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"Science is uncertain; the moment that you make a proposition about a region of
experience that you have not directly seen then you must be uncertain. But we
always must make statements about the regions that we have not seen, or the
whole business is no use”.

(R.P. Feynman, The Character of Physical Law, Cornell, 1964)

Aan Liesbeth, Lidwicn, Hedwig en Lilian
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STELLINGEN

. Differences among soil hydraulic functions should preferably be determined on
the basis of functional properties to be calculated with these functions as input
data, rather than on a statistical comparison of the functions themselves.

Dit proefschrift.

. When characterizing soil water regimes the challenge is to identify a modelling
approach that provides a quantitative estimation of system behaviour using a
relatively simple and cheap data set, and to provide an indication of the
reliability of predictions.

Dit proefschrift.

. Physical characterization of horizons distinguished in soil survey and functional
testing of their differences results in a substantial reduction of the number of
layers with different soil physical behaviour.

Dit proefschrift.

. Once a sufficient large data base of measured soil water retention and
hydraulic conductivity functions is established, it is attractive to use this
information to derive class and continuous pedotransfer functions relating these
hydraulic functions with soil survey data such as texture, organic matter and
horizon designation.

Symposium on Land qualities in space and time. 1988.

Dit proefschrift.

. De door Warrick et al. herontdekte schaleringstechniek beschrijft weliswaar op
eenvoudige wijze de variabiliteit in bodemfysische karakteristicken, maar leidt
tevens tot een onderschatting van de variabiliteit in modeluitkomsten.

AW. Warrick et al. 1977. Water Resour. Res. 13: 355-362.

Dit proefschrift.

. Because of spatial and temporal variability, it is not unlikely that predictive
models cventually, or perhaps already, yield estimates for hydraulic functions
that are sufficiently accurate for many field applications.

D.R. Nielsen et al. 1986. Water Resour. Res., 22: 898-1088.
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14,

. While the soil water retention and hydraulic conductivity functions are the
crucial parameters for predicting unsaturated flow, their theoretical description
and measurement remains a continuous and sometimes frustrating challenge for
hydrologists and soil scientists.

D.R. Nielsen et al. 1986. Water Resour. Res., 22: 898-1088.

. Bij de bepaling van de bodemfysische karakteristicken van een veldlocatie door

inverse modellering wordt ten onrechte verondersteld dat deze karakieristieken
de enige onbekenden zijn.

. Verantwoord generaliseren is één van de moeilijkste bezigheden, maar vormt

een vaardigheid waar veel behoefte aan is.
J. Bouma. 1988. Inaugureie rede.

Soil survey and land evaluation will have a future when three elements are
e¢mphasized in future work: (1) a focus on areas of land that occur in a
geographical context; (2) emphasis on observations and measurements in
undisturbed field soils either to obtain data for simulation modelling or to
validate simulation results; and (3} the need to integrate knowledge from a
wide range of disciplines from geology to socio-cconomics.

J. Bouma. 1989. Advances in Soil Science, 9: 177-213,

As the use of soil survey data, especially soil series characterization, increases,
more precise statements will be needed about the means, ranges and simple
and multiple relationships of soil propertics.

M.E. Collins and T.E. Femton. 1984. Soil Sci. Soc. Am. J. 48: 1107-1114.

De bepaling van bodemfysische karakteristicken mag niet de sluitpost van de
projectbegroting zijn.

Indien de ontwikkelingen in QOost-Europa leiden tot een vermindering van de
hulp aan ontwikkelingslanden, zegt dit meer over het eigenbelang van de eerste
dan over de nood in de derde wereld.

Doelmatig trimmen: fietsen naar het werk.

Stellingen behorende bij het proefschrift van JLH.M. Wisten
Use of soil survey data to improve simulation of watcr movement in soils
Wageningen, 19 juni 1950.
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ABSTRACT

Waosten, J.HM. 1990. Use of soil survey data to improve simulation of water
movement in soils. Doctoral thesis. Wageningen Agricultural University,
Wageningen, The Netherlands, (IX) + 103 pp.

Soil water retention and hydraulic conductivity functions are crucial input data for
models that simulate water movement in soils. When these functions have to be
generated for areas of land, the intended application of the results of the modelling
determines the level of generalization at which the problem should be addressed.
In the research described in this thesis a soil map at a scale corresponding to the
identified level of generalization, is used as the basic document from which soil
hydraulic functions are derived for an area of land. The hydraulic functions of the
major pedological horizons distinguished during the soil survey are measured.
Pedological differences do not necessarily comrespond with soil hydraulic
differences. This results in a limited number of hydraulic "building blocks" with
a significantly diffcrent soil physical behaviour. Transforming the major pedological
horizons into "building blocks” provides the information to transform the soil map
into a map of soil physical units.

Direct measurement of the hydraulic functions is cumbersome and costly. As an
alternative, the existing data base of mecasured hydraulic functions is analysed and
pedotransfer functions are developed. The use of pedotransfer functions is found
to be a cost-effective method of translating the basic soil data recorded during soil
survey into hydraulic functions.

