic conductivity (K function) of
three layered soils cultivated at Paradys Experimental Farm,
near Bloemfontein (South Africa), was determined from in
situ drainage experiments and analytical models. Pre-ponded
monoliths, isolated from weather and lateral drainage, were
prepared in triplicate on representative sites of the Tukulu,
Sepane and Swartland soil forms. The first two soils are
also referred to as Cutanic Luvisols and the third as Cu-
tanic Cambisol. Soil water content (SWC) was measured
during a 1200 h drainage experiment. In addition soil phys-
ical and textural data as well as saturated hydraulic conduc-
tivity (Ks) were derived. Undisturbed soil core samples of
105 mm with a height of 77 mm from soil horizons were used
to measure soil water retention curves (SWRCs). Parameter-
ization of SWRC was through the Brooks and Corey model.
Kosugi and van Genuchten models were used to determine
SWRC parameters and fitted with a RMSE of less 2 %. The
SWRC was also used to estimate matric suctions for in situ
drainage SWC following observations that laboratory and in
situ SWRCs were similar at near saturation. In situK func-
tion for horizons and the equivalent homogeneous profiles
were determined. Model predictions based on SWRC over-
estimated horizonsK function by more than three orders of
magnitude. The van Genuchten–Mualem model was an ex-
ception for certain soil horizons. Overestimates were reduced
by one or more orders of magnitude when inverse param-
eter estimation was applied directly to drainage SWC with
HYDRUS-1D code. Best fits (R2

≥ 0.90) were from Brooks
and Corey, and van Genuchten–Mualem models. The latter
also predicted the profiles’ effectiveK function for the three
soils, and the in situ based function was fitted withR2

≥ 0.98

irrespective of soil type. It was concluded that the inverse
parameter estimation with HYDRUS-1D improved models’
K function estimates for the studied layered soils.

1 Introduction

Soil profile physical and permeability properties determine
the rate and extent of water flow especially in soils with con-
trasting horizons. At near saturation, water flow is more rapid
because the majority of soil pores conduct water. The amount
of water that drains away is depicted as deep drainage losses
while the water content at which internal drainage allegedly
ceases is referred as field capacity or drainage upper limit
(DUL) (Hillel, 2004). These are very important components
of the soil water balance function, which is applied in many
agricultural and environmental issues. Reliable knowledge
about water flow and storage at near saturation relies on ac-
curate estimates of soil hydraulic properties.

Soil hydraulic properties serve as inputs in Richard’s flow
equation and include saturated hydraulic conductivity (Ks),
unsaturated hydraulic conductivity (K), the soil water reten-
tion curve (SWRC) also depicted as water content (θ), and
the matric suction (h) relationship. TheK can be expressed
as function ofθ or h. Direct measurements of these prop-
erties are difficult, given the equilibrium and maintenance
of stringent initial and boundary conditions required over
several stages during transient experiments (Dirksen, 1999).
Despite these difficulties there are direct methods that are
still commonly used for laboratory and in situ experiments.
These include the hanging water column (Haines, 1930) and
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pressure cell plate methods (Richards, 1941) for the SWRC,
and various forms of infiltration evaporation and outflow
laboratory techniques (Gardener, 1956; Wind, 1968; Klute,
1986; Klute and Dirksen, 1986). For in situ conditions, pos-
sible methods are the plane of zero flux (Rose et al., 1965),
constant flux vertical time domain reflectometry (Parkin et
al., 1995) and the instantaneous profile method (Rose et al.,
1965). The instantaneous profile method of Rose et al. (1965)
is also considered the reference method (Vichuad and Dane,
2002).

Consequently, the instantaneous profile method has been
modified and validated to improve the precision of measure-
ments in situ. Soil water content (SWC) andh measurements
are noisy because of increased spatial variability. Differen-
tiating the measurements often produces mediocreK func-
tions in soils with restrictive layers (Fluhler et al., 1976;
Tseng and Jury, 1993). Several authors recommend subjec-
tive smoothing of the data prior to differentiation (Ahuja
et al., 1980; Libardi et al., 1980; Luxmoore et al., 1981)
or the adoption of the fixed or gravity gradient (Sisson et
al., 1980, 1988; Sisson, 1987). The fixed gradient depicts
K in the expression dK/dθ to be equal to depth over time
(z/t). The expression is modified by directly substituting an-
alytical functions forK and reformulating data analysis in
terms of the gravity-drainage optimisation code UNIGRA
(Sisson and van Genuchten, 1992). This expression was ex-
tended to layered soils by scaling water content to assume
equivalent homogeneous soil profiles (Shouse et al., 1991;
Durner et al., 2008). By so doing, theK functions for the
different layers are linearized into a single effective prop-
erty, and the effect of spatial variability is minimized. Other
forms of linearization include simple arithmetic, weighted
or geometric statistical average schemes, as well as stochas-
tic means (Wildenschild, 1996; Baker, 1998; Belfort and
Lehman, 2005).

Alternatively, in situK functions can be determined indi-
rectly by applying transient experimental data to the inverse
technique (Hopmans et al., 2002; Kosugi et al., 2002). Given
the increased availability of computer models for solving the
Richard equation and analytical expressions that describeK

andθ–h functions by using a few parameters, hydraulic prop-
erties can be estimated simultaneously with a single tran-
sient experiment. The hydraulic parameters are usually based
on the SWRC, because it is easily measured and can be es-
timated using a parameter optimisation technique (Kool et
al., 1987; Hopmans and Simunek, 1999). Several studies
applied inverse modelling and parameter estimation of hy-
draulic functions directly from in situ drainage transient ex-
periments (Dane and Hruska, 1983; Romano, 1993; Zijilstra
and Dane, 1996; Musters and Bouten, 1999; Dikinya, 2005).
Agreement between in situ and predicted hydraulic func-
tions was generally satisfactory, even though theK func-
tion was highly variable. TheK function variability was at-
tributed not only to spatial variability but also to the com-
putational and convergence efficiency of the model in which

many parameters are simultaneously optimised (Zijlstra and
Dane, 1996). Consequently, lack of parameter uniqueness
and lower boundary conditions limitations are common defi-
ciencies in inverse modelling of soils with contrasting hori-
zons (Romano, 1993). Narrow SWC range depicted by in-
ternal drainage experiments especially from poorly drained
soils can result in ill-posed inverse solution and parameter
estimation of soil hydraulic properties (Zijlstra and Dane,
1996; Simunek et al., 1998; Hopmans and Simunek, 1999).

The HYDRUS-1D software simulates water, heat and so-
lute movement in one-dimensional variably saturated me-
dia and has the inverse method and parameter estimations,
which can be applied to a wide range of in situ conditions
(Simunek et al., 1998b; Simunek and Hopmans, 2009; Jiang
et al., 2010). The code numerically solves the Richard equa-
tion by Galerkin-type linear finite element schemes and is
equipped with the Marquardt–Levenberg type parameter op-
timisation technique (Simunek et al., 1998b). This is a lo-
cal optimisation algorithm that requires initial estimate of the
unknown parameters to be optimised. Local optimisers have
been shown not to be powerful enough to handle topographic
complexities of the objective function such as those emanat-
ing from lack of a well-defined global minimum or having
several local minima in the parameter space (Simunek and
Hopmans, 2002; Vrugt and Bouten, 2002). More computa-
tionally intensive and robust external global techniques have
been developed and can be interlinked with HYDRUS (Vrugt
et al., 2003; Wohling et al., 2008; Zhu et al., 2007). When us-
ing the Marquardt–Levenberg technique, it is recommended
to identify a limited number of parameters and to solve the
inverse problem repeatedly using different initial estimates
of the optimised parameters, and then select those parame-
ter values that minimised the objective function (Hopmans et
al., 2002; Simunek et al., 2012). Nevertheless, robustness of
HYDRUS-1D code to apply the inverse method and parame-
ter estimation directly from transient data for soils with con-
trasting horizons has been well demonstrated (Sonnleitner et
al., 2003; Sumunek et al., 2008; Montzka et al., 2011; Rubio
and Poyatos, 2012).

