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ABSTRACT factors. Kim and Stricker (1996) employed Monte Carlo
simulation to investigate the independent and simulta-For meso- or regional-scale Soil–Vegetation–Atmosphere Transfer
neous effects of horizontal heterogeneity in soil hydrau-(SVAT) schemes in hydroclimatic models, pixel dimensions may range

from several hundred square meters to several hundred square kilome- lic properties and rainfall intensity on various statistical
ters. Pixel-scale soil hydraulic parameters and their accuracy are criti- properties of the components of the one-dimensional
cal for the success of hydroclimatic and soil hydrologic models. This water budget for a large area up to 104 km2. The effective
study tries to answer a major question: What will be the effective and parameters in the hydraulic property functions can be
average hydraulic properties for the entire pixel (or footprint of a re- determined by inversion (e.g., Yeh, 1989) or perturba-
mote sensor) consisting of several textures if the soil hydraulic proper- tion (Milly and Eagleson, 1987; Kim et al., 1997) meth-
ties can be estimated for each individual texture? In this study, we

ods. Yeh (1989) studied the effect of soil heterogeneityexamined the impact of areal heterogeneity in soil hydraulic parame-
on one-dimensional steady infiltration using the Gard-ters on soil ensemble behavior for steady-state evaporation and infil-
ner exponential model (Gardner, 1958) for the unsatu-tration. Using the widely used van Genuchten model and hydraulic pa-
rated hydraulic conductivity. The effective hydraulicrameter statistics obtained from neural network–based pedotransfer

functions (PTFs) for various soil textural classes, we address the im- parameters were calculated by minimizing the squared
pact of areal hydraulic property heterogeneity on ensemble behavior differences of the capillary pressure profiles in the for-
and uncertainty in steady-state vertical flow in large-scale heteroge- mation. While the obtained parameters provided the
neous fields. The various averaging schemes of van Genuchten param- best fit, they may not necessarily perform well in repre-
eters are compared with “effective parameters” calculated by concep- senting heterogeneous behavior of the soil because of
tualizing the areally heterogeneous soil formation as an equivalent the highly nonlinear nature of the process. Kim et al.
homogeneous medium that will discharge approximately the same

(1997) investigated the impact of heterogeneity of theamount of ensemble flux of the heterogeneous soil. The impact of
soil hydraulic properties on the spatially averaged waterboundary conditions and parameter correlation on the effective pa-
budget of the unsaturated zone using a framework oframeters, as well as the accuracy and uncertainty of the averaging
analytical solutions (Kim et al., 1996). Their results indi-schemes for the hydraulic parameters, are investigated and discussed.

In light of our results, we suggest the following guidelines for van Ge- cated that the “effective” set of hydraulic parameters
nuchten hydraulic parameter averaging: arithmetic means for Ks and depends on the specific climate and the spatially uniform
n, a value between arithmetic and geometric means for � when Ks and parameters, in addition to the obvious dependence on
� are highly correlated, and a value between geometric and harmonic the mean, variance, and covariances of the spatially
means for � when Ks and � are poorly correlated. variable parameters.

Many previous investigations of soil heterogeneity
assumed so-called scaling heterogeneity (Hopmans et

Spatial variability in soil hydraulic parameters has al., 1988; Kim and Stricker, 1996; Kim et al., 1997; Sharma
been recognized for years. Because the soil hydrau- and Luxmoore, 1979). Scaling theory, based on the simi-

lic characteristics that determine unsaturated flow ex- lar media concept (Miller and Miller, 1956), provides a
hibit a large degree of spatial heterogeneity, infiltration basis for representing soil spatial variability in terms of
and evaporation are spatially variable as well. Further- a single stochastic variable, the scaling factor, which is
more, due to the nonlinearity of the unsaturated flow related to the microscopic characteristic length of the
equation, representation of spatial variability of up- soil. Two soils are considered to be geometrically similar
ward–downward flux is a complex problem. This in turn when they only differ with respect to their internal mi-
suggests that for meso- or regional-scale Soil–Vegetation– croscopic geometries.
Atmosphere Transfer (SVAT) schemes in hydroclimate The objectives of this study are to provide some prac-
models, pixel-scale soil hydraulic parameters and their tical guidelines of how the commonly used averaging
accuracy are critical for the success of hydroclimate and schemes (arithmetic, geometric, or harmonic) perform
soil hydrologic models. when compared with the effective parameters for steady-