A concept of functional criteria is introduced for evaluating differences in the
hydraulic functions measured in the major pedological horizons distinguished and
for ¢valuating different methods of gencrating these functions. Functional criteria
arc practical aspects of soil behaviour calculated with the hydraulic functions as
input. Hydraulic functions are not an aim in themselves, but serve as input data for
sirnulation models. Therefore, in this study the evaluation of differences in these
functions is based on the evaluation of differences in calculated functional criteria
and not on a statistical comparison of the functions themselves.

Finally, aspects of spatial and temporal variability are investigated. The scaling
technique is successfully applied o0 quantify the complex spatial variability in
measured hydraolic functions in a distribution function of scale factors. However,
using the results of scaling to calculate the variability in model output results in
a conservative estimate of this variability. Model output is also affected by
temporal variability in meteorological and water table data. Metcorological and
water table data from a 30-year period are used to calculate moisture deficits and
trafficability. The influence of temporal variability is reflected by presenting graphs
that show the probability of the occurrence of moisture deficits and adequate
trafficability.

Additional index words: soil map, map scale, water retention, hydraulic
conductivity, pressure head, hydraulic function, simulation model, spatial variability,
pedotransfer function, scaling
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1. GENERAL INTRODUCTION

Regrettably, agricultural and industrial activities are increasingly causing the quality
of our soils and waters to deteriorate. The excessive use of fertilizers, pesticides
and inorganic and organic chemicals has already caused considerable environmental
damage.

In order to partly control and ultimately rectify this damage, scientists have
developed increasingly complex computer models that simulate water and solute
movement in the unsaturated zone of the earth’s crust. These models have now
become indispensable in research aiming to quantify and intcgrate the most
important physical, chemical and biological processes active in the unsaturated
zone of agricultural soils.

Simultaneously, models ranging from very simple to highly complex are being
used to evaluate the effects of alternative management practices on crop yield and
groundwater quality. The use of models for research and management has shown
that very many input data have to be quantified in order to be able to make
reliable predictions on a field scale. In hydrology, it is not the models themselves
but the lack of accurate functions (particularly on soil hydraulics) that is considered
to be the major obstacle to progress. The most important hydraulic functions in this
context are water retention and hydraulic conductivity.

It could be postulated that it is acceptable to use available data as long as the
uncertainty of the resulting predictions is borne in mind. The use of "perfect” data,
even if they exist, is not always necessary, because many research and management
problems do not require exact solutions. For every problem the challenge is to
identify a modclling approach that provides a quantitative estimate of system
behaviour from a relatively simple and cheap data sct while providing an indication
of the reliability of predictions.

The need to make realistic predictions and the fact that it is neither possible
nor necessary to postpone these predictions until all unknown parameters are
known, creates an interesting subject for study. Obviously, in order to deal
effectively with water movement in soil on a field scale stochastical approaches
that deal with soil heterogeneity are also important. However, in this thesis, the
emphasis is on a deterministic approach. Eventually, both approaches must be
integrated.

As a first step in generating hydraulic functions for ficld scale application it
is necessary to identify the level of generalization at which potential users need
to have their information. These levels of generalization differ for different users,
as is illustrated in Chapter 2. In that chapter the changes in grass yield that result
when water tables fall because water is extracted to supply drinking water are
calculated. The individual farmers affected by this phenomenon are interested in
a detailed study in order to obtain a just settlement of their financial losses.
However, a water cxtraction company might be satisfied with information on a
much more general scale, providing it can calculate the total amount of money




needed to settle yield reductions in the water extraction area as a whole.
Identification of the level of generalization can avoid money and energy being
spent to provide answers that do not correspond with the questions being asked.

Once an appropriate level of generalization has been identified for a specific
problem it is atiractive to use the soil map on a scale that corresponds with the
level of generalization, as a point of departure to derive soil hydraulic functions
for areas of land. In Chapter 3 this approach is described and tested. An area of
650 ha was surveyed at a scale of 1 : 5 000. Because the soil survey data were
to be used for hydrological interpretations, the description of the soil propertics
could not be restricted to the surface horizons; instead the properties of all horizons
were recorded. As a result, a set of major pedological horizons was identified.
Multiple measurements of the water retention and hydraulic conductivity curves of
each of these horizons were made. Next, thosc major pedological horizons whose
hydraulic functions did not differ significantly were combined into soil hydraulic
"building blocks" which were used to transform the soil map into a simulation map
that showed a characteristic sequence of these "building blocks”. Because the
occurrence of major pedological horizons is derived from the soil map, this map
can in tumm be used to extrapolate information on the physical characteristics of the
soil.

In the 1980s soil water retention and hydraulic conductivity curves were
measured in a large number of soils in the Netherlands in projects such as those
described in Chapter 3. Large, undisturbed soil samples were measured. All the
soil horizons measured in these projects were classified according to soil texture
and type of horizon (the latter being either topsoil, i.e. A horizon, or subsoil, i.e.
B and C horizons). This classification resulted in 20 different soil groups
comprising a total of 197 individual curves. The individual curves form an unique
data base covering a broad spectrum of soils in the Netherlands. The geometrically
averaged curves for each of the 20 soil groups were calculated and tabulated forms
of these averaged curves were presented. As a set, the curves form a "class
pedotransfer function” that translates the soil survey data (soil texture and type of
horizon) into average soil hydraulic functions for each texture class for top- and
subsoils.