Sub-standard estimates of layered soil hydraulic properties
cultivated at Paradys Experimental Farm of the University of
the Free State in South Africa have been a concern for the
past decade. These are marginal soils with saprolite or high
swelling clay content, either in the B or C horizons. Sev-
eral studies have been confronted with challenges when in-
stalling, calibrating and reading tensiometer from these soils
(Fraenkel, 2008; Chimungu, 2009; Bothma, 2009). In this re-
gard a case study was undertaken to characterise hydraulic
properties of undisturbed soils. The objective of this study
therefore was to improve the prediction of in situK function
for individual soil horizons and equivalent homogeneous soil
profiles.
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2 Material and methods

2.1 Experimental site and classification

Three soil types cultivated at the Paradys Experimental Farm
(29◦13′25′′ S, 26◦12′08′′ E; altitude 1417 m) of the Uni-
versity of the Free State located south of Bloemfontein,
South Africa, were selected. These included Tukulu, Sepane
and Swartland (Soil Classification Working Group, 1991).
Tukulu and Sepane are also referred as Cutanic Luvisols and
Swartland as Cutanic Cambisols (World Reference Base for
Soil Resources, 1998). Three excavated soil profile pits at a
depth of 1 m on each representative soil form (Fig. 1) were
used for pedological and physical classification of diagnostic
horizons.

2.2 Experimental set-up and measurements

2.2.1 Soil sampling

Two forms of soil samples were taken from the sites. Dis-
turbed soil samples were taken from each excavated soil pro-
file diagnostic horizon for textural and chemical analysis as
proposed by the Non-Affiliated Soil Analysis Work Commit-
tee (1990). Undisturbed samples from the soil profile hori-
zons were taken for bulk density and soil water retention
curve measurement. A core sampler with an inner diameter
of 105 mm and a height of 77 mm, mounted on a manually
operated hydraulic jack, was used to take samples from the
horizons at the end of the internal drainage experiment. For
the determination of gravimetric soil water content, soil sam-
ples were oven dried at 105◦C for 24 h.

2.2.2 In situ based experiments

Saturated hydraulic conductivity

Saturated hydraulic conductivity (Ks) for the individual pro-
file layers of the three soils was measured using double-ring
infiltrometers as described by Scotter et al. (1982). Soil pro-
file pits were excavated in a stepwise manner to allow the
fitting of both rings with diameters of 400 and 600 mm at a
depth of 20 mm. The falling head over a distance of 10 mm
depth was used to determineKs with every fall recorded by
means of a timer and a calibrated floater. After steady state
was recorded for three consecutive times, theKs constant
value (mm h−1) was computed using the Jury et al. (1991)
formula given as

Ks =
L

t1
ln

bo + L

b1 + L
, (1)

whereL is the depth of the soil layer in question (mm),bo

the initial depth of total head above the soil column,b1 the
depth that the falling head is not allowed to fall below (mm),
andt1 the time taken forbo to fall to b1 (in hours).

1 
 

    

    

         

 Figure 1 Profile of the Tukulu (a), Sepane (b) and Swartland (c) soil type  
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Fig. 1. Profile of the Tukulu(a), Sepane(b) and Swartland(c) soil
type.

www.hydrol-earth-syst-sci.net/17/4349/2013/ Hydrol. Earth Syst. Sci., 17, 4349–4366, 2013



4352 S. S. W. Mavimbela and L. D. van Rensburg: Estimating hydraulic conductivity

(a) 

  (b)   

(c)       

            

Fig.2. Soil Water characteristic curves from  measured laboratory experiments and fitted using three pore size distribution models. N = 3 samples 
from A, B and C horizons of the Tukulu,  Sepane and Swartland soil profiles.  Desorption approach; undisturbed core samples from 0-100 kPa, 
disturbed samples from 100-1500 kPa. 

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

Van Genuchten

Brooks & Corey

KosugiS
W

C
 (

m
m

 m
m

-1
)

Suction (kPa)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

van Genuchten

Brooks & Corey 

KosugiS
W

C
 (

m
m

 m
m

-1
)

Suction (kPa)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

van Genuchten

Brooks & Corey

KosugiS
W

C
 (

m
m

 m
m

-1
)

Suction (kPa)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

van Genuchten

Brooks & Corey

Kosugi

S
W

C
(m

m
 m

m
-1

)

Suction (kPa)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

van Genuchten

Brooks & Corey

Kosugi

Suction -(kPa)

S
W

C
 (

m
m

 m
m

-1
)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

van Genuchten

Brooks & Corey

KosugiS
W

C
 (

m
m

 m
m

-1
)

Suction -(kPa)

0.0

0.1

0.2

0.3

0.4

0 1 10 100 1000

Measured

van Genuchten

Brooks & Corey

KosugiS
W

C
 (

m
m

 m
m

 -1
)

Suction -(kPa)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

measured 

van Genuchten

Brooks & Corey

Kosugi

S
 W

C
 (

 m
m

 m
m

 -1
)

Suction -(kPa)

0

0.1

0.2

0.3

0.4

0.1 1 10 100 1000

Measured

van Genuchten

Brooks & Corey

Kosugi

Suction -(kPa)

S
W

C
 (

 m
m

 m
m

 -1
)

C-horizons 
                     B-horizons A-horizon 

Fig. 2. Soil water characteristic curves from measured laboratory experiments and fitted using three pore size distribution models.N = 3
samples from A, B and C horizons of the Tukulu, Sepane and Swartland soil profiles. Desorption approach; undisturbed core samples from
0–100 kPa, disturbed samples from 100–1500 kPa.

Soil profile drainage curves

Tukulu and Sepane monoliths with a 4 m× 4 m surface area
and 1 m depth were prepared in triplicate. There were dif-
ficulties in excavating the Swartland as a result of the do-
lerite and saprolite rock, and the monoliths were reduced
to 1.2 m× 1.2 m area and 0.5 m depth. To capture soil wa-
ter content measurement within and just below the mono-
lith, the neutron access tubes were installed at a depth of
1.1 m on the central area of each monolith in a V-shaped ar-
rangement. Given the shallow depth of the Swartland, soil
water sensors (DFM capacitance probes) were installed at a
depth of 0.6 m with the water sensors positioned at 100, 300
and 550 mm. Polythene plastic was used to isolate side walls
with slurry used to seal the sides from the surface. A ridge
around the monoliths was also used to keep away surface
runoff. In the absence of tensiometer measurements, mono-
liths were pre-ponded for three consecutive days to ensure
wetting of the soil profile to near saturation. On the third day,
each monolith surface was covered with a polythene plastic
sheet to protect the trial from weather elements. Neutron ac-
cess tubes and probes were inserted through openings in the
plastic sheet and sealed with tape. Immediately after seal-
ing, soil water content measurements were taken at the cen-
tre of each profile horizon and then daily for 50 days. Corre-
sponding measurements for the A, B and C horizons for the

Tukulu were at 150, 450 and 725 mm, Sepane at 150, 500
and 800 mm, respectively.

Laboratory-based experiments

The SWRC for the three soil profile horizons was deter-
mined with a laboratory desorption experiment. At the end of
the drainage experiment, undisturbed soil samples were ob-
tained from monoliths. These were first de-aired with a vac-
uum chamber pump set at−70 kPa for 48 h at room tempera-
ture. De-aired water was then introduced to saturate samples
by capillarity for 24 h. Samples were then desorbed through
the following series of pressure heads, 0 to−10 kPa,−10
to −100 kPa, and−100 to −1500 kPa. The first phase of
desorption involved the hanging water column method, de-
scribed by Dirksen (1999). At every step, interval samples
were weighted before and after equilibration. The desorp-
tion chamber for−100 to−1500 kPa was designed to take
samples of smaller volume, and thus the samples were dis-
turbed and packed in 2000 mm3 PVC tubes at the measured
bulk densities. Reducing the sample volume also improved
experimental time measurements and had little effect on the
quality of the desorption data because, at high matric suction,
range desorption mainly occurred in the soil matrix. Mea-
suredθ ath level was plotted to produce the SWRC.
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Table 1.Summary of the physical characteristics of the three soil types.

