We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



8

Estimating Hydraulic Conductivity
Using Pedotransfer Functions

Ali Rasoulzadeh

Water Engineering Dept., College of Agriculture
University of Mohaghegh Ardabili, Ardabil

Iran

1. Introduction

Hydraulic conductivity is an important soil physical property, especially for modeling water
flow and solute transport in soil, irrigation and drainage design, groundwater modeling and
other agricultural and engineering, and environmental processes. Due to the importance of
hydraulic conductivity, many direct methods have been developed for its measurement in
the field and laboratory (Libardi et al., 1980; Klute and Dirksen, 1986). Interestingly,
comparative studies of the different methods have shown that their relative accuracy varies
amongst different soil types and field conditions (Gupta et al., 1993; Paige and Hillel, 1993;
Mallants et al., 1997). No single method has been developed which performs very well in a
wide range of circumstances and for all soil types (Zhang et al., 2007). Direct measurement
techniques of the hydraulic conductivity are costly and time consuming, with large spatial
variability (Jabro, 1992; Schaap and Leij, 1998; Christiaens and Feyen, 2002; Islam et al.,
2006). Alternatively, indirect methods may be used to estimate hydraulic conductivity from
easy-to-measure soil properties. Many indirect methods have been used including
prediction of hydraulic conductivity from more easily measured soil properties, such as
texture classes, the geometric mean particle size, organic carbon content, bulk density and
effective porosity (Wosten and van Genuchten, 1988) and inverse modeling techniques
(Rasoulzadeh, 2010; Rasoulzadeh and Yaghoubi, 2011). In recent years, pedotransfer
functions (PTFs) were widely used to estimate the difficult-to-measure soil properties such
as hydraulic conductivity from easy-to-measure soil properties. The term PTFs were coined
by Bouma (1989) as translating data we have into what we need. PTFs were intended to
translate easily measured soil properties, such as bulk density, particle size distribution,
and organic matter content, into soil hydraulic properties which determined laboriously
and costly. PTFs fill the gap between the available soil data and the properties which are
more useful or required for a particular model or quality assessment (McBratney et al.,
2002). In the other hand PTFs can be defined as predictive functions of certain soil
properties from other easily, routinely, or cheaply measured properties. PTFs can be
categorized into three main groups namely class PTFs, continuous PTFs and neural
networks. Class PTFs calculate hydraulic properties for a textural class (e.g. sand) by
assuming that similar soils have similar hydraulic properties; continuous PTFs on the
other hand, use measured percentages of clay, silt, sand and organic matter content to
provide continuously varying hydraulic properties across the textural triangle (Wosten et
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146 Hydraulic Conductivity — Issues, Determination and Applications

al., 1995). In fact, continuous PTFs predict soil properties as a continuous function of one
or more measured variables. Neural networks are an “attempt to build a mathematical
model that supposedly works in an analogous way to the human brain” and were
developed to improve the predictions of empirical PTFs. In brief, a neural network
consists of an input, a hidden, and an output layer all containing “nodes”. The number of
nodes in input (soil bulk density, soil particle size data) and output (soil hydraulic
properties) layers corresponds to the number of input and output variables of the model
(Schaap and Bouten, 1996).

PTFs must not be used to predict something that is easier to measure than the predictor. For
example, If we measure the water retention curve only to predict saturated hydraulic
conductivity (Ks), this is not an efficient PTF, as the cost of measuring a water retention
curve is greater than measuring Ks itself (McBratney et al., 2002).

2. Pedotransfer functions for estimating saturated hydraulic conductivity

PTFs have become a “white-hot’ topic in the area of soil science and environmental research.
PTFs which used to estimate saturated hydraulic conductivity (Ks;) were developed using
texture classes, the geometric mean particle size, organic carbon content, bulk density and
effective porosity as predictor variables. Many PTFs were presented to predict K. Here the
following PTFs for K are considered. All PTFs give Ks in m.sl. Wosten et al. (1997)
presented a function for determining K; as follows:

K, =1.15741-107 exp(x) 1)

where x for sandy soil is:

x=9.5-1.471(BD?) - 0.688(0m) + 0.0369(Om?) — 0.332In(CS) )

and x for loamy and clayey soils is:

x = —43.1 + 64.8(BD) — 22.21(BD?) +7.02(Om) — 0.1562(Om?)