Given this data base, Chapter 4 describes how this information is used to derive
relations that allow the hydraulic functions to be estimated from soil survey data,
thus avoiding cumbersome and costly direct measurements of these functions.
Analytical functions for the moisture retention and hydraulic conductivity curve
were fitted on the 197 individual curves. A nonlinear least-squares optimization
program was used to estimate the parameters of the analytical functions
simultaneously from the data on soil water retention and hydraulic conductivity.
After the parameters had been estimated multiple regression techniques were used
to investigate to what extent the estimated model parameters are dependent on
basic soil properties that are more easily measured, such as percent silt, percent
clay, percent organic matter, bulk density and median sand particle size. Linear,




reciprocal and exponential relationships of these basic soil properties were used in
the regression analysis, and possible interactions among the soil properties
themselves were also investigaied. The regression model consists of various basic
soil propertics and their interactions, all of which contribute significantly to the
optimized soil hydraulic parameters. The regression model forms a "continuous
pedotransfer function" that translates basic soil survey data into individual soil
hydraulic functions. Chapter 4 also provides an evaluation of the accuracy of the
hydraulic functions estimated from the regression models.

Hydraulic functions obtained either by direct measurement or estimated from
regression models are not an aim in themselves but serve as input data in studics
that examine functional properties of soil behaviour. Therefore, differences among
the hydraulic functions of different soil horizons are preferably determined on the
basis of functional properties to be calculated with these functions as input data,
rather than from a purely statistical comparison of the functions themselves. For
this purpose, three functional properties are introduced in Chapter 35:

-calculated travel times for water to move from the soil surface to a defined water
table;

-calculated water table levels which allow a defined upward-flux density to a
defined level;

-calculated downward-flux densities that correspond with a defined air content in
the soil.

These three functional properties are not unique; other properties that enable
differences in hydraulic functions to be assessed can also be identified. In Chapter
5 the physical behaviour of different soil horizons is compared by comparing the
calculated functional properties for these horizons. Using the results, pedological
horizons can be combined into soil hydraulic "building blocks" that have
significantly different soil hydraulic functions.

The need to evaluate soil physical behaviour on the basis of functional
properties in combination with the fact that methods to estimate hydraulic functions
range from complicated and costly to simple and cost-effective inspired the studies
described in Chapters 6 and 7. Four different methods were used to gencrate
hydrautic functions:

-direct measurement of the hydraulic functions of the horizons of the soil profiles
at three sites;

-hydrautic functions obtained by averaging the measured hydraulic functions of
major soil horizons sampled on a regional scale;

-the same as above, but now sampled on a national scale;

-the hydraulic functions sampled on a national scale were fitted to analytical
expressions and the model parameters were related to more easily measured soil

properties.

In Chapter 6 the water storage in the upper 0.5 m of the soil profile is used as a



functional property to compare the hydraulic functions generated with four different
methods for three sites in a caichment. Independent measurements of water storage
with a neutron probe, for a period of seven years, serve as a reference for the
evaluation of the performance of the different methods to generate soil hydraulic
functions. The results of the comparison of calculated and measured water storage
in the upper 0.5 m, in combination with an indication of the costs of using each
method provide information that enables the best way of spending limited available
resources to be chosen.

In Chapter 7 the same four methods to generate soil hydraulic functions are
used to calculate two functional properties that are relevant for agricultural and
environmental use:

-evapotranspiration deficit;
-flux through a plane at 0.3 m below soil surface.

In contrast to the water storage in the upper 0.5 m, used in Chapter 6 as a
functional property, no independent measurements of deficits and fluxes were
available. Metcorological data strongly affect the calculated deficits and fluxes,
These meteorological influences are eliminated by using rainfall deficit as a
covariable. The remaining variability was used to evaluate differcnces between the
four methods of generating scil hydraulic functions.

Model output is influenced considerably by the soil hydraulic functions that are
used as input. Therefore, in an increasing number of studics it is necessary to
quantify the variability in hydranlic functions, so that model output can be
presented in the form of a mean and variance. Using the measured individual
curves of the daia base developed for the Netherlands, in Chapter 8 scaling
techniques are used to quantify the variability in the hydraulic functions of threc
large soil groups; coarse-textured, medium-textured and fine-textured. It is
investigated if scaling is an attractive technique to simplify the description of the
complex hydraulic heterogeneity of soils and whether the technique provides a
good estimation of the variability in hydraulic functions.

In addition to spatial variability, tcmporal variability is also present. It is dealt
with in Chapter 9, where meteorological and water table data are used to calculate
moisture deficits and trafficability over a period of 30 years. The results of this
study are condensed and described in terms of the probability of the occurrence
of moisture deficits and of adequate trafficability; this provides the user with a
choice of possible management strategies.
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LAND EVALUATION AT DFFERENT SCALES: YOU PAY FOR WHAT YOU
GET!