Soil physical properties

Soil forms Tukulu Sepane Swartland

Master horizons A B1 C A B1 C A B1 C

Coarse sand (%) 5.3 9.2 2.1 5.2 3.5 2.3 4.7 3.2 54.3
Medium sand (%) 9.3 8.8 3.8 10 4.1 2.3 7.6 5.3 4.6
Fine sand (%) 41.2 31 28.3 41.9 41 31 42 37.6 17.2
Very fine sand (%) 25.3 21 8.4 21.5 10.5 18 31.7 26.6 2.5
Coarse silt (%) 2.1 2 3 1 3 1 2 3 3
Fine silt (%) 4.6 2.5 6.5 1 3 1 1 2 3
Clay (%) 11.3 26.4 47.9 19 35 45 11.3 21.9 15
Structure Orthic Neocutanic Prismacutanic Orthic Pedocutanic Prismacutanic Orthic Pedocutanic Saprolite
Bulk density (kg m−3) 1670 1597 1602 1670 1790 1730 1670 1530 1450
Porosity (%) 34.0 33 32.4 34 33.5 33.8 35 39.9 41.6
Ks (mm h−1) 36.1 40 9.6 (1.9) 35.2 18.1 (10.2) 1.9 (1) 23.5 42.8 76.5

Ks = Saturated hydraulic Conductivity; ( ) optimised values considered in this paper.

2.3 Data analysis

2.3.1 Mathematical description of the soil water
characteristic curve

The Brooks and Corey (1964), van Genutchen (1980) and
Kosugi (1996) parametric models were used to describe the
SWRC for the selected three soil profiles diagnostic hori-
zons. These models describe theθ–h relationship from the
expression representing pore size distribution (Kosugi, 1996)
of many soils written as

Se =

[
θs− θr

1+ (αh)n

]m

(2)

Se =
θ − θr

θs− θr
, (3)

whereSe is effective saturation,θs andθr are the respective
saturated and residual values of the volumetric water con-
tent,θ (mm mm−1), h is the matric suction (mm),m equals
1, whileα andn are the shape and pore size distribution pa-
rameters, respectively.

The Brooks and Corey (1964) reduced Eq. (2) into the fol-
lowing general equation:

Se = |αh|
−n, (4)

where α is the inverse of air-entry value, and the rest is
as defined previously. This expression allows a zero slope
to be imposed on SWRC ash equals air-entry value.Se
equals unity whenh ≥ −1/α. The van Genutchen (1980)
and Kosugi (1996) model assumed the following respective
expressions:

θ(h) = θr +
θs− θr

{1+ |αh|n}
m (5)

Se =
1

2
erf c

{
ln(h/α)

√
2n

}
, (6)

where, for the van Genutchen (1980) model, the condi-
tion m = 1− 1/n should be satisfied with the air-entry value
of −2 cm. For the Kosugi model, symbolα instead ofho

and n instead ofσ are adopted for uniformity reasons by
some computer optimisation programs such as RECT (van
Genuchten et al., 1991) and HYDRUS-1D (Simunek et al.,
1998b, 2008).

Model description of the experimental SWRC was carried
out using the RECT program that constituted all three para-
metric models. Saturated soil water content (θs) was initially
equated to total porosity (f ) as defined by the expression
in Eq. 7 for pre-saturated undisturbed soil samples, andθr
was assumed to be equal to SWC for desorbed samples at
−1500 kPa.

f = 1−
ρb

ρs
, (7)

whereρb is dry bulk andρs is particle density. The initial esti-
mates of saturated and residual soil water contents were then
optimised together with theα andn values determined using
the Rosetta Lite pedotransfer software (Schaap et al., 2001).
TheKs initial estimate was determined from the double-ring
experiment and therefore was unchecked for optimisation.

2.3.2 Estimation of internal drainage tensiometry data

The instantaneous profile method determines matric suction
from tensiometers installed at various depths correspond-
ing to soil water measurement points. This standard proce-
dure was slightly modified following preliminary failure of
tensiometry instruments to provide reliable calibration. Ten-
siometry data for the internal drainage experiment were then
inferred from theθ–h relationship of the SWRC under the
assumption that SWRCs from laboratory and in situ experi-
ments are similar at near saturation irrespective of the struc-
tural effect and air entrapment (Bouma, 1982; Wessolek et
al., 1994; Morgan et al., 2001). The van Genuchten (1980)
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Table 2.Fitting models’ hydraulic parameters of the SWCC for the Tukulu, Sepane and Swartland soil.

Tukulu soil

Retention models Horizons Qs Qr Ks α n m R2 RMSE D-index

Brooks and Corey (year) A 0.34 0.13 36.10 0.002 0.62 1.000 0.98 0.011 0.99
van Genutchen (year) A 0.34 0.13 36.10 0.001 1.77 0.436 0.99 0.005 0.99
Kosugi (year) A 0.34 0.13 36.10 2084.0 1.41 0.359 0.99 0.005 0.99

Brooks and Corey (year) B 0.33 0.116 40.00 0.002 0.47 1.000 0.99 0.007 0.99
van Genutchen (year) B 0.33 0.116 40.00 0.001 1.62 0.381 0.99 0.005 0.99
Kosugi (year) B 0.33 0.116 40.00 3378.9 1.59 0.359 0.98 0.008 0.99

Brooks and Corey (year) C 0.32 0.26 1.90 0.008 0.21 1.000 0.92 0.004 0.98
van Genutchen (year) C 0.32 0.26 1.90 0.006 1.22 0.182 0.94 0.004 0.98
Kosugi (year) C 0.32 0.26 1.90 4770.7 3.38 0.359 0.96 0.003 0.99

Sepane soil

Brooks and Corey (year) A 0.340 0.100 35.19 0.004 0.31 1.000 0.98 0.008 0.99
van Genutchen (year) A 0.340 0.100 35.19 0.003 1.37 0.270 0.99 0.005 0.99
Kosugi (year) A 0.340 0.100 35.19 2787.3 2.45 0.359 0.98 0.006 0.99

Brooks and Corey (year) B 0.335 0.190 10.20 0.003 0.47 1.000 0.98 0.005 0.99
van Genutchen (year) B 0.335 0.190 10.20 0.002 1.59 0.369 0.99 0.002 0.99
Kosugi (year) B 0.335 0.190 10.20 2343.6 1.73 0.359 0.99 0.003 0.99

Brooks and Corey (year) C 0.338 0.225 1.00 0.003 0.54 1.000 0.98 0.005 0.99
van Genutchen (year) C 0.338 0.225 1.00 0.001 1.69 0.408 0.99 0.002 0.99
Kosugi (year) C 0.338 0.225 1.00 1934.8 1.55 0.359 0.99 0.001 0.99

Swartland soil

Brooks and Corey (year) A 0.350 0.100 23.48 0.003 0.39 1.000 0.974 0.005 0.99
van Genutchen (year) A 0.350 0.100 23.48 0.001 1.50 0.333 0.992 0.006 0.99
Kosugi (year) A 0.350 0.100 23.48 3010.0 1.84 0.359 0.990 0.010 0.99

Brooks and Corey (year) B 0.399 0.105 42.80 0.014 0.26 1.000 0.995 0.009 0.99
van Genutchen (year) B 0.399 0.105 42.80 0.009 1.30 0.231 0.999 0.005 0.99
Kosugi B 0.399 0.105 42.80 1333.9 3.06 0.359 0.989 0.004 0.99

Brooks and Corey (year) C 0.416 0.061 76.50 0.005 0.69 1.000 0.980 0.009 0.99
van Genutchen (year) C 0.416 0.061 76.50 0.004 1.76 0.433 0.992 0.010 0.99
Kosugi (year) C 0.416 0.061 76.50 547.7 1.58 0.359 0.992 0.016 0.99

parametric model was used to fit SWRC of the three soil
types. The resulting model-optimised functional relationship
was then directly applied to transient SWC measurements to
approximate the correspondingθ–h relationship. In situθs
was adjusted to the SWRC-optimised value.

2.3.3 Calculation of unsaturated hydraulic conductivity
in situ

The instantaneous profile method (Hillel et al., 1972; Marion
et al., 1994) was used to determine theK(θ) function for the
three soils’ internal drainage boundary conditions. Changes
in water storage between time intervals at different depths
(z) corresponding to soil profile horizons were computed into

drainage fluxq(z, t) (mm h−1), which was then fitted to the
following mass balance expression such that

∂θ

∂t
=

∂q

∂z
(8)

or

q(z, t) =

[
∂θ

∂t

]
z

= K(θ)

{
dh

dz
+ 1

}
, (9)

whereK (θ ) is unsaturated hydraulic conductivity (mm h−1),
and dh is the change in the estimated matric suction (mm) be-
tween the neighbouring horizons,z (mm), which is the thick-
ness of the horizon layer in question. The positive unity value
on the hydraulic gradient component represents the effect
of gravity with change with profile depth (dz/dz) and posi-
tive for downward flow. The calculatedK functions together
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Figure 3 Estimated matric suction using van Genuchten (1980) Model for the Tukulu (a), 

Sepane (b) and Swartland (c) diagnostic horizons for internal drainage conditions 
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Fig. 3. Estimated matric suction by applying the van
Genuchten (1980) model fitted retention curve directly to measured
drainage soil water content for the Tukulu, Sepane and Swartland
diagnostic horizons.

with the correspondingKs from the soil profile horizons were
plotted on a semi-log scale.