+0.9851n(OM) — 0.01332(Clay)(Om) — 4.71(BD)(Om) ©)

where BD is bulk density in g.cm?, Clay is the percentage of clay, CS is the sum percentage of
clay and silt, and Om is percent organic matter.
Wosten et al. (1999) represented another function as follows:

K, =1.15741-1077 exp(x) (4)

where x is:

x = 7.755 + 0.0352(Silt) + 0.93(Topsoil) — 0.967(BD?) — 0.000484(Clay?) — 0.000322(Silt*)
+0.001 / (Silt) —0.0748 / (Om) - 0.643In(Silt) — 0.01398(BD)(Clay) — 0.1673(BD)(Om) )
+0.02986(Topsoil)(Clay) — 0.03305(Topsoil ) (Silt)

where BD is bulk density in g.cm3, Clay and Silt are the percentage of clay and silt,
respectively, Topsoil is a parameter that is set to 1 for topsoils and to 0 for subsoils, and Om is
percent organic matter.
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Estimating Hydraulic Conductivity Using Pedotransfer Functions 147

The Cosby's pedotransfer function (Cosby et al., 1984) was derived based on Sand and Clay
contents as:

Ks =7.05556 - 10—6 . (10[—0.6+0.0126(Sand)—0.0064(Clay)]) (6)

where Clay and Silt are the percentage of clay and silt, respectively.
Saxton et al. (1986) suggested a pedotransfer function to estimate K; as follows:
K, =2.778-107 exp(x) 7)

where

x =12.012 - 7.55-102(Sand)

(8)
+(—3.895 +3.671-107(Sand) — 0.1103(Clay) + 8.7546 - 10~ (Clay® ) /6,

where Clay and Sand are the percentage of clay and sand, respectively, and 6, is the
saturated water content.

Brakensiek et al. (1984) found a relationship between K, and clay, sand and saturated water
content as follows:

K, =2.778-107 exp(x) )

where

x =19.52348(6,) — 8.96847 — 0.028212(Clay) + 1.8107 - 10~* (Sand*) — 9.4125 - 10 (Clay?*)
~8.395215(6,) +0.077718(Sand)(6,) — 0.00298(Sand?)(6,>) — 0.019492(Clay?)(6,?)
+1.73-107> (Sand?)(Clay) + 0.02733(Clay*)(6,) + 0.001434(Sand*)(6,)
~3.5-107%(Clay)(Sand)

All parameters are defined before.
Campbell (1985) presented a pedotransfer function to estimate K; based on empirical
parameter of Campbell's soil water retention function as follows:

(10)

-5 1.3 1% 11
Ks =4-.10 ﬁ exp(_6'9(mclay) I 3'7(msilt)) ( )

where b is an empirical parameter of Campbell's soil water retention function. The coefficient b
is derived from the geometric mean particle diameter (mm), d;, and the standard deviation of
mean particle diameter oy

_ 4 -05
b=d, % +020, (12)

where d, and o0, are derived from soil main grain size fractions (1.4, , Msiit and mgnq are clay,
silt and mass fractions, respectively) and geometric mean diameter of soil separates (dciy ,
dsiir and dgang are the geometric mean diameters of main grain size fractions in millimeters):

3
d, =exp m;Ind, (13)

i=1
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148 Hydraulic Conductivity — Issues, Determination and Applications

3 3 2

o, = exp[z m,(Ind,)? - (Z m; (In di)] } (14)
i=1 i=1

where m; is the mass fraction of textural class i, and d; is the arithmetic mean diameter of class i.

The assumption is taken over the three texture classes, sand, silt, and clay. For the three classes

normally used in determining texture, dcz,=0.001 mm, dq;=0.026 mm, and ds,4=1.025 mm.

Vereecken et al. (1990) provided a equation for estimating K as follows:

K, =1.1574-107 exp(20.62 — 0.96 In(Clay) — 0.66 In(Sand) — 0.46In(Om) — 0.00843(BD)) ~ (15)

Ferrer-Julia et al. (2004) derived a relationship between K; and sand content of soil as
follows:

K, =2.556-107 (0041 (5nd)) (16)

All parameters in equations 15 and 16 are defined before.