2. H. M, WOSTEN, M, H, BANNINK & J. BOUMA

Soil Survey Institute, Wageningen, The Netherlands

ABSTRACT

In a survey area of 1435 ha, water tables are being lawered due
to water extraction for drinking-water supply., The resulting change
in yield of grass in this area was simulated by comparing the
former hydrological situstion without extraction to the present
hydrological situation with extraction. A detailed soil survey of the
area on scale 1 : 10 D00 was used to derive additional soil maps
on scales 1 : 25 000, 1 : S50 000 and 1 : 250 O000. The
‘representative profiles' of the mapping units of the four soil maps
were physically interpreted and were used thereafter to simulate
changes in yield.

Working on a certain scale has implications for the detail of
information to be provided and for costs incurred. The average
change in yield for the area as a whole could, with relatively low
cost, be calculasted on scale 1 : 50 000. However, changes in yield
for a specific farmer's field could most accurately be calculated
on scale 1 : 10 000 at relatively high cost, Taking these values as
a reference, increasing deviations were found when using smaller
map scales, Ideally, a user should first select the degree of detail
by which a given answer has to be known. Then, a corresponding
mapping scale can be selected, Thie procedure assures an optimal
use of resources.

INTRODUCTION

In the Netherlands, soil maps are increasingly used for environmental
interpretations in the context of pew laws on soil protection. Such
interpretations have to be quantitative so as to allow reliable estimates of
goil properties in relation to ctitical levels that are being defined in soil
protection laws. These critical levels may, for example, relate to chemical
contents of heavy metals and phosphates or to physical characteristics such
as the density of compacted soil horizons and associated physical land
qualities,

Environmenta] interpretations are needed at different levels, At a
national level, broad information is needed, for example, as to the location
of soils that have a low trafficability or a low capacity to adsorb
phosphates. The new 1 : 250 000 soil map of The MNetherlands (Steur et al,
1985) is successfully applied in this context. Interpretations at a regional or
provincial level are usually more detailed, and standard 1 : 50 000 soil maps
are being used here. Quite specific interpretations at farm level are made
using 1 ¢ 10 000 maps that are made for all land reallotment plans in The
Netherlands.




[nterpretations aof soil maps of any scale are generally based on
descriptions of 'representative profiles' for each mapping unit which have
been made by soil surveyors who are familiar with the area. Usually, these
'representative profiles' are described in considerable detail irrespective of
the scale of the maps for which they are prepared. As a consequence,
interpretations are also quite detailed. Ideally, however, interpretations for
small-scale maps should be less detailed than those for large-scale maps
because mapping units occupy smaller areas of land in the latter case and
variability within these smaller areas is generally lower than in similar
mapping units of small-scale maps which oceupy larger areas of land.

Modern «uantitative interpretations, as discussed above, require specific
statements about the wvariability within mapping units being considered.
Rather than average values, more emphasis is placed on probability
assessments (Wieten & Bouma, 1985). For this, statistical or geostatistical
procedures have to be used. Unfortunately, emphasis on geostatistics for
characterizing soil spatial variability has resulted in many scientific papers
but not yet in practical operational procedures to be applied in the context
of soil survey.

An additional aspect addressed in this study refates to benefit:cost ratics
of soil surveys at different scales. Small-scale surveys are less costly than
lerge-scale ones but the information provided is less specific, at least in
principie. ldeally, a user should consider the degree of detail he needs to
answer his questions. Then, in turn, the number of observations to be made
during mapping and the associated map scale can be chosen. So far, this
benefit:cost analysis has not been available for our soil survey users. This
study was made, therefore, to compare application of so0il surveys at
different scales ranging from 1 : 250 000 to 1 : 10 000. The application was
focused on predicting the sensitivity of soils to lowering of the watertable
following water extraction for drinking-water supply.

MATERIALS AND METHODS

The swvey area 'Mander' covered 1435 ha in the eastern part of The
Netherlands near Tubbergen. Out of this survey area a sample area of 404 ha
was consicered in this study. The higher eastern part of the sample area is
underlain by Tertigry clay sediments starting 150 cm below the present land
surface. The area was affected by glaciers, After the glacial period, rivers
transported sediments from the higher eastern part towards the lower
western part forming deposits of clay and loam in the subsocil. Later, aeolian
sands were deposited over the entire area.

The soil survey was made at & scale of 1 : 10 000, with an average
observation density of L5 borings per hectare (Stoffelsen & Van Holst, 1985).
Barings extended to a maximum depth of 3,2 m, to the upper surface of the
Tertiary clay, or to the Mean Lowest Water table (MLW). Existing mapping
units and classifications of the Dutch sail survey (Table 1) mainly reflect
properties of horizons near the soil surface (De Bakker & Schelling, 1966).
However, when the soil survey is to be used for hydrological interpretations,
it should also include data on those subsurface soil horizons expected to be
important for the sail physical behaviour of the profile, Observations were
made of:



- thickness and sequence of the different soil horizons;

- organic matter content, percentage loam and the coarseness of the sand
fraction of all horizans;

- presence of special horizons such as gravel and Tertiary clay;
- rooting depth of the dominant grass vegetation;

- estimated fluctuation of the watertable in the present situation in terms
of the mean highest (MHW) and the mean lowest (MLW) levels;

- estimated fluctuation of the watertable in the former situation that was
not influenced by extraction.