2.3.4 Predicting unsaturated hydraulic conductivity

Firstly, unsaturated hydraulic conductivity was predicted
from models based on the knowledge of SWRC and
Ks parameters. The conductivity functions of Brooks and
Corey (1964), van Genuchten (1980) integrated with the
Mualem (1976) expression and Kosugi (1996) were used to
predict theK functions of the three diagnostic horizons re-
spectively given as

K = KsS
2
n
+1+2

e (10)

K(h) + KsS
l
e

{
1−

{
1− S

1
m
e

}m}2

(11)

K = KsS
l
e

[
1

2
erf c

{
ln(h/α)
√

2n
+

n
√

2

}]2

, (12)

where symbols are as previously defined. The RECT pro-
gram was used to predict theK function simultaneously with
the optimisation of the SWRC parameters.

Secondly, the inverse option of the HYDRUS-1D code
was used to predict unsaturated hydraulic conductivity for
individual horizons and for the average soil profile. Tran-
sient internal drainage SWC-time data were used in the ob-
jective function with soil hydraulic parameters optimised
from the SWRC and in situ basedKs entered as initial esti-
mate in the inverse problem. Separate inverse solutions were
run for the single porosity Brooks and Corey (1964), van
Genuchten–Mualem (1980), and Kosugi (1996) models.

For the layered profile inverse solution, the graphical pro-
file was discretized into three layers and observation points
located at centre blocks corresponding to in situ profile hori-
zons and SWC measurements. A constant flux and a free
drainage were selected for the upper and lower boundary
conditions, respectively. Initial conditions were set in water
content measured at the onset of the drainage experiment.
Given that the Marquardt–Levenberg-type parameter opti-
misation technique is only applicable to identify a limited
number of unique parameters, no more than three parameters
were optimised for each horizon. Theθr andθs were among
the first set of parameters to be checked alongside thel expo-
nent parameter. Hydraulic parameters of soil profile horizons
were optimised simultaneously during the application of the
inverse solution.

The HYDRUS-1D was also used to estimate unsaturated
soil hydraulic properties for equivalent homogeneous soil
profiles of the Tukulu, Sepane and Swartland. Geometric
mean average scheme as defined by Barker (1995, 1998)
was used to determine the representative effective profile
drainage curves and pertinent hydraulic parameters. This av-
erage scheme provided estimates that were as accurate as
the more sophisticated stochastic mean (Wildenschild, 1996;
Abbasi et al., 2004).

Soil water contents measured during drainage for each
horizon were averaged to give an effective profile drainage
curve that was in turn used to compute effective water fluxes.
Estimated matric suctions from horizons were not averaged,
but effective matric suction gradient was calculated using the
values of the surface and underlying horizons that bordered
the flow domain. The effective flux and hydraulic gradient
are then fitted in Eq. 9 to approximate the in situ effective
K function. TheKs values of individual horizons were also
linearized using the same average scheme to estimate effec-
tiveKs. The effectiveK function was presented in a semi-log
scale with the effectiveKs being the first on the plot.

Effective SWC-time data were also used in the objective
function during the optimisation process of inverse effective
parameter estimation. Other effective parameters estimated
by averaging were theKs andθs. To improve model predic-
tion, θr for the most restricting layer was used in the initial
estimates. The same was also done for theα andn param-
eters because their high non-linearity discouraged the use
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Table 3. Statistical measure of fit for conductivity-based parametric models on in situK coefficient for the Tukulu, Sepane and Swartland
soil horizons.

Tukulu Sepane Swartland

Models Horizons R2 RMSE D-index R2 RMSE D-index R2 RMSE D-index

Brooks and Corey (year) A 0.58 12.17 0.18 0.65 6.26 0.30 0.76 5.63 0.60
Kosugi (year) A 0.71 3.04 0.63 0.78 0.91 0.40 0.85 0.80 0.76
van Genutchen–Mualem (year) A 0.52 4.02 0.35 0.68 0.90 0.72 0.85 1.17 0.74

Brooks and Corey (year) B 0.62 20.09 0.03 0.44 4.86 0.03 0.73 13.95 0.68
Kosugi (year) B 0.83 6.78 0.16 0.71 1.03 0.61 0.81 5.19 0.74
van Genutchen–Mualem B 0.76 8.26 0.11 0.61 1.52 0.42 0.92 3.24 0.89

Brooks and Corey (year) C 0.94 0.50 0.91 0.48 0.54 0.06 0.66 8.10 0.60
Kosugi (year) C 0.92 0.56 0.88 0.62 0.18 0.49 0.75 1.59 0.67
van Genutchen–Mualem (year) C 0.96 0.20 0.95 0.71 0.15 0.64 0.72 3.41 0.44

Fig. 4. Comparison of in situ and fitted soil water content (SWC) from the Tukulu, Sepane and Swartland soil profiles during inverse
parameter estimation with Brooks and Corey (1964), Kosugi and van Genuchten–Mualem (1980) models using HYDRUS-1D code.

of simple averages (Wildenschild, 1996). In the simulation
of equivalent homogenous profile, the flow domain had one
observation point in the central position. Upper and lower
boundary conditions were similar to those applied for a lay-
ered profile.

2.3.5 Sensitivity analysis

Sensitivity analysis of the optimised parameters was also
carried out to identify the parameters whose variation has
a large effect on the model output. Sensitivity coefficients

(SCs) for SWC were calculated using the influence method
as described by Simunek and van Genuchten (1996):

SC(z, t,bj ) = 1bj

∂θ(z, t,bj )

∂bj

≈ 0.1bj

θ(b + 1bej ) − θ(b)

1.1bj − bj

= θ(b + 1bej ) − θ(b), (13)

where SC(z, t , bj ) is the soil water content change at time
t and depthz due to a variation of the parameterbj . In this
study each parameter was varied by 10 % of its optimised
value. Therebyb is the parameter vector, whileej is thej th

Hydrol. Earth Syst. Sci., 17, 4349–4366, 2013 www.hydrol-earth-syst-sci.net/17/4349/2013/



S. S. W. Mavimbela and L. D. van Rensburg: Estimating hydraulic conductivity 4357

Table 4.Optimised models parameters with statistical indicators for the prediction of in situ hydraulic conductivity functions of the Tukulu,
Sepane and Swartland soil horizons using HYDRUS-1D.

Tukulu soil

Conductivity models Horizons θr θs α n R2 RMSE D

Brooks and Corey (year) A 0.22 0.34 0.01 0.2 0.97 1.43 0.28
Kosugi (year) A 0.14 0.34 1469.3 1 0.91 1.57 0.00
van Genutchen–Mualem A 0.28 0.32 0.004 1.5 0.98 1.21 0.84

Brooks and Corey (year) B 0.24 0.33 0.01 0.2 0.95 1.56 0.17
Kosugi (year) B 0.20 0.33 742.6 1 0.87 6.76 0.00
van Genutchen–Mualem B 0.28 0.32 0.003 1.5 0.97 0.16 0.24

Brooks and Corey (year) C 0.27 0.32 0.01 0.2 0.99 0.02 0.99
Kosugi C 0.29 0.33 136.0 1 0.99 0.03 0.34
van Genutchen–Mualem (year) C 0.29 0.32 0.003 1.5 0.99 0.07 0.99

Sepane soil

Brooks and Corey (year) A 0.06 0.36 0.01 0.29 0.96 2.25 0.99
Kosugi A 0.10 0.34 1801.3 1 0.91 2.28 0.00
van Genutchen–Mualem A 0.18 0.33 0.001 1.5 0.99 0.12 0.99

Brooks and Corey B 0.23 0.34 0.004 0.01 0.99 0.00 0.99
Kosugi B 0.19 0.34 1232.7 1 0.81 1.34 0.11
van Genutchen–Mualem B 0.25 0.33 0.002 0.99 0.92 1.04 0.95