3. Computer models for estimating saturated hydraulic conductivity

3.1 Rosetta

Some PTFs have been incorporated into standalone computer programs like Rosetta
(Schaap et al., 2001). Rosetta uses a neural network and bootstrap approach for parameter
prediction and uncertainty analysis respectively. Rosetta is able to estimate the van
Genuchten water retention parameters (van Genuchten, 1980) and saturated hydraulic
conductivity, as well as unsaturated hydraulic conductivity parameters, based on
Mualem’s (1976) pore-size model (Schaap et al., 2001). Here, Rosetta was used to estimate
saturated hydraulic conductivity.

3.2 Soilpar 2

Soilpar 2 provides 15 PTF procedures to estimate soil parameters. The PTFs procedures are
classified as point pedotransfer and function pedotransfer. Point PTFs estimate some
specific points of interest of the water retention characteristic and/or saturated hydraulic
conductivity. Two of these methods also estimate bulk density. Soilpar 2 uses PTFs of Jabro
(1992), Jaynes and Tyler (1984), Puckett et al. (1985), and Campbell (1985) to estimate
saturated hydraulic conductivity. Function PTFs, which estimate the parameters of retention
functions are implemented: Rawls and Brakensiek (1989), to estimate the Brooks and Corey
(1964) function parameters; Vereecken et al. (1989), to estimate the van Genuchten (1980)
function parameters; Campbell (1985) to estimate the Campbell function parameters
(Campbell, 1974)); Mayr and Jarvis (1999), to estimate the parameters of the Hutson and
Cass (1987) modification of the Campbell function. All these methods require as input soil
particle size distribution and bulk density. The Mayr and Jarvis, and Vereecken et al.
methods also require organic carbon content (Acutis and Donatelli, 2003).

4. Pedotransfer functions for estimating unsaturated hydraulic conductivity

One of the most popular analytical functions for predicting unsaturated hydraulic
conductivity (K(0)) is the van Genuchten-Mualem model which is Combination of soil water
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retention function of the van Genuchten (1980) and Mualem's (1976) pore-size model as
follows:

1-1/n) P
K(0) =K .5%° [1 ~(1-8 <"—1>)( / )} (17)
and S,, is
| O(y) -0, (18)
6, -0,

where 0(y) is the measured volumetric water content (cm3.cm3) at suction y (cm-water); 0,
and 0; are residual and saturation water content (cm3.cm~3) respectively, the dimensionless n
is the shape factor, and K is the saturated hydraulic conductivity.

Other popular function for predicting K(6) is the Brooks and Corey (1964) model as follows:

K(6) =K P+ (19)

e

where A is the pore size index.
Campbell (1985) proposed a function for determining K(0) as:

S

2b+3
K(0) =K, [—j (20)

where K, is saturated hydraulic conductivities, 6 is measured volumetric water
content(cm3.cm3), 0, is the saturation water content (cm3.cm3), and b is the slope of In y vs
In 0 in the soil water retention curve.

The unsaturated hydraulic conductivity function is particularly difficult and time-
consuming to measure directly. So, in many model applications, reliance is often placed on
predictions of unsaturated conductivity based on measurements of soil water retention and
K. Direct measurements of soil water retention and K; are time-consuming and costly, too.
So here, PTFs are used to estimate unsaturated hydraulic conductivity.

Rawls and Brakensiek (1985) provided equations for the estimation of van Genuchten,
Brooks - Corey and Campbell parameters as follows:

LAM = exp[-0.7842831 +0.0177544 * ps — 1.062498 * por — 0.00005304 * ps? —0.00273493 *
pc? +1.11134946 * por® —0.03088295 * ps * por + 0.00026587 * ps* * por* —0.00610522 * (1)
pc? * por? —0.00000235 * ps® * pc + 0.00798746 * pc* * por —0.00674491 * por* * pc]

6, =—0.0182482 + 0.00087269 * ps + 0.00513488 * pc + 0.02939286 * por —0.00015395 *
pc? —0.0010827 * ps * por —0.00018233 * pc? * por? +0.00030703 * pc* * (22)
por —0.0023584 * por? * pc

where LAM is pore size index, pc is percent clay, ps is percent sand, por is the porosity.