Sharma and Luxmoore (1979) investigated the influ- state flow. The effective parameters are obtained by
ence of soil variability on the water balance at a catch- conceptualizing the heterogeneous soil formation as an
ment scale. It was assumed in their study that soil hy- equivalent homogeneous medium that will discharge
draulic properties were the only variables in space and approximately the same flux as the ensemble flux of the
could be represented by the Miller and Miller scaling heterogeneous formations. The effective parameters so

calculated are able to simulate the large-scale ensemble
flux, which is a crucial quantity in modeling subsurfaceB.P. Mohanty and J. Zhu, Biological and Agricultural Engineering
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tion. The commonly used simple averaging schemes are THEORY
easy to use, but their appropriateness is difficult to assess van Genuchten Hydraulic Property Model
given the high nonlinearity in the unsaturated zone hy- and Pedotransfer Functions
drologic processes. We compare the performance of com-

van Genuchten Modelmonly used averaging schemes with the effective param-
eters and suggest when the simpler averaging schemes Some of the more commonly used models describing the

relationship between the water content (�) and the capillarycan be used in lieu of the effective parameters. Using
pressure head (�), and the relationship between the unsatu-the widely used van Genuchten model along with the
rated hydraulic conductivity (K) and the capillary pressure headneural network–based PTFs for hydraulic parameter
include the van Genuchten (1980) model, the Brooks–Coreyestimations based on several large soil databases, we model (Brooks and Corey, 1964), and the Gardner–Russo

address the impact of areal hydraulic property heteroge- model (Gardner, 1958; Russo, 1988). Although many spatial
neity on ensemble behavior and uncertainty in steady- variability analyses have utilized the Gardner-Russo model
state vertical flow in large-scale heterogeneous fields because of its simplicity, this model may not fit the measured

K(�) and �(�) relationships for the entire range of � (e.g.,with various soil textures. Experimental characteriza-
Leij et al., 1997). We use the model of van Genuchten (1980),tion of the hydraulic parameters for large areas can be
which closely fits measured water-retention data of many typesvery expensive and time-consuming. Moreover, com-
of unstructured soils (Leij et al., 1997). Van Genuchten’s modelplete deterministic characterization of many fields is for the soil water retention curve combined with the hydraulic

generally not possible due to spatial variability. An in- conductivity function (Mualem, 1976) can be expressed as
creasingly popular alternative to direct measurement of follows,
the unsaturated soil hydraulic properties of soils is to
use PTFs. Pedotransfer functions transform simple soil Se(�) �

1

�1 � (��)n�m [1]
properties such as texture, bulk density, and other soil
pedon information into soil water retention and satu-

K(�) �
Ks �1 � (��)mn�1 � (��)n��m�2

�1 � (��)n�m� m � 1 � 1/n [2]rated or unsaturated hydraulic conductivity information
(e.g., Wosten and van Genuchten, 1988; Schaap and

where Se � (� � �r)/(�s � �r) is the relative saturation or theLeij, 1998). In this study, we adopt the statistics for the
reduced water content (0 � Se � 1), the subscripts “s” andvan Genuchten parameters (Ks , �, and n) from a neural
“r” refer to saturated and residual values, and where �, n,network–based PTF of Schaap and Leij (1998) derived and m are parameters that determine the shape of the soil

from three large databases for different USDA textural water retention curve. Ks is the saturated hydraulic conductiv-
classes. The statistics (mean and standard deviation) ity and � is a pore-connectivity parameter. Note that parameter
so derived are used in this study to generate random � estimated to be about 0.5 as an average for many soils