Mapping units occurring in the sample area represent major units of
sandy soll in The Netherlands, Mapping units wsed in detailed Dutch soil
surveys, are shown in Table 1.

Table 1 Sail classification according to Soil Taxonomy (Soil Survey Staff,
1975} of the mapping units occurring in the sample area. All
families are sandy, siliceous and mesic,

Thickness % <50 um

Mapping Al or Ap in surface

unit harizon soil Classification
(em) (Soil Taxonomy)

Hn51 30 . 0- 10 Typic Haplaquads

Hn33 30 10 - 17.5 Typic Haplaguods

cHR53 30 - 50 10 - 17,5 Plaggeptic Haplaguods

ZEZ53 50 - 100 10 - 17.5 Plaggept

dzEZ53 1a0 10 - 17.5 Plaggept

tZ2g53 15 - 30 10 - 1%.5 Typic Humaquepts

tZg5% 15 - 30 17.5-32.5 Typic Humaquepts

tZn51 15 - 30 0-10 Typic Humaquepts
tZn53 15 - 30 10 - 17.5 Typic Humaquepts
tZn55 15 - 30 17.5-32.5 Typic Humaquepts
cZn53 30 - 50 10 - 17.5 Plaggeptic Humagquepts
Wz 30 - Histic Humaquepts




Water table fluctuations in mapping units are described in Table Z according
to Van Heesen (1970) and Van der Sluijs & De Gruijter (1985).

Table 2. Description of water table classes.

Water table It 111 \Y VI VH
class {Gt)

MHW 40 40 40 40-80 8G
MLW 50-80 80-120 120 120 120

MHW = mean highest water level and MILLW = mean |owest water level in cm
below soil surface.

A * behind the code Gt [li and V refers to a 'drier part', i.e. @ MHW deeper
than 25 em below soil surface.

A * behind the code Gt VI refers to a 'very dry part’, i.e. a MHW deeper
than 140 cm below soil surface.

For every mapping unit of the 1 : 10 000 soil map, the soil surveyor
defined a ‘representative profile’ on the basis of the borings in that unit.
This included the water table class. Based on the 1 : 1D 000 soil map, a soil
map on scale 1 : 25 000 was derived, by the same soil surveyvor, through
generalisation without new fieldwork. The ‘representative profile' for every
mapping unit of the 1 : 25 000 soil map was assumed to be identical to the
‘representative prafile' of the mapping unit cccupying the largest area on the
1l : 10 00C map, within the particular I : 25 000 mapping unit being
considered. In the same way a soil map on scale 1 : 50 000 was derived
based on the soil map on scale 1 : 25 OGO and a soil map on scale 1 : 250
000 was derived based on the soil map oan scale 1 : 50 000, Only one
experienced soil surveyor was involved in making delineations, thus excluding
errors due to different operators. The number of borings corresponded to the
1 : 10 000 map. When deriving the smaller-scale maps, the surveyor used his
field experience, assuming availability of fewer borings as map scales
decreased. The number of mapping units was much reduced as the map scale
decreased.

In Table 3 the approach is illustrated for the mapping unit tZn53-I1I*
(sandy, siliceous, mesic Typic Haplaguepts) on the soil map scale 1 : 50 000.
Table 3 shows that this mapping unit was created by combining 4 mapping
units of the soil map on scale 1 : 25 000 and by 9 mapping units of the soil
map on scale 1 : 10 004,
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Table 3. Example of combining nine mapping units of the soil map on
scale 1 ¢+ 10 000, into four units of the map 1 : 25 000 and one
wnit of the map 1 : 50 000,

1. £ZnS3V* tZn53TI* tZn53v* zWzIII* tZn530I* zWZIII tZn53V* tZnS53101* tZn531I*

\/ N

2, tZn53-v# tZn53-V¥ tZn53-1T[* tZn53-111*
(1.00 _ha) (1.50 i} (0.80 ha) (4.70 ha}
3 tZn53-111*
(8.00 ha}
scale number of mapping units
1 1 :10 000 9
2 1 : 25000 a4
3 1. 50 000 1

Simulation_map

For the soil physical interpretation of the rmapping units of the 1: 10 000
s0il map, use is made of descriptions of the 'representative profiles'. The
separate soil horizons of the 'representative profiles' are characterized by
measured soil physical characteristics (Wosten et al, (1985). When
pedologically different horizons behave physically identically, they are
combined into one soil physical horizon or 'buildirg block'.