The unsaturated hydraulic conductivity of van Genuchten parameter (1) is then calculated
from the above relations as follow:
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150 Hydraulic Conductivity — Issues, Determination and Applications

n=LAM+1 (23)

Campbell's parameter (b) is estimated as follows:

b=-1/LAM (24)

In the Brooks and Corey function A is equal to LAM.

5. Computer models for estimating unsaturated hydraulic conductivity

5.1 Rosetta
The van Genuchten parameters, 8,, 0;, and n were estimated from measured particle size and
bulk density using Rosetta software (Schaap et al., 2001).

5.2 Soilpar 2

Using measured particle size and bulk density data, Campbell model parameter value (b)
was estimated using the Soilpar 2 (Acutis and Donatelli, 2003).

Note that, for estimating unsaturated hydraulic conductivity, measured value of 6; and K; in
the lab were used.

6. Statistical criteria for evaluation of PTFs

6.1 PTFs of saturated hydraulic conductivity

Two following statistical criteria were used for the evaluation of PTFs to estimate saturated
hydraulic conductivity based on the approach presented by Tietie and Hennings (1996).
Geometric mean error ratio (GMER) and geometric standard deviation of the error ratio
(GSDER) were calculated from the error ratio € of measured saturated hydraulic conductivity
(Ks)m vs. predicted saturated hydraulic conductivity (Ks), values:

&), o
(o)
GMER =exp [1Zn:ln(8i] (26)
Mz
; 0.5
GSDER = EXpl[ﬁZ[ln(‘?i) - ln(GIVIER)]ZJ ] (27)
—li=1

The GMER equal to 1 corresponds to an exact matching between measured and predictive
saturated hydraulic conductivity; the GMER<1 indicates that predicted values of saturated
hydraulic conductivity are generally underestimated; GMER>1 points to a general over-
prediction. The GSDER equal to 1 corresponds to a perfect matching and it grows with
deviation from measured data. The best PTF will, therefore, give a GMER close to 1 and a
small GSDER.

Also, other statistical criterion named deviation time (DT) was used to evaluate PTFs as
follows:
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n

0.5
logDT = [12(108 gi)Zj (28)

i=1

The DT equal to 1 shows an exact matching between measured and predictive saturated
hydraulic conductivity.

6.2 PTFs of unsaturated hydraulic conductivity
Estimated unsaturated hydraulic conductivity using PTFs were compared by calculating
modified index of agreement d' (Legates and McCabe, 1999):

| Zn]Oi -5
d=10- =1 (29)
(5i-0]+Jo.-0)

where O; is the individual observed unsaturated hydraulic conductivity (K(6)) value at 8;, S;
is the individual simulated value at 6;, O' is the mean observed value and # is the number of
paired observed-simulated values. The value of d' varies from 0.0 to 1.0, with higher values
indicating better agreement with the observations. The interpretation of d' closely follows

the interpretation of R2? for the range of most values encountered (Legates and McCabe,
1999).

M=

1

Il
sy

7. Estimation saturated and unsaturated hydraulic conductivity using
Pedotransfer functions

7.1 Saturated hydraulic conductivity

Study area is located in northwest of Iran in Naghadeh county, Azarbaijanegharbi province,
Iran (Fig. 1). The total area of the Naghadeh county is 52100 ha and is located at coordinates
36°57' N and 45° 22" E.

Ten locations in the Naghadeh county was considered and undisturbed soil samples were
taken by using a steel cylinder of 100 cm3 volume (5 cm in diameter, and 5.1 cm in height)
from 0-15 cm depth to measure saturated hydraulic conductivity and bulk density. The
samples were transported carefully to avoid disturbance. Also, disturbed soil samples were
taken using plastic bags to measure particle density, soil texture and organic matter.
Saturated hydraulic conductivity was measured by the constant-head method (Israelsen and
Hansen, 1962). Samples (steel cylinders) of soil were oven dried at 105°C and bulk density
was calculated from cylinder volume and oven dry soil mass. Particle size distribution
(sand, silt and clay percentages) was measured by the hydrometer method. Soil particle
density was measured using a glass pycnometer; 10 g air-dried (<2 mm) soil sample was
placed into the pycnometer and the displaced volume of distilled water was determined
(Jacob and Clarke, 2002). Total porosity was calculated using bulk density (py) and particle
density (pp) according to the following equation:

Porosity =1— Lo (30)
Pp
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Fig. 1. Location of study area.