(Mualem, 1976) was used in this study. However, more recentfields of van Genuchten parameters for different tex-
studies (e.g., Wosten and van Genuchten, 1988; Schuh andtural classes.
Cline, 1990; Yates et al., 1992; Schaap and Leij, 1998) suggestFor meso- or regional-scale SVAT schemes in hydro-
that other values of � may represent the hydraulic behaviorclimatic models, pixel dimensions may range several of many soils equally well or better.

hundred square meters to several hundred square kilo- Experimental characterization of the van Genuchten hy-
meters, while the vertical scale of subsurface processes draulic parameters for large areas can be very expensive and
near the atmosphere and surface interaction is consider- time-consuming. Besides, complete deterministic character-

ization of many fields is generally not possible because of spa-ably small. In such a large horizontal scale, the areal
tial variability. This has led to the treatment of those parame-heterogeneity of hydraulic properties dominates com-
ters as spatially stochastic parameters.pared with the heterogeneity at (much smaller) vertical

scale. Therefore, it is reasonable to consider only the
Pedotransfer Functions and Parameter Uncertaintiesareal heterogeneity, while ignoring vertical heterogene-

ity. In treating such areal heterogeneity for the scenario An increasingly popular alternative to direct measurement
of the unsaturated soil hydraulic properties of soils is to useof steady-state flow, we adopt the stream-tube assump-
PTFs. Pedotransfer functions transform simple soil propertiestion, which assumes that the flow is virtually vertical for
such as texture, bulk density, and other soil pedon data intoeach cell with no flow in the horizontal direction. There-
soil water retention and saturated or unsaturated hydraulicfore, we made two major assumptions in this study:
conductivity information (Wosten and van Genuchten, 1988;

(1) hydraulic parameter heterogeneity is limited to the Schaap and Leij, 1998). Schaap and Leij (1998) developed
horizontal direction and (2) flow is limited to the vertical hierarchical neural network–based PTFs to predict parameters
direction. These two assumptions seem to be contradic- in the retention function of van Genuchten (1980) and the

saturated hydraulic conductivity, Ks . Three large databases (i.e.,tory since the assumption of horizontal heterogeneity
RAWLS, AHUJA, and UNSODA [Leij et al., 1996]) werewould result in different pressure profiles across dif-
employed to evaluate the accuracy and uncertainty of neuralferent cells within a pixel, which in turn would lead to
network-based PTFs. Schaap and Leij (1998) investigated thehorizontal flow induced by the pressure differentials
accuracy and reliability of the PTF predictions using calibra-across different cells or stream tubes. To validate our tion, validation, and cross-validation of the neural network–

assumption (2), we further calculated the maximum ra- based PTFs combined with the bootstrap method. Table 1
tio of horizontal flux rate over vertical flux rate for a lists the averages and the standard deviations of � and Ks for

different USDA textural classes (Schaap and Leij, 1998). Thetypical pixel dimension.
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Table 1. Mean values of Ks , �, and n for different textural classes. Standard deviations are given in parentheses (extracted from Schaap
and Leij, 1998).

Class N�&n† log(�) log(n) NKs† log(Ks)

log(cm�1) log(cm d�1)
Sand 308 �1.45(0.25) 0.50(0.18) 253 2.81(0.59)
Loamy sand 205 �1.46(0.47) 0.24(0.16) 167 2.02(0.64)
Loam 249 �1.95(0.73) 0.17(0.13) 113 1.08(0.92)
Sandy loam 481 �1.57(0.45) 0.16(0.11) 314 1.58(0.66)
Silt loam 332 �2.30(0.57) 0.22(0.14) 135 1.26(0.74)
Sandy clay loam 181 �1.68(0.71) 0.12(0.12) 135 1.12(0.85)
Silty clay loam 89 �2.08(0.59) 0.18(0.13) 40 1.05(0.76)
Clay loam 150 �1.80(0.69) 0.15(0.12) 62 0.91(1.09)
Silt 6 �2.18(0.30) 0.22(0.13) 3 1.64(0.27)
Clay 92 �1.82(0.68) 0.10(0.07) 60 1.17(0.92)
Sand clay 12 �1.48(0.57) 0.08(0.06) 10 1.06(0.89)
Silty clay 29 �1.79(0.64) 0.12(0.10) 14 0.98(0.57)