Simulation
The following data are necessary for the simulation aof changes in yield:

-  moisture retention curves (h(8)-relation} for surface and subsurface
horizons;

- hydraulic conductivities {K(h)-relation) for subsurface horizons;
- MHW- and ML W-values in the present and former situation;
- thickness of the rootzone;

- a function describing the uptake of water from the rootzone (the so
called 'sink term');




precipitation and evaporation from a free water surface (Eo);

a crop coefficient far calculating the potential evapotranspiration (Epot)
from the evaporation from a free water surface (Eok

The simulation model being used was proposed by De Laat (1980). It
calculates a water balance for successive 10-day periods. Caiculations were
made for the periocd 1956-1985 for a grass vegetation with a growing season
of 180 days from April 1 till September 30. The potential evapotranspiration
(Fpot} for the soil under grass cover is estimated as : Epot = 0.8 Eo.
Moisture supply from the rootzone was assumed to decrease linearly with

increasing log/h/ values beyond a critical value of log/h/ = Z.7.
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Figure 1. Segments of the soil maps of the sample area on four scales
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Calculated moisture deficits for the two hydrological situations are
transformed to relative vyields by making use of the established relation
between yield per mm moisture and potential production {Bohemen, 1981).
The difference between relative yields in the former and present hydrological
situation forms the yield reduction due to increased moisture deficit.

Water extraction may also lead to yield increase, This is the case for
soils that were originally too wet. Increase in yield is derived from existing
curves that relate changes in yield to MHW and MLW. Final results are
presented as an average net change in vyield, expressed as a yearly
percentage, due to lowering of the water table. Negative percentages
indicate a dominant effect of a lower water supply during the growing
season. Positive percentages indicate a dominant effect of lower water tables
during the wet periocds of the year.

RESULTS

Soil_map

Figure 1 shows a segment of the soil maps of the sample area on scales
1:10 090, 1 : 25 000, 1 : 50 000 and 1 : 250 000. The soil maps of the
samnple area of 404 ha contain 216, 126, 46 and 5 mapping units,
respectively. According to common boring densities for the various scales,
these maps would conceptually be based un approximately 806, 135, 54 and 0
borings respectively, Figure 2 shows costs as a function of map-scale for the
sample area, Costs to calculate changes in yield can be divided into costs of
the survey, costs of processing data and costs of simulation. Costs of soil
survey are based on specific boring densities and on the number of hectares
that can be surveyed per day. For the soil map on scale 1 : 250 000 no
costs of survey are involved because this map has been compiled from
existing 1 :; 50 000 soil maps (Steur et al, 1985). Costs of processing data
refer to transformation of the soil map into a simulation map, including
costs of cartography. Costs of simulation refer to calculstions for the
'representative profiie’ of each mapping unit for a period of 30 years in the
farmer and present hydrological situation.

costs (Dfl }
500"0] B cost of simutanan
J—
cosls of processing data
45000 — s 9
YA costs ol soil survey
40000+

110000 125000 150000 1250000
map-scale

Figure 2. Relation between costs and the map-scale of the sample area
of 404 ha




Figure 2 indicates that with decreasing scale, the number of borings and
mapping units decreases strongly, So do the costs, Total costs per hectare
for the sampie area on scale 1 : 10 000, 1 : 25 000, 1 : 50 000 and 1 : 250
000 are Dfl 120, Dl 60, Dfl 37 and Dfl 3 respectively, These values indicate
the importance of choosing the right scale for specific problems. Answering a
problem on scale 1 : 10 00D ratber than on scale 1 : 25 000 doubles the
cost. This may be unnecessary when the problem being addressed can be
answered on scale 1 : 25 000,

Changes in vield due to Jowering of the water table

Figure 3 shows a segment of maps of the sample area with changes in
yield due to lowering of the water table calculated on four scales. For every
mapping unit, the yearly average change in vyield is indicated. The general
pattern on these maps agrees well with what might be expected on the basis
of the patterns on the soil maps.

1:10 000

49

1:260 060G

natia changs in yield (%)
poie
negative

1:25 000

Figure 3. Segments of the maps of the sample area with changes in yield
calculated on four scsles
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Figure 4 shows, for the sample area as a whole, the relative and cumuiative

frequency distribution of changes in

yield, weighted with the area, for the

four scales. The average change in yield and the standard deviation of the
average for the entire area is respectively 2.7% (and 6.8%), 2.5% (and 6.9%),
2.6% (and 6.4%) and 2.5% (and 3.5%} for the four scaies, going from small

to iarge.