Brooks and Corey C 0.29 0.33 0.003 0.24 0.99 0.00 0.96
Kosugi C 0.23 0.34 281.8 1 0.71 2.18 0.16
van Genutchen–Mualem C 0.21 0.34 0.007 1.5 0.93 0.09 0.95

Swartland soil

Brooks and Corey A 0.10 0.35 0.007 0.12 0.99 0.04 0.95
Kosugi A 0.10 0.35 2467.9 1.75 0.99 0.01 0.88
van Genutchen–Mualem A 0.25 0.35 0.003 1.9 0.99 0.10 0.99

Brooks and Corey B 0.10 0.32 0.002 0.11 0.99 1.36 0.05
Kosugi B 0.10 0.32 2055.1 1.03 0.94 1.51 0.00
van Genutchen–Mualem B 0.18 0.33 0.001 1.77 0.96 1.80 0.98

Brooks and Corey C 0.06 0.42 0.033 0.22 0.99 0.01 0.08
Kosugi C 0.06 0.42 285.3 2.02 0.99 0.00 0.01
van Genutchen–Mualem C 0.20 0.42 0.01 2.23 0.99 0.36 0.99

Italic indicates checked parameters during the optimisation process.

unit vector. This function depicts sensitivity coefficients that
depict the behaviour of the objective function at a particular
location in a parameter space. In this regard a high sensitivity
means that the minimum is well defined, and that one can
estimate the parameters with greater certainty once the global
minimum is identified.

The sensitivity analysis of soil water content to
parameters of the Brooks and Corey (1964), van
Genuchten–Mualem (1980), and Kosugi (1996) models
was carried out only for the Tukulu soil assuming a 1200-
day drainage experiment. Sensitivity analysis of the effective
soil water content to equivalent homogeneous soil profile
parameters was only performed on the three soil types using
the van Genuchten–Mualem model.

2.4 Statistical analysis

Measured and optimised drainage, unsaturated hydraulic
conductivity, as well as the pertinent hydraulic param-
eters constituted the major findings. The coefficient of
determination (R2), root mean square error (RMSE) and the
index of agreement or D-index as proposed by Willmot et
al. (1985) were the statistical tools used to quantify the qual-
ity of fit and variability between measured and fitted data.
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           (a) Soil water retention curve models  (b) Inverse modelling 

Figure 5 Models predictions of in-situ hydraulic conductivity based on the soil water 

retention curve (a) and inverse modelling (b) for the Tukulu diagnostic horizons. 
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Fig. 5.Models predictions of in situ hydraulic conductivity based on
the retention curve and inverse modelling for the Tukulu diagnostic
horizons.

3 Results and discussions

3.1 Soil water retention curve

Figure 2 shows the experimental and fitted SWRC for the
Tukulu, Sepane and Swartland diagnostic horizons, whose
soil physical properties are summarised Table 1. The corre-
sponding hydraulic parameters and statistical indicators are
presented in Table 2. From these results, it is clear that the
shape of the SWRC varied with the horizons’ textural and
structural properties and that the model’s fit was satisfactory
(R2

≥ 0.93) for the three soil forms.
Variations in SWRC with soil physical properties illus-

trated the importance of texture and structure on soil wa-
ter release and storage. The “S” shape of the SWRC for
the sandy textured orthic and neocutanic horizons was well
defined. In the clay-rich (≥ 35 %) prismacutanic and pedo-
cutanic horizons, the SWRC diffused to almost a straight
line. The orthic A horizon from three soil forms had the
highest sand fraction (≥ 80 %), and average SWC for the
SWRC ranged from 0.34 to 0.12 mm mm−1. Despite small
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 (a) Soil water retention curve models               (b) Inverse modelling 

 

Figure 6 Models predictions of in-situ hydraulic conductivity based on the soil water 

retention curve (a) and inverse modelling (b) for the Sepane diagnostic horizons. 
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Fig. 6.Models predictions of in situ hydraulic conductivity based on
the retention curve and inverse modelling for the Sepane diagnostic
horizons.

differences inθs between sandy and clay textured horizons,
θr showed remarkable variability with change in clay con-
tent with a range of 0.19 to 0.26 mm mm−1 observed for a
clay content range of 35 to 48 %. These findings are similar
to those made from sandy and clayey horizons by various au-
thors (Wilson et al., 1997; Wildenchild et al., 2001; Fraenkel,
2008; Chimungu, 2009). Sandy soils are well known for their
large volume of macro-pores that drain readily at near satu-
ration as a result of the small air-entry value that was ap-
proximated at−1 kPa. However, the narrow pore size distri-
bution increased matric suction to as high as−100 kPa and
steepened hydraulic gradients. The SWRC for the Tukulu C
and Sepane B and C horizons was consistent with high sur-
face area and micro-pore volume of clay soils, which induced
slow water release due to strong ionic adsorption and capil-
larity at an air-entry value as high as−1.5 kPa.

Although the models’ fit had a good coefficient of deter-
mination (R2) ranging from 0.92 to 0.99, discrepancies be-
tween measured and fitted data were observed. Most mod-
els showed a poor fit at near saturation (0 to−1 kPa) and
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          (a) Soil water retention curve models               (b) Inverse modelling 

 

Figure 7 Models predictions of in-situ hydraulic conductivity based on the soil water 

retention curve (a) and inverse modelling (b) for the Swartland diagnostic horizons. 
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Fig. 7. Models predictions of in situ hydraulic conductivity based
on the retention curve and inverse modelling for the Swartland di-
agnostic horizons.

at very high matric suction (−100 to−1500 kPa). Accurate
measurement of matric suction at near saturation is a com-
mon challenge in desorption experiments. At near saturation
flow through macro-pores is difficult to control and is less
sensitive to changes in matric suctions. Entrapped air also re-
ducesθs in the range of 0.85 to 0.9 of porosity (Kosugi et al.,
2002). Dependence of bulk density on SWC for swelling and
shrinking clays was the primary source of discrepancy, es-
pecially forθ–h relationships at higher matric suctions. This
phenomenon explained the poor fit ofθr at −1500 kPa for
all models. Nevertheless, the fitted curve was able to agree
with measured data points and shape, with the most consis-
tent fit provided by the van Genuchten (1980) model. This
confirmed previous studies that found the van Genuchten
model to fit the SWRC of a wide range of soils accurately.
The Brooks and Corey model had the poorest fit especially at
near air-entry value. This model also produced a poor fit in
fine textured soils and undisturbed core soil samples (Kosugi
et al., 2002). That the model imposes a zero slope on the

SWRC near the air-entry point could explain the poor fit.
Additionally, the measurement ofθ–h relationships at sat-
uration above 85 % was impractical because of the general
disconnection of the gas phase at this SWC range (Brooks
and Corey, 1999).

3.2 Unsaturated hydraulic conductivity for layered soil
profiles

3.2.1 Estimating matric suction from parameterised
retention curves

Figure 3 shows the estimated matric suction where parame-
terised SWRC of van Genuchten (1980) was fitted directly to
transient SWC measured during the internal drainage experi-
ment. The estimated matric suction showed consistency with
soil profile physical properties and water gradient depicted
by the Tukulu, Sepane and Swartland horizons. Decreasing
matric suction head with depth for the Tukulu and Sepane
soil profiles supported the presence of the prismacutanic C
horizons that restricted drainage to near-saturated conditions.
Consequently, the Tukulu and Sepane profiles had a ma-
tric suction range not higher than−1000 mm (−10 kPa) for
the 1200 h drainage experiment suggesting that the restric-
tive C horizon impaired the overall drainage of the soil pro-
file. Similar observations were made by Freankel (2008) and
Chimungu (2009) for the same soil types. Greater spatiality
was observed in the Swartland soil profile with the highest
matric suction of−1200 mm (−12 kPa) for the saprolite C
horizon.