† Number of samples per textural class.

values are used in this study to generate random fields of �, obey the lognormal distribution. Since the van Genuchten
parameter n has to be greater than 1 (van Genuchten andKs, and n for different textural classes. Given those statistical

properties based on a PTF from a large soil database and wide Nielsen, 1985), we assume (n � 1) rather than n to be lognor-
range of possible correlations of two random fields, the ran- mally distributed; this ensures that n � 1 when considering
dom fields generated are quite reasonable represent wide spatial variability in n. The cross-correlated random fields of
range of actual field scenarios. the parameters Ks , �, and n � 1 were generated using the

spectral method proposed by Robin et al. (1993) and the
resulting FORTRAN computer code FGEN (J.L. Wilson, 1995,Steady-State Vertical Flow at Local Scale and personal communication). Random fields were produced withParameter Averaging Schemes the power spectral density function, which was based on expo-
nentially decaying covariance functions. The coherency spec-Steady-State Evaporation and Infiltration at Local Scale
trum, given by Eq. [6], is an indicator of parameter correlation,

At local scale, the pressure profile during one-dimensional
steady-state unsaturated capillary flow without macropore and

R(f) �
φ12(f)

�φ11(f)φ22(f)�1/2 [6]root water uptake, can be written as (e.g., Zaslavsky, 1964;
Warrick and Yeh, 1990)

where φ11(f) and φ22(f) are the power spectra of random fields
log(Ks) and log(�) or log(Ks) and log(n � 1), respectively,z � �

�

0

K(�)d�

K(�) � q
[3]

φ12(f) is the cross spectrum between log(Ks) and log(�) or
log(Ks) and log(n � 1). Having �R �2 � 1 indicates perfect linear

where z is the vertical distance (positive upward) with the correlation between the random fields. The random fields are
water table location being at z � 0, and q is the evaporation assumed to be isotropic, with the domain length being equal
(positive) or infiltration (negative) rate. Its dimensionless form to 10 correlation lengths, which in turn corresponds to 50 grid
can be expressed as lengths. A random field of 2500 (50 	 50) values was generated

for log(Ks), log(�) or log(n � 1) field. Given those statistical
properties based on the PTF from the large soil database�z � �

��

0

Kr(x)dx
Kr(x) � q


[4]
(Schaap and Leij, 1998) and wide range of possible correlation
of two random fields, the random fields generated are quite
reasonable, representing a wide range of actual field scenarios.where the dimensionless hydraulic conductivity Kr � K/Ks ,

We will investigate two main themes of hydraulic parameterthe dimensionless pressure head x � ��, and the dimensionless
spatial variability when calculating dynamic flow characteris-flux rate q
 � q/Ks . When the pressure head at the surface,
tics in a heterogeneous unsaturated soil: (i) a variable satu-Ps, is known, the dimensionless steady-state flux q
 can be
rated hydraulic conductivity Ks and a variable van Genuchtenfound out from the following equation
parameter �, with a constant van Genuchten parameter n, or
(ii) a variable saturated hydraulic conductivity Ks and a vari-