Table 4. Changes in yield of 20 separate parcels derived from maps on four
scales. Changes in yield are expressed in percentages. Within
brackets, the difference in change in yield is expressed in Dfl.
per parcel per year as compared with scale 1 : 10 000.

area re ference

parcel in ha. 1:10 000 1:25 000 1:50 000 1:250 000

1 0.29 + 5.5 + 4.5 (-Dft 15) + 4.5 (-Dfl 15} - 4.1 {-Dfl 139)
2 1.60 - 8.8 -88 (D1 0 - BB (DR 0 - 5.3 {+Dfl 280)
3 120 - 9.4 - 8.8 (+Dfl 36) - 8.8 (+Dfl 36) - 4.0 (+Dfl 324)
4 1.14 - 5,2 - 4.0 (+Dfl 68) - 4.0 (+Dfl &8) - 4.0 (+Dfl &D0)
5 1.21 + 83 +11.5 (+Df1 194) +11.7 (+Dfl 206} + 6.6 (-Dfl 103)
6 1.14 + 5.8 + 5.4 (-Dfi 23) + 5.4 (-Dfl  23) + 4,3 (-Dfl  86)
7 0.80 + &7 + 67 (0Dfl 0) + 6,7 ( Dfl 0) + 4,7 (-DfL  88)
8 0.80 -10.8 -19.8 ( DfL ) -10.8 { Dft D) - 4,0 (+Dfl 272}
9 0.85 - 6.1 - 6.7 (-Dfl 26) - 4.2 (+Dfl B1) + 0.2 (+DFfl 268)
10 0.90 + 9.1 + 9.1 (D1 0 + 8.9 (DRl 9 + 7.6 (DAL 68)
1 1.49 + 4 +10.5 (+Dfl 231) + 9.1 {+Dfl 126) + 6.4 (-Dfl  75)
12 .08 + 1.5 +75(Df1 O + 6.8 (-Dfl 36) + 8.9 (-Dfl 135)
13 1.9 - 0.7 - 0.9 (-Dfl 11) + 2,4 (+Dfl 169) + 4.9 (+Dfl 305)
14 090 + 2.3 + 2.3 (Dfl 0) + 7.2 (+Dfl 221) + 49 (+Dft 117)
15 1.51 + 4.7 + 4.5 (-Dfi 15) + 5.3 (+Dfl 45) + 4.9 (+Dft  15)
16 1.23 + 8.0 + 8,0 (-Dft O) + 6,3 (DfL 105) + 5.9 (-DfL 129)
17 1.36  + 9.6 + 9.6 (Dfl O + 7.8 (-Dfi 122) + 7.2 (-DfL 163)
18 1.15 - 9.0 ~-09 (Dl 0 -0.9{Dfl O - 4,0 (+Dfl 288)
19 1.77 - 6.8 - 4,0 (+Dfl 248) - 4,0 (+Dfl 248) - 4.0 {(+Dfl 248)
20 0.88 -10.8 -10.8 ( Dfi D) -10.8 { Dfl 0) - 4,0 (+Dfl 299)
average absolute change Ofl 43 Dfl 76 Dfl 173

in yield per parcel

These average values indicate that, for the sample area as a whole, the
decrease in vyield reduction due to excess of water is bigger than the
increase in yield reduction due to moisture deficits. For the sample area as
a whole, lowering the water table has a positive effect on the yield. The
average values on the four scales are also about the same, This means that
all maps are suitable if an average change in yield has to ‘be obtained for
the entire area. Calculation of this average change in yield may be useful
for regional planning purposes. However, this procedure provides no
information for changes in yield on the level of individval parcels of land.
This information is crucial for individual farmers.

Changes in yield calculated for 20 parcels on four scales

In order to investigate the influence of scale on the accuracy of the
calculated changes in yield for separate parcels of land, 20 parcels in the
sampie area were selected at random. For every parcel the change in yield
expressed in Dutch guilders per year, was determined using maps on the
various scales (Table 4). Results were compared with those of the 1 : 10 000
map because larger scale maps are not economically feasible, and this map
was therefore considered to be the reference. Table 4 shows that differences
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among the changes in yield calculated for the various scales and scale 1 : 10
000 are considerable. Differences increase as the map scale decreases,
illustrating a decreasing accuracy. Percentages in Table & were multipled by
Dfl 50~ per percent change in yield {LAGO-report, 1984} to obtain a
financial expression for the changes. These amounts were multiplied by the
area of the parce!ls to obtain an average yearly change in yield.

Table 4 indicates that changes in yield of irdividual parcels can differ
quite significantly depending on the scale of the map being used. Differences
of Dfl 300 per parcel per year are possible, The average absolute change in
yield, expressed in Dfl per parcel per year, increases strongly with decreasing
scale.

CONCLUSIONS

The most appropriate scale at which to work is determined by the costs
associated with working at a certain scale in relation to the desired accuracy
of the presented inforrnation. In a water extraction area, different users will
recuire different accuracies of information and will therefore require
different scales. As a consequence they should alss pay different prices.

A water extraction firm or a provincial waterboard may, for example, be
provided with sufficient information while working on scale 1 : S0 000, If,
however, infermation has to be provided on the level of parcels and this
information has to be sufficiently accurate to facilitate an honest settlement
of financial losses, then the 1 : 10 000 seale is necessary. The costs of
survey at larger scales than 1 : 10 000 are prohibitive for the problems
being studied here.

It is not possible to recommend any one particular scale. For every
problem an evaluation is necessary, considering the desired accuracy of data
and the associated costs.