Even though the validity of the estimates cannot be de-
tected, the results and procedures that were followed pro-
vided a reasonable account of the internal drainage pro-
cess. Estimated matric suction ranged from 0 to−1200 mm
(−12 kPa) and was within the 0 to−33 kPa range proposed
by Ratliff et al. (1983) for a number soils that drain to field
capacity. In variably structured soils,−10 kPa is often used
as a hypothetical boundary for separating drained structural
pores and water-filled micro-pores (Marshall, 1959; Kutilek,
2004). Various work from local and international drainage
experiments recorded suctions around−10 kPa from vari-
ably structured soils (Hensley et al., 2000; Sonnleitner et
al., 2003; Nhlabatsi, 2011; Adhanom et al., 2012). The use
of undisturbed core samples three times larger than the area
sensitive to tensiometer ceramic cup qualifies this procedure,
even though estimates were made from parameters based
on SWRC. The fit of the estimated matric suction was also
supported by the narrow SWC near saturation, depicted in
drainage experiments, and required no extrapolation outside
the experimental data. In addition, at this wet range it was dif-
ficult to measure theθ–h relationship accurately, especially
under in situ conditions.
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Fig. 8. Sensitivity coefficients (SCs) of soil water content (θ) to parameters of the van Genuchten–Mualem (i), Brooks and Corey (ii) and
Kosugi (iii) models for the Tukulu A, B and C horizons.

Fig. 9. Sensitivity coefficients (SCs) of the average hydraulic conductivity (k) to van Genuchten–Mualem model parameters for the Tukulu
(i), Sepane (ii) and Swartland (iii) soil.
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Figure 10 Fitting of the effective drainage curves by the van Genuchten-Mualem  (1980) 

model during optimisation effective hydraulic parameters for the Tukulu (a), Sepane (b), and 

Swartland (c) soils.  
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Fig. 10. Fitting of the effective drainage curves by the van
Genuchten–Mualem (1980) model during optimisation of effective
hydraulic parameters for the Tukulu, Sepane, and Swartland soils.

3.2.2 Comparison of in situ and predictedK function

Estimated matric suction from SWRC fitted with van
Genuchten (1980) model parameters was used to deter-
mine the matric suction gradients (dh/1z). These together
with drainage fluxes were fitted to Eq. 9 to calculate in
situ K function for Tukulu, Sepane and Swartland di-
agnostic horizons. TheK function was also predicted
from Brooks and Corey (1964), Kosugi (1996) and van
Genuchten–Mualem (1980) models using SWRC and param-
eters and inverse modelling. Fitted drainage curves used in
the objective function during hydraulic parameter optimisa-
tion with HYDRUS-1D are shown in Fig. 4. The resulting
in situ and predictedK functions are plotted in Figs. 5 to
7. Statistical indicators from SWRC-basedK function are
summarised in Table 3. Optimised parameters from inverse
modelling and the corresponding statistics are presented in
Table 4. The results showed that the fit from inverse mod-
elling produced a better fit compared to that of the SWRC
parameters irrespective of model and soil type.
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Figure 11 Comparison of in situ and fitted hydraulic conductivity of equivalent homogeneous 

soil profiles for the Tukulu (a), Sepane (b) and Swartland (c) soil forms. 
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Fig. 11.Comparison of in situ and fitted hydraulic conductivity of
equivalent homogeneous soil profiles for the Tukulu, Sepane and
Swartland soil forms.

For In situK function, the curves were characterised by
steep gradient over narrow SWC ranges, especially from
soil profile horizons with high clay content (> 35 %). For a
change in SWC of 0.02 to 0.03 mm mm−1, theK (θ) values
declined from saturation by three and four orders of mag-
nitude from the Tukulu and Sepane, respectively. For the
Swartland, a change in SWC of 0.1 to 0.2 mm mm−1 initi-
ated a decline inK (θ) of about four orders of magnitude
from saturation. The gentle slope of theK functions from the
Swartland was consistent with the low clay content (< 22 %)
and the presence of saprolite rock in the C horizon. Simi-
lar observations of clay soils were made by Freankel (2008)
and Nhlabatsi (2011). Given the poor drainage properties of
Tukulu and Sepane, it was proposed that a zero drainage flux
be assigned at the bottom of these soil profiles for soil water
balance studies (Hensley et al., 2000).
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Table 5.Optimised parameters of van Genuchten–Mualem model for equivalent homogenous soil profiles.

Soil type Depth θr θs σ n Ks RMSE D-index R2

Tukulu 850 0.26(0.29) 0.32(0.322) 0.004 1.5 6.16 0.26 0.78 0.99
Sepane 700 0.304(0.30) 0.33 0.001(0.004) 1.69(9.26) 18.95 1.16 0.60 0.98
Swartland 400 0.274(0.269) 0.37 0.001(0.004) 1.5(6.37 31.71 0.35 0.96 0.98

( ) = optimised parameters.

For retention-based models, predictions based on SWRC
overestimated theK function of soils horizons for the
drainage SWC range. Overestimates were pronounced at
lower SWC with three to four orders of magnitude ob-
served from the Tukulu and Sepane horizons, respec-
tively. The Tukulu C horizon was the exception, where the
best fit among these models was observed from the van
Genuchten–Mualem (R2

= 0.94) and Kosugi (R2
= 0.96)

models that over- and underestimatedK function by one or-
der of magnitude. The Swartland profile was better fitted by
all models (R2 > 0.66) with the best fit produced by the van
Genuchten–Mualem model for the B horizon (R2 > 0.92).
The Brooks and Corey (1964) model overestimated theK

function irrespective of soil profile textural and structural
formation.

Although the models fitted the experiment SWRC data
very well, there was a strong disagreement between the in
situ and predictedK function, especially at lower SWC. Sim-
ilar observations were made in various studies (Dane and
Hruska, 1983; Zavattaro and Grignani, 2001; Abbasi et al.,
2003; Dikinya, 2005; Adhanom et al., 2012). Poor repre-
sentation of field conditions by laboratory measurements is
acknowledged to be the primary reason especially for lay-
ered soils (Sonnleitner et al., 2003). Discrete soil columns
used in desorption experiments are devoid of layers, and op-
timised parameters will tend to agree more with homoge-
neous and well-drained soils compared to structured soils
(van Genuchten, 1980; Knopman and Voss, 1987; Dikinya,
2005).This analogy is supported by the overall better fit ob-
served in the Swartland profile horizons. The better fit from
the Tukulu C horizon could be explained by the limited dis-
crepancy between SWRC-basedθr (0.26 mm mm−1) and the
lowest SWC or drainage upper limit (DUL) (0.31 mm mm−1)

from the drainage experiment. Therefore the optimisation of
SWRC parameters for field conditions is essential for better
predictions.

For inverse modelling, optimisation of hydraulic param-
eters for in situ conditions was carried out by fitting tran-
sient drainage data into the HYDRUS-1D inverse solution
for the Brooks and Corey, van Genuchten–Mualem and
Kosugi models. Figure 8 shows sensitivity analysis for soil
water content to the models parameters (θr, θs, α, n and
Ks). The most sensitive parameter in the van Genuchten–
Mualem model wasKs and θs in the Brooks and Corey
and Kosugi models, irrespective of horizons suggesting that

these parameters were of critical importance to the minimi-
sation of the objective function. Thus theKs parameter was
treated as known from the double-ring experiments. Dur-
ing the optimisation process, models were able to reproduce
the drainage curves very well with a coefficient of deter-
mination of no less than 0.90 (Fig. 4). Brooks and Corey,
and van Genuchten–Mualem models had an overall better
convergence (R2

= 0.98) compared to Kosugi (R2
= 0.93)

irrespective of soil type. The most fitted parameters for the
Tukulu and Sepane were theθr, θs andα, and for the Swart-
land theα andn. The similarities between the Tukulu and
Sepane could be attributed to the poorly drained prismacu-
tanic C horizon shared by these soil profiles compared to the
Swartland with an underlying saprolite layer. Constant flux
and free drainage of the respective upper and lower boundary
conditions were applied in the Tukulu and Swartland numer-
ical solutions. The Sepane models converged readily when
the constant water content was selected for lower boundary
conditions, suggesting that this soil had the most restrictive
properties – hence, theKs value of 1.9 mm h−1 for the un-
derlying horizon.