�L � �
�Ps

0

Kr(x)dx
Kr(x) � q


[5] able n, with a constant �. We will consider these two scenarios
separately to investigate the respective impacts of their spatial
heterogeneity. For each theme we consider three hydraulicwhere L is the elevation of the ground surface above the water
parameter averaging schemes and compare them with effec-table. From Eq. [5], it can be seen that the dimensionless
tive parameters calculated according to the ensemble fluxsteady-state flux rate q
 itself is not related to the saturated
behavior, that is, the mean behavior of the flow dynamics.hydraulic conductivity Ks . In other words, the flux rate q is a
The hydraulic parameter averaging schemes considered are:linear function of Ks . Since there is a linear relationship be-
(i) arithmetic means for both the spatial variables, (ii) arithme-tween the flux and the saturated hydraulic conductivity, the
tic means for Ks and geometric means for � or n; and (iii)arithmetic mean for the Ks is deemed adequate.
arithmetic means for Ks and harmonic means for � or n. As
discussed above, for the nature of areally heterogeneous verti-

Averaging Schemes for Hydraulic Properties cal flow we consider in this study, the arithmetic average
(mean) for the saturated hydraulic conductivity can be consid-The parameters Ks and � can be satisfactorily fit using
ered as an appropriate averaging scheme. For the followinglognormal distributions (Smith and Diekkruger, 1996; Nielsen

et al., 1973). In this study, both Ks and � are assumed to numerical experiments showing results for dynamic flow, we
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Fig. 1. Images of randomly generated van Genuchten parameter fields for loam used in the simulations. (a) log(Ks) with Ks in centimeters per
day; (b) log(�) with � in (1/cm), �R �2 � 1.0; (c) log(�) with � in (1/cm), �R�2 � 0.1; (d) log(n � 1), �R �2 � 1.0; (e) log(n � 1), �R �2 � 0.1.
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used a shallow water table depth of 180 cm, typical of semiarid q in centimeters per second for both infiltration and
and semihumid regions. evaporation calculated using as input the parameter dis-

tributions of Fig. 1 when Ks and � are assumed to be
RESULTS AND DISCUSSION spatially variable fields. The surface pressure head, Ps ,

is the negative of suction at the soil surface. Left-handSeveral representative images of randomly generated
images (Fig. 2a and 2c) are results for the infiltrationvan Genuchten parameter fields for log(Ks), log(�), and
flux, while the right-hand images (Fig. 2b and 2d) arelog(n � 1) used in the simulations are shown in Fig. 1.
for the evaporative flux rate. The top images (Fig. 2aThe input means and the standard deviations are based
and 2b) represent results when the two spatially variableon the values for the loam soil in Table 1 and on assum-
fields, log(Ks) and log(�), are fully correlated (i.e., �R �2 �ing exponentially decayed covariance functions. Fig-
1.0), while the bottom images (Fig. 2c and 2d) are forure 1a represents spatially variable log(Ks) values with
�R �2 � 0.1. In general, a larger Ks would lead to a largerKs in centimeters per day. Figure 1b shows plots of
flux rate, while a larger � or n would result in a smallerlog(�) with � (in 1/cm) fully correlated with the log(Ks)
rate. Notice that the infiltration flux rate is mainly deter-field (i.e., �R �2 � 1.0), while Fig. 1c represents log(�)
mined by the saturated hydraulic conductivity field, Ks .when �R �2 � 0.1. Similarly, Fig. 1d is for log(n � 1)
The infiltration flux rate is typically larger when Ks iswhen it is fully correlated with log(Ks) (i.e., �R �2 between
larger (compare Fig. 2a and 2c with Fig. 1a). The evapo-log(Ks) and log(n � 1) is 1.0), while Fig. 1e represents
rative flux rate is mainly determined by the � field. Thelog(n � 1) when �R �2 � 0.1. As expected, when the two
evaporative flux is typically larger when � is smallerrandom fields are fully correlated, their images follow
(compare Fig. 2b with Fig. 1b and Fig. 2d with Fig. 1c).very similar patterns (compare Fig. 1a and 1b as well
For both infiltration and evaporation, the flux field isas 1a and 1d), while the other images (i.e., Fig. 1c and
less variable when two random parameter fields are1e) for much lower degrees of correlation have little
more correlated; that is, the variation range of log(q)resemblance with the log(Ks) image (i.e., Fig. 1a).