This application focused on predicting the sensitivity of soils to lowering
the water table. Comparable studies, however, are relevant for evaluating
effects of scale on detail and costs of other environmental interpretations. In
all cases, optimal spending of resources should be determined by defining the
degree of detail of required data comsidering the preblem being studied. This
degree of detail is, in turn, associated with a particular mapping scale.
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Use of Soil Survey Data for Regional Soil Water Simulation Models®

J. H. M, WOsTEN, J. BoUMA, aND G. H. STOFFELSEN?

ABSTRACT

A detailed soil survey of an area of 650 ha was used to obtain
basic soil physical data for a simulation model of the water regime
in the unsaturated zome. Nine major soil horizons were defined for
the entire survey area in terms of pedelogical classification and eas-
ily measurable characteristics such as texture, structure, organic
matter content, and bulk density. In these horizons multiple mea-
surements of hydraulic conductivity and moisture retention curves
were made, yielding average curves. Statistical comparison of the
curves showed that only five of the nine major soil horizons were
different from o soll-physical point of view. Next, representative soils
for the mapping wunits were transformed inte soils composed of a
characteristic sequence of some of these fire horizons. In this way
a simulation map, containing data to be used for simulation of the
soil water regime, was formed from the soil map. For 2 sample area
of 125 ha the simulation map d 41 deli d areas a8 com-
pared to 110 delineations on the soil map. Sixty independent test
borings indicated 830 + 6% purity comparing borings and the legend
of the simulation map. A simulation run for one pedon with the
model SWATRE showed excellent agr it hetw d and
calculated actual evapotranspiration for the years 1976, 1977 and
1978, Major soil horizons, rather than jndividual points of obser-
vation, were used in this study as carriers of soil physical infor-
mation, allowing extrapolations based on 2 limited number of men-
swredents,

Additional Index Words: Soil mapping, soil horizens, hydraulic
ductivity, moi :
Wisten, J.H.M., J. Bouma, and G.H. Stoffelsen, 1685, Use of soil

survey data for regional soil water simulation models. Soil Sci. Soc.
Am. J. 49:1238-1244.

WATER TABLES are being lowered in several areas
of the Netherlands due to agricultural water

20

management practices, sprinkler irrigation, and water
extraction for municipal water supply. The effects an
soil moisture regimes and associated land qualities
need to be measured quantitatively for modern land
evaluation.

Computer simulation of soil water regimes offers an
effective means of making the necessary quantitative
predictions of the effects of changes in agricultural
water management practices (¢.g., Busoni et al., 1983;
Bouma and De Laat, 1981). There is a problem, how-
ever, as to how to collect and manipulate soil physical
data when one deals with areas of land. An earlier
study (Bouma et al,, 1980) used “representative” soils
from soil surveys, with corresponding physical data,
for cells in a grid pattern, and distinguished four phases
of data gathering. Use of grid-cells implies that a soil
unit is selected which occupies the largest area within
a cell. Other units that occur are ignored. Further-
more, the selection of soil units (phase II in Bouma
ct al,, 1980) is based on pedological criteria that mainly
emphasize characteristics of the surface soil even
though subsurface soil characteristics are very impor-
tant in the hydrological behaviour of soils. Also, in
these procedures, the existing soil map is used without
an analysis of soil variability.

The collection of soil physical data is time consuti-
ing and costly, often exceeding practical possibilities
(phase IV in Bouma et al., 1980). Geostatistics can be
used, in principle, 1o optimize and thus reduce sam-
pling programs (e.g., Vachaud, 1982). However, even

! Contribution from the Netherlands Soil Survey Institute, Box
?3,32700 AB Wageningen. Received 16 Feb. 1984. Appraved 16 Apr.

% Dep. of Soil Physics, Deputy Disector, and Soil Surveyor, re-
spectively.
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gravel in surface sail

boulder clay starting at depths between
40¢m and 120 cm balow surface

Fig. 1. Sofl map of the sample area of 125 ha. The legend is explained im Table 1.

then, the amount of work to be done may be prohib-
itive from an operational and economical point of
view.

This study focuses on operational aspects associated
with the application of simulation models for the soil
moisture regime. Specific objectives are: (i) to present
an approach for using soil survey data in an ¢fficient
soil physical measurement program in terms of selec-
tion of measurement sites and of extrapolation of data
obtained, and (ii) to partially evaluate the simulation
results obtained.

MATERIALS AND METHODS
Seil Mapping

The survey area “Hupseise-Beek™ covered 650 ha, and
was located in the castern part of The Netherlands near
Groenlo, Out of this survey area a sample area of 125 ha
(Fig. 1) was considered in this study. The area is underlain
by Miocene clay sediments starting between 20-cm and 10-
m below the present land surface. The area was affected by
glaciers which deposited boulder clay (glacial till) in an early
Pleistocene period. Later, acalian sands were deposited over
the entire area forming a surface relief that is quite different
from the relief of the underlying boulder clay surface.

The soil survey was made at a scale of 1:5000, with an

average observalion density of two borings per hectare. Bor-
ings extended to a maximum depth of 2 m, 1o the upper
surface of the boulder clay, or