The organic matter was determined by Walkley and Black rapid titration method (Nelson
and Sommers, 1996).
The measured soil properties are shown in Table 1.

. Particle .
Samples Texture Bull de1_151ty density Organic Porosity
(g.cm3) i matter
(g.cm3)

1 Clay loam 1.37 2.57 2.07 0.46
2 Silty clay 1.21 2.57 3.03 0.52
3 Silty clay loam 1.07 2.58 1.34 0.58
4 Clay loam 1.23 2.61 1.68 0.52
5 Sandy loam 1.43 271 1.01 0.47
6 Silty clay loam 1.18 2.55 1.34 0.53
7 Silty clay 1.02 2.49 213 0.58
8 Silty clay loam 1.16 2.52 1.46 0.53
9 Silty clay 1.13 2.56 3.36 0.55
10 Silty clay 1.07 2.55 4.09 0.57

Table 1. Measured soil properties in the study area.
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Saturated hydraulic conductivities were estimated according to the above mentioned PTFs
(Egs. 1 to 16) as well as Rosetta and Soilpar 2 software and compared to measured K; of the
10 soils. Note that PTFs of Jabro, Jaynes and Tyler, Puckett et al. which are used in Soilpar 2
2, hereafter named Soilpar 2-Jabro, Soilpar 2- Jaynes - Tyler, and Soilpar 2- Puckett et al.,
respectively. Figures 2 and 3 show measured vs. estimated values for all models tested. With
regard to Figures 2 and 3, it is clear that Soilpar 2-Jabro for estimating K; was in excellent
agreement with the measured value. After Soilpar 2-Jabro, Rosetta could estimate K with
reasonable accuracy.

Three statistical criteria (Egs. 25 to 28) were used for the evaluation of PTFs which estimate
saturated hydraulic conductivity. Calculated values of DT, GMER and GSDER were shown
in Table 2. Soilpar 2-Jabro resulted in lower DT (2.91), GMER and GMER equal to 1.13 and
3.06, respectively, performed better than the others PTFs (Table 2). The PTFs of Vereecken et
al. tended to high overestimate saturated hydraulic conductivity, while the rest PTFs
generally showed underestimate (Table 2).

It is expected that PTFs including organic matter such as Vereecken et al., Wosten et al., and
etc could estimate K; much better than the others PTFs. But the results showed (see Figures 2
and 3 as well as Table 2) these PTFs could not be able to estimate K; with reasonable
accuracy. The organic matter content is an important variable when infiltration rates are
estimated in non-saturated soils, but it has less influence in saturated soils. The main
explanation is that organic matter mainly affects retention forces (matric potential), the type
of forces that almost do not work in saturated soils where forces are basically affected by
gravity. For this reason when estimating water retention parameters in soils, organic matter
is a valuable variable to use in PTF (Wosten et al., 1999), but the contribution of organic
matter content in estimating K; was very low and it was mainly limited to explain the
relationship between soil structure and K.

PTF DT GMER GSDER
Wosten et al., 1997 13.25 0.17 7.51
Wosten et al., 1999 6.90 0.21 3.36
Cosby et al. 22.82 0.06 4.74
Sxaton et al. 26.05 0.05 4.15
Brakensiek et al. 73.25 0.021 7.72
Campbell 11.78 0.12 3.61
Vereecken et al. 17925 16813.29 3.22
Ferrer Julia et al. 527 0.002 5.54
Rosetta 9.61 0.13 3.18
Soilpar 2- Jabro 291 1.13 3.06
Soilpar 2- Jynes-Tyler 302.6 0.005 11.16
Soilpar 2- Pukett et al. 291.86 0.007 21.42

Table 2. DT, GMER, and GSDER of the estimated K; compared to measurement for 12 PTFs
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Fig. 2. Measured vs. estimated saturated hydraulic conductivities using PTFs of Wosten et
al. (1997), Wosten et al. (1999), Cosby et al., sexton et al., Brakensiek et al. and Campbell for
ten soils and 1:1 line
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7.2 Unsaturated hydraulic conductivity

For comparison of the different models in predicting unsaturated hydraulic conductivity of
soils, data sets, including data of K, measured data of unsaturated hydraulic conductivity,
fractions of sand, silt and clay, bulk density of 27 soils were selected from the UNSODA
hydraulic property database (Names et al., 1999), and used in the study. The measured soil
properties from the UNSODA which used in this study, summarized in Table 3.