Figure 2 plots the corresponding log(q) fields with is significantly smaller when �R �2 � 1.0 as compared to

Fig. 2. Calculated log(q) fields with q in centimeters per second for both infiltration and evaporation when Ks and � are spatially variable fields.
(a) Infiltration with �R �2 � 1.0; (b) evaporation with �R �2 � 1.0; (c) infiltration with �R �2 � 0.1; (d) evaporation with �R �2 � 0.1. Ps � 30 (�cm)
for infiltration and Ps � 480 (�cm) for evaporation.
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Fig. 3. Calculated log(q) fields with q in centimeters per second for both infiltration and evaporation when Ks and n � 1 are spatially variable
fields. (a) Infiltration with �R �2 � 1.0; (b) evaporation with �R �2 � 1.0; (c) infiltration with �R �2 � 0.1; (d) evaporation with �R �2 � 0.1. Ps �
30 (�cm) for infiltration and Ps � 480 (�cm) for evaporation.

�R �2 � 0.1 (compare Fig. 2a with Fig. 2c and Fig. 2b with sulting in a larger flux. The main reason for this is that
Fig. 2d). The reduced variability in the flux field due to the variance of log(n) is quite small compared with that
correlation of the Ks and � fields can be better under- of Ks , while its variability is not large enough to have
stood by considering the separate effects of Ks and � a significant impact on the flux field. In practice, the
on the flux and the implication of the correlation be- parameter n can be determined with greater certainty
tween Ks and �. A larger Ks would lead to a larger flux than the other parameters involved in van Genuchten
rate, while a larger � (i.e., inversely proportional to the model (e.g., Schaap and Leij, 1998). From a physical
bubbling pressure) would result in a smaller rate. A perspective, � in the van Genuchten equation relates
higher degree of correlation between Ks and � means to the mean pore size magnitude, whereas n relates to
that the values Ks and � in each cell would be either the degree of pore size spreading. In their study relating
simultaneously high or low, thus nullifying the effect of the van Genuchten hydraulic property model, Hills et
each other and leading to reduced flux variability across al. (1992) also demonstrated that the random variabilitythe cells seen in Fig. 2a and Fig. 2b. Therefore, the

in water retention characteristics could be adequatelyvariability in the flux rate is significantly larger when
modeled using either a variable parameter � with athe two fields are negligibly correlated. Using the same
constant parameter n, or a variable n with a constantreasoning, one would expect an even larger variability
�, with better results when � was variable. As we havein the flux field in the unlikely event of a negative
explained, Fig. 3 (infiltration and evaporation when Kscorrelation between Ks and �.
and n � 1 are the spatial variables) follows the patternFigure 3 plots the corresponding log(q) fields with
of Ks, while for Fig. 2 (infiltration and evaporation whenq in centimeters per second for both infiltration and
Ks and � are the spatial variables), infiltration followsevaporation calculated using the input parameters of
the Ks pattern and evaporation follows the inverse �Fig. 1 when Ks and n � 1 are assumed to be spatially
pattern. Figure 2b is for evaporation when Ks and � arevariable fields. It can be seen that all flux field images

follow the pattern of the Ks field, with a larger Ks re- fully correlated, which follows the inverse � pattern. In
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Fig. 4. Maximum ratio of the horizontal flux over the vertical flux (qh /q) for selected values of the surface pressure head when Ks and � are
spatially variable fields.

other words, it follows the inverse Ks pattern, as can be for evaporation. When Ks and � are spatially variable,
seen by comparing Fig. 3 with Fig. 2b. sand always produced the largest maximum ratio of