Quality of fit between in situ and predictedK func-
tions from inversely optimised parameters was improved by
more than one order of magnitude irrespective of model
and soil type. The van Genuchten–Mualem model better
fitted the Tukulu (R2

≥ 0.97) while the Brooks and Corey
model fitted the Sepane (R2

≥ 96). The SwartlandK func-
tion was fairly predicted by all models although the van
Genuchten–Mualem produced the best estimates for the A
and B horizons. This tendency for model performance to
be soil-specific was not unique to this study. Many stud-
ies have shown that various models are likely to fit exper-
imental data and that the van Genuchten–Mualem (1980)
model was among the most robust models (Russo, 1988;
Chen et al., 1999; Mallants et al., 1996; Simunek et al.,
2008). However, because of the exponential mathematical
background of the van Genuchten–Mualem model, it often
shows better fit on weakly structured soils. This sentiment
is confirmed when the models produced better fit for all the
soils’ A horizons. The good fit that the Brooks and Corey
model obtained from the Tukulu and Sepane structured hori-
zons could be attributed to the high air-entry point asso-
ciated with clay soils (van Genuchten, 1980; Brooks and
Corey, 1999; Kosugi et al., 2002). It is therefore not surpris-
ing that optimised parameters for the same soil profile varied
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among horizons. Interestingly, the optimisedα andn values
of the different horizons were nearly the same for the Tukulu
and Sepane, especially for the Brooks and Corey, and van
Genuchten–Mualem models.

3.3 Unsaturated hydraulic conductivity for equivalent
homogeneous soil profiles

Sensitivity coefficients for effective SWC on optimised pa-
rameters of van Genuchten–Mualem model for the Tukulu,
Sepane and Swartland soils are presented in Fig. 9. Fig-
ure 10 shows the fitting of the geometric mean drainage
curve with HYDRUS-1D in the objective function using
the van Genuchten–Mualem model during the estimation of
the overall profile hydraulic parameters. In all the soils the
model was able to reproduce effective drainage curves very
well (R2

= 0.98). Calculated and predictedK functions are
compared in Fig. 11 with corresponding optimised parameter
and statistical indicators shown in Table 5.

Sensitivity coefficients show significant loops for almost
all parameters particularly in the Tukulu and Sepane. Maxi-
mum sensitivity coefficients were associated with the Swart-
land (SC≤ 10) with n being the most sensitive parameter.
High sensitivity was distributed near the start, middle and end
of the 1200-day internal drainage for the Swartland, Tukulu
and Sepane, respectively. This observation can be an indi-
cation that the sensitivity analysis was able to provide use-
ful information for all the soil types’ parameter optimisation
process. Results show a strong agreement (R2

≥ 0.98) be-
tween the estimated and predicted effectiveK function for
the three soil types. During the linearization of profile hy-
draulic properties, theθr was the most optimised parameter
followed by theα andn parameters. This was expected given
that the profile drainage curve assumed an effective SWC and
θ–h relationship. Interestingly, the optimisedθr was almost
equal to the lowest SWC of the effective drainage curve sug-
gesting that model predictions can be improved if there were
minimum discrepancy between initially estimatedθr and the
lowest SWC of the experimental data. Similar observations
were also made by van Genuchten (1980). Over and above
theθr, theα andn parameters were observed to be very sen-
sitive to changes in experimental data that are used in the ob-
jective function (Sonnleitner et al., 2003; Saito et al., 2009).
The Sepane-optimisedθr value of 0.30 mm mm−1 compared
to the 0.27 mm mm−1 of the Swartland confirmed earlier ob-
servations that the former had the highest clay content. This
result shows that effective parameters were consistent with
profile physical properties and thus can be used with rea-
sonable confidence to predictK function for an equivalent
homogenous soil profile. Some researchers qualified the use
of effective parameters on the basis not only of reducing the
enormous data required but also of improving convergence
of the inverse solution (Santini and Romano, 1992; Abbasi et
al., 2003, 2004).

4 Conclusions

This study estimated unsaturated hydraulic conductivity of
Tukulu, Sepane and Swartland soils from parametric mod-
els using information from saturated hydraulic conductivity,
laboratory soil water retention and in situ internal drainage
curves. The Tukulu and Sepane shared a prismatic C hori-
zon rich in clay content (≥ 45 %) compared to the Swart-
land horizons that had less than 22 % clay content. The
in situ based unsaturated hydraulic conductivity was de-
termined with the standard instantaneous profile method
slightly modified to allow estimation of theθ–h relation-
ship from parameterised soil water retention curve. The soil
water retention curves were parameterised with the Brooks
and Corey (1964), Kosugi (1996) and van Genuchten (1980)
models using the RECT code. These models fitted the mea-
sured retention curves well with RMSE of less than 2 % and
R2 of no less than 0.98, and the most consistent was the van
Genuchten model.

Direct predictions ofK from retention parameters pro-
duced overestimates of more than three orders of magnitude,
especially at lower soil water content. The only exception
was the van Genuchten–Mualem model, which produced es-
timates around one order of magnitude for the Tukulu C
and Swartland B horizons. This result confirmed that hy-
draulic parameters from laboratory-measured soil water re-
tention curves were generally ill posed for predicting in situ
K conditions. Estimation of soil horizonsK functions was
improved by one or more orders of magnitude with inverse
parameter estimation applied directly to drainage transient
soil water content measurement using HYDRUS-1D. The
Brooks and Corey, and the van Genuchten–Mualem models
produced the bestK estimates (R2

≥ 0.90) irrespective of
soil type and horizon material. Further improvement was ob-
served when in situK function was predicted from effective
soil hydraulic properties withR2 of no less than 0.98 in all
soil types. Based on this result it can be concluded that the
prediction of in situK function can be remarkably improved
by inverse parameter estimation for individual soil horizons
and equivalent homogenous soil profiles.

Acknowledgements.We express our thanks to Malcom Hensley
for his assistance during the laboratory desorption measurements
and classification of the three soil profiles. Special thanks are also
owed to Liesl van der Westhuizen for her editorial contributions on
improving the writing of this manuscript and the research cluster,
Water Management in Water-scarce areas, for financial support.

Edited by: H. H. G. Savenije

www.hydrol-earth-syst-sci.net/17/4349/2013/ Hydrol. Earth Syst. Sci., 17, 4349–4366, 2013



4364 S. S. W. Mavimbela and L. D. van Rensburg: Estimating hydraulic conductivity

References

Abbasi, F., Jacques, D., Simunek, J., Feyen, J., and van Genuchten,
M. Th.: Inverse estimation of soil hydraulic and solute transport
parameters from transient field experiments: heterogeneous soil,
T. ASAE, 46, 1097–1111, 2003.

Abbasi, F., Feyen, J., and van Genuchten, M. T.: Two-dimensional
simulation of water flow and solute transport below furrows:
model calibration and validation, J. Hydrol., 290, 63–79, 2004.

Adhanom, G. T., Stirzaker, R. J., Lorentz, S. A., Annandale, J. G.,
and Steyn, J. M.: Comparison of methods for determining unsat-
urated hydraulic conductivity in the wet range to evaluate the sen-
sitivity of wetting front detectors, Water S.A., 38, 67–76, 2012.

Ahuja, L. R., Green, R. E., Chong, S.-K., and Nielsen, D. R.: A sim-
plified functions approach for determining soil hydraulic conduc-
tivities and water characteristics in situ, Water Resour. Res., 16,
947–953, 1980.

Baker, D. L.: Developing Darcian means in application to Topopah
Spring welded volcanic tuff, Report DOE/ER/82329-2 to the US
Department of Energy, 1998.

Belfort, B. and Lehmann, F.: Comparison of equivalent conduc-
tivities for numerical simulation of one-dimensional unsaturated
flow, Vadose Zone J., 4, 1191–1200, 2005.

Bothma, C. B.: In-field runoff and soil water storage on duplex soils
at Paradys experimental farm, M.Sc. dissertation, Department of
Soil, Crop and Climate Sciences, University of the Free State,
Bloemfontein, South Africa, 2009.

Brooks, R. H. and Corey, A. T.: Hydraulic properties of porous me-
dia, Hydrology paper no.3, Civil Engineering Department, Co-
larado State University, Fort Collins, 1964.

Bouma, J.: Measuring hydraulic conductivity of soil horizons with
continuous macropores, Soil Sci. Soc. Am. J., 46, 438–441,
1982.

Chen, J., Hopmans, J. W., and Grismer, M. E.: Parameter estima-
tion of two-fluid capillary pressure-saturation and permeability
functions, Adv. Water Resour., 22, 479–493, 1999.

Chimungu, J. G.: Comparison of field and laboratory measured
hydraulic properties of selected diagnostic soil horizons, M.sc.
(Agric) Dissertation, University of the Free State Bloemfontein,
South Africa, 2009.

Dane, J. H. and Hruska, S.: In-situ determination of soil hydraulic
properties during drainage, Soil Sci. Soc. Am. J., 47, 619–624,
1983.