Properties Number Mean Min Max SD
Bulk density (g. cm?3) 27 1.41 0.72 1.8 0.23
Sand (%) 27 49.76 4.30 95.00 30.98
Silt (%) 27 2791 0.90 70.90 18.20
Clay (%) 27 22.33 1.00 62.00 18.86

Table 3. Mean, standard deviation (SD), Max and Min of soil samples parameters

By using fractions of sand, silt and clay and bulk density, unsaturated hydraulic
conductivities (K(0)) were estimated according to the PTFs of Rawls and Brakensiek (1985)
(Egs. 21 to 24) as well as Rosetta and Soilpar 2 software and compared to measured K(6) of
the 27 soils. It is noted that PTFs of Rawls and Brakensiek (1985) which were used to
estimate parameters of van Genuchten, Brooks - Corey and Campbell functions (Egs.
17 to 20), hereafter named van Gen-R, B&C-R, and Cam-R, respectively. Also just Campbell
model parameter value was estimated using the Soilpar 2, hereafter named Soilpar-Cam.
Figure 4 shows measured vs. estimated K(6) by mentioned PTFs. To facilitate comparison of
the PTFs, mean value of modified index of agreement (d') for the same soil texture classes was
calculated (Table 4). With regard to Figure 4 and Table 4, one could conclude that for sand,
loamy sand, sandy clay loam, and clay textures, the van Gen-R had the bigger d', indicating
its higher accuracy in predicting K(6) as compared to the other PTFs. The best PTF for loam,
sandy loam, and silty loam textures is the Soilpar-Cam. Wagner et al. (2001) found that the
performance of the Campbell model could be improved when the particle size distribution
data used in the determining the Campbell parameters are as detailed as possible, while
knowledge of only three fractions (clay, silt, and sand) may reduce the function performance
considerably.
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Fig. 4. Comparison of K(0) measured and estimated by the five PTFs
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Soil texture Number Cam-R B&C-R  van Gen-R  Rosetta  Soilpar-
cam
sand 4 0.474 0.485 0.595 0.467 0.425
loam 4 0.399 0.467 0.550 0.318 0.748
sandy loam 3 0.379 0.567 0.593 0.513 0.679
loamy sand 4 0.267 0.281 0.757 0.501 0.302
silty loam 3 0.546 0.578 0.539 0.318 0.590
Sandy clay 2 0.311 0.453 0.709 0.535 0.465
loam
clay 7 0.429 0.490 0.513 0.229 0.125

Table 4. Mean value of modified index of agreement (d') for the same soil texture

8. Conclusions

Based on the results some of conclusions can be summarized as follows:

PTFs are a powerful tool to estimate saturated and unsaturated hydraulic conductivity.
Because PTFs estimate hydraulic conductivity from easy-to-measure soil properties so
they have the clear advantage that they are relatively inexpensive and easy to use.

The mean of error parameters DT, GMER and GSDER (Table 2) showed that Soilpar 2-
Jabro for estimating K, was in excellent agreement with the measured value in the study
area. After Soilpar 2-Jabro, Rosetta could estimate K; with reasonable accuracy. The
PTFs of Vereecken et al. tended to high overestimate saturated hydraulic conductivity.
Overestimated Ks by the PTFs of Vereecken et al. makes it a less likely candidate for
estimating K at the study area or for similar soils. The rest PTFs generally showed
underestimate (Table 2).

The mean value of modified index of agreement (d') showed that for sand, loamy sand,
sandy clay loam, and clay textures, the van Gen-R had the bigger d', indicating its
higher accuracy in predicting K(6) as compared to the other PTFs. One can be concluded
that Gen-R was approximately good in describing the functional relationship between
the soil moisture and unsaturated hydraulic conductivity for mentioned soils. The best
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PTF to estimate unsaturated hydraulic conductivity for loam, sandy loam, and silty
loam textures was the Soilpar-Cam.
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