The maximum ratio of horizontal flux rate over verti- horizontal over vertical flows in comparison with other
cal flux rate used in the plots is defined as follows textural classes. The maximum ratio (qh/q) typically ap-

peared close to the water table. The location at which
the ratio reached the maximum, zmax , is related to theMax�qh

q � �
Max

i,j 	Ki,j


qi,j 


�i�1,j � �i�1,j 


2�x
, Ki,j


qi,j 


�i,j�1 � �i,j�1


2�y �
height of the capillary fringe for each individual soil
textural class. From the figures we note that the silt loam[7]
class has the largest zmax , which leads to the smallestwhere (�x, �y) is the cell size, qi,j is the evaporation or mean value of � (or the highest mean capillary fringe).infiltration rate of cell (i,j), and Ki,j is the unsaturated
A higher capillary fringe would mean a larger hydraulichydraulic conductivity of cell (i,j). In the calculations,
conductivity at a higher location, a condition that wouldthe cell size was assumed to be 16 by 16 m, which means
favor more horizontal flow. Another distinct feature2500 cells or stream tubes existed in an 800 by 800 m
seen from the figures is that infiltration at low surfacepixel. A length of 80 m has been used for the correlation
pressure heads (Fig. 4a and 4b) leads to the low hori-length, which means both �x and �y are 1/5 of the
zontal and vertical flow ratios (no larger than 2%). Thiscorrelation length. The horizontal flux rate was calcu-
is a result of diminishing pressure differentials acrosslated as the flow rate induced by the pressure differential
different cells as the flow scenario switches from largebetween two alternate cells and the hydraulic conductiv-
surface pressures to small surface pressures. The freeity at a local depth.
drainage scenario is an extreme case where pressurePlotted in Fig. 4 are the maximum ratios of the hori-
gradient across the formation, including at the surface,zontal flux over the vertical flux (qh/q) for selected val-
is always zero, which means no horizontal flow betweenues of the surface pressure head (Ps) when Ks and � are
cells. The same is true when Ks and n � 1 are spatiallyassumed to be spatially variable fields. Figure 4a, 4c,
variable, as shown in Fig. 5a and 5b.4e, and 4g represent results when the two random fields

Similar to Fig. 4, Fig. 5 plots maximum ratios of theare fully correlated (�R�2 � 1.0), while Fig. 4b, 4d, 4f, and
horizontal flux over the vertical flux for selected values4h show the results for �R�2 � 0.1. The top four plots

are for infiltration, while the bottom four figures are of the surface pressure head when Ks and n � 1 are spa-



268 VADOSE ZONE J., VOL. 1, NOVEMBER 2002

Fig. 5. Maximum ratio of the horizontal flux over the vertical flux (qh /q) for selected values of surface pressure head when Ks and n � 1 are
spatially variable fields.

tially variable fields. Figure 5a, 5c, 5e, and 5g represent tween Ks and � results in consistently large effective pa-
rameter �eff . These results are consistent with our previ-results when the two random fields are fully correlated

(�R�2 � 1.0), while Fig. 5b, 5d, 5f, and 5h show results ous findings that correlation between Ks and � makes
the soil more sand-like, that is, having large effective pa-for �R�2 � 0.1. Again, the results are for infiltration and

evaporation. When Ks and n � 1 are variable, the sand rameter �eff (Zhu and Mohanty, unpublished data). Al-
though variability of q is smaller as a result of parameterclass also produced the largest maximum (qh/q) ratio,

except for the condition of a small surface pressure head, correlation, it makes ensemble behavior more sand-like.
A reasonable practical guide for most soil textural classeswhich means a situation close to free drainage. For the

small surface pressure condition, silt loam produced the is that the effective � falls between the arithmetic mean
and the geometric mean for the highly correlated case,largest maximum (qh/q) ratio. From Table 1 we can see

that the silt loam class has the smallest � or largest air- and between the geometric mean and the harmonic
mean for the less correlated case, with the exception ofentry pressure head, that is, the largest capillarity. The

maximum ratio is expected to be related to variance two coarser textural classes (loamy sand and sand). For
infiltration, the effective value would be near the top(variability) in hydraulic parameters and the soil tex-

tural class (mean hydraulic parameter values). Figures limit of that range.
Figure 7 plots for various soil textural classes the ef-4 and 5 indicate that the maximum ratio (qh/q) is quite

small and no more than 17% for all cases, thus support- fective parameter neff as a function of the surface pres-
sure head. The influence of surface pressure head oning the hypothesis that the stream-tube type of flow

assumption used in this study is reasonable assumption, neff is not as strong as on �eff This is partly because the
variance of log(n) is small. The higher correlation be-while making our analysis significantly more tractable.