Dikinya, O.: Comparison of instantaneous profile method and in-
verse modelling for the prediction of effective soil hydraulic
properties, Aus. J. Soil Res., 43, 599–606, 2005.

Dirksen, C.: Soil Physics Measurements, Geo Ecology paperback,
Catena Verlag GMBH, Reiskirchen, Germany, 1999.

Durner, W., Jansen, U., and Iden, S. C.: Effective hydraulic proper-
ties of layered soils at the lysimeter scale determined by inverse
modelling, Eur. J. Soil Sci., 59, 114–124, 2008.

Fraenkel, C. H.: Spatial variability of selected soil properties in and
between map units, M.Sc.(Agric) Dissertation, University of the
Free State, Bloemfontein, South Africa, 2008.

Fluhler, H., Ardakani, M. S., and Stolzy L. H.: Error propagation in
determining hydraulic conductivities from successive water con-
tent and pressure head profiles, Soil Sci. Soc. Am. J., 40, 830–
836, 1976.

Haines, W. B.: Studies in the physical properties of soil. The hys-
teresis effect in capillary properties, and the modes of moisture
distribution associated therewith, J. Agr. Sci., 20, 97–116, 1930.

Hensley, M., Botha, J. J., Anderson, J. J., Van Staden, P. P., and Du
Toit, A.: Optimising rainfall use efficiency for developing farm-
ers with limited access to irrigation water, Water Research Com-
mission report, 878/1/00, Pretoria, South Africa, 2000.

Hillel, D: Introduction to environmental soil physics, Academic
Press, New York, USA, 2004.

Hillel, D., Krentos, V. D., and Stylianou, Y.: Procedure and test of
an internal drainage method for measuring soil hydraulic charac-
teristics in situ, Soil Sci., 114, 395–400, 1972.

Hopmans, J. W. and Simunek, J.: Review of inverse estimation
of soil hydraulic properties, in Proceedings of the International
Workshop on Characterization and Measurement of the Hy-
draulic Properties of Unsaturated Porous Media, edited by: van
Genuchten, M. Th., Leijand, F. J., and Wu, L., University of Cal-
ifornia, Riverside, CA, 643–659, 1999.

Hopmans, J. W., Simunek, J., Romano, N., and Durner, W.: Simul-
taneous determination ofwater transmission and retention prop-
erties. Inverse Methods, in SSSA Book Series: 5. Methods of
Soil Analysis. Part 4, Physical Methods, edited by: Dane, J. H.
and Topp, G. C., Soil Science Society of America, Inc., Madison,
963–1008, 2002.

Jiang, S., Pang, L., Buchan, G. D., Simunek, J., Noonan, M. J.,
and Close, M. E.: Modeling water flow and bacterial transport-
ing undisturbed lysimeters under irrigations of dairy shed efflu-
ent and water using HYDRUS-1D, Water Res., 44, 1050–1061,
2010.

Jury, W. A., Gardner, W. R., and Gardner, W. H.: Soil Physics, 5th
Edn., John Wiley & Sons, New York, 1991.

Klute, A.: Water retention: Laboratory methods, in: Methods of Soil
Analysis: Part 1, Physical and Mineralogical Methods, 2nd Edn.,
Agronomy Monograph No 9, Am. Soc. Agron. Soil Sci. Soc.
Am., Madison, WI, 635–662, 1986.

Klute, A. and Dirksen, C.: Hydraulic conductivity and diffusivity:
Laboratory methods, in: Methods of Soil Analysis, Part 1. Phys-
ical and Mineralogical Methods, 2nd Edn., Agronomy Mono-
graph No 9, Am. Soc. Agron. Soil Sci. Soc. Am., Madison, WI,
687–734, 1986.

Knopman, D. S. and Voss, C. I.: Behavior of sensitivities in the one-
dimensional advection-dispersion equations: Implications for pa-
rameter estimation and sampling design, Water Resour. Res., 23,
253–272, 1987.

Kool, J. B., Parker, J. C., and van Genuchten, M. Th.: Parameter
estimation for unsaturated flow and transport models – a review,
J. Hydrol., 91, 255–293, 1987.

Kosugi, K.: Lognormal distribution model for unsaturated soil hy-
draulic properties, Water Resour. Res., 32, 2697–2703, 1996.

Kosugi, K., Hopmans, J. W., and Dane, J. H.: Water retention and
storage-parametric models, in Methods of Soil Analysis, Part 4.
Physical Methods, edited by: Dane, J. H. and Topp, G. C., Soil
Science Society of America Book Series No. 5, 739–758, 2002.

Kutilek, M.: Soil hydraulic properties as related to soil structure,
Soil Till. Res., 79, 175–184, 2004.

Libardi, P. L., Reichardt, K., Nielsen, D. R., and Biggar, J. W.: Sim-
ple field methods for estimating soil hydraulic conductivity, Soil
Sci. Soc. Am. J., 44, 3–7, 1980.

Hydrol. Earth Syst. Sci., 17, 4349–4366, 2013 www.hydrol-earth-syst-sci.net/17/4349/2013/



S. S. W. Mavimbela and L. D. van Rensburg: Estimating hydraulic conductivity 4365

Luxmoore, R. J., Grizzard, T., and Patterson, M. R.: Hydraulic prop-
erties of Fullerton cherty silt loam, Soil Sci. Soc. Am. J., 45,
692–698, 1981.

Mallants, D., Mohanty, B. P., Jacques, D., and Feyen, J.: Spatial
variability of hydraulic properties in a multi-layered soil profile,
Soil Sci., 161, 167–181, 1996.

Marion, J. M., Rolston, D. E., Kavvas, M. L., and Biggar, J. W.:
Evaluation of methods for determining soil-water retentivity and
unsaturated hydraulic conductivity, Soil Sci., 158, 1–13, 1994.

Montzka, C., Moradkhani, H., Weihermuller L., Franssen, H.-J. H.,
Canty, M., and Vereecken, H.: Hydraulic parameter estimation by
remotely-sensed top soil moisture observations with the particle
filter, J. Hydrol., 399, 410–421, 2011.

Morgan, K. T., Parsons, L. R., and Wheaton, T. A.: Comparison of
laboratory- and field-derived soil water retention curves for a fine
sand soil using tensiometric, resistance and capacitance methods,
Plant Soil, 234, 153–157, 2001.

Marshall, T.: Relations between water and soil. Farnham Royal,
Commonwealth Bureau of Soils, Harpeden, Technical Commu-
nication, 50, 1959.

Mualem, Y.: A new model for predicting the hydraulic conductivity
of unsaturated porous media, Water Resour. Res., 12, 513–522,
1976.

Musters, P. A. D. and Bouten, W.: Assessing rooting depths of an
Austrian pine stand by inverse modeling soil water content maps,
Water Resour. Res., 35, 3041–3048, 1999.

Nhlabatsi, N. N.: Soil surface evaporation studies on the
Glen/Boheim ecotope, Ph D. Thesis, University of the Free State,
Bloemfontein, South Africa, 2011.

Parkin, G. W., Elrick, D. E., Kachanoski, R. G., and Gibson, R. G.:
Unsaturated hydraulic conductivity measured by TDR under a
rainfall simulator, Water Resour. Res., 31, 447–154, 1995.

Ratliff, L. F., Richie, J. T., and Cassel, D. K.: Field measured limits
of soil water availability as related to laboratory-measured prop-
erties, Soil Sc. Soc. Am. J., 47, 770–775, 1983.

Richards, L. A.: A pressure-membrane extraction apparatus for soil
solution, Soil Sci., 51, 377–386, 1941.

Romano, N.: Use of an inverse method and geo-statistics to esti-
mate soil hydraulic conductivity for spatial variability analysis,
Geoderma, 60, 169–186, 1993.

Rose, C. W., Stern, W. R., and Drummond, J. E.: Determination of
hydraulic conductivity as a function of depth and water content
for soil in-situ, Water Resour. Res., 3, 1–9, 1965.

Rubio, C. M. and Poyatos, R.: Applicability of HYDRUS-1D in
a Mediterranean mountain area submitted to land use changes,
ISRN Soil Sci., 2012, 1–7, 2012.

Russo, D.: Determining soil hydraulic properties by parameter esti-
mation: On the selection of a model for the hydraulic properties,
Water Resour. Res., 24, 453–459, 1988.
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