Note that, in calculating the results for Fig. 4 and 5, a tween Ks and n � 1 usually leads to a slightly larger ef-
fective parameter neff . Hence, the results also demon-depth increment of 9 cm was used, although the incre-

ment used for the plots is 18 cm. strate that correlation between Ks and n � 1 makes
the soil more sand-like (i.e., giving a larger effectiveThe effective parameter �eff as a function of the sur-

face pressure head for various soil textural classes is parameter neff). The effect, however, is typically small.
For practical applications it will be reasonable to ignoreplotted in Fig. 6. Notice that �eff decreases as the value

of surface pressure head increases (or as flow switches the effect of spatial variability in the parameter n, given
its small impact on the effective values, and the factfrom infiltration to evaporation). High correlation be-
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Fig. 6. Effective parameter �eff vs. surface pressure for various soil textural classes.

that it can be determined with greater certainty than as the value of surface pressure head increases over a
the other parameters in van Genuchten’s model, as men- wide range of values covering both infiltration and evap-
tioned above. oration. When Ks and n � 1 are assumed to be spatially

The coefficient of variation in the flux against the variable, the effect of a varying surface pressure head
surface pressure head for various soil textural classes on the coefficient of variation of the q field is less sig-
are shown in Fig. 8. When Ks and � are correlated, the nificant as compared with the case when Ks and � are
flux field is significantly less variable (i.e., having smaller assumed to be spatially variable.
coefficients of variation). The result is consistent with
what can be observed from Fig. 2 as discussed above.

CONCLUSIONSWhen Ks and n � 1 are correlated, the q field is usually
slightly more variable (i.e., having larger coefficients of The following major conclusions can be drawn from
variation), with the exception of relatively coarse soils this study:
(notably sand, loamy sand, and sandy loam). When Ks

1. Spatial variability in � has a larger impact on theand � are assumed to be spatially variable, the coeffi-
cient of variation in the q field systematically increases ensemble behavior of soils than does n, partly be-
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Fig. 7. Effective parameter neff vs. surface pressure for various soil textural classes.

cause n can be determined with greater certainty in rameter averaging performs better for simulat-
ing capillary phenomenon of relatively fine-tex-practice as can be observed in Table 1. Therefore, it
tured soils, but is less successful for simulating theis reasonable to treat n as deterministic.
smoother ensemble profile of gradual transition.2. Our study suggested that we are still able to use

4. For typical applications in hydrologic and hydrocli-the same form of hydraulic conductivity function
mate models, the assumption of stream-tube typefor the local scale as for large-scale modeling. For
vertical flow for large fields is reasonable sincethe large-scale modeling, we need to use the effec-
horizontal pressure discontinuities would cause lit-tive hydraulic conductivity parameters, which are
tle horizontal flow as compared with vertical flow.variable according to the boundary conditions. For

coarse-textured fields, it is more difficult to define Results of this study suggest the following practical
“average parameters” in lieu of “effective parame- guidelines for averaging van Genuchten parameters when
ters” to simulate ensemble soil behavior, since the dealing with large-scale steady-state infiltration and evap-
effective parameters tend to change more rapidly oration: arithmetic means for Ks and n, values between
with surface pressure conditions. the arithmetic and geometric means for � when Ks and

� are highly correlated, and values between the geomet-3. With appropriately selected schemes, hydraulic pa-
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Fig. 8. Coefficient of variation of the flux against surface pressure head for various soil textural classes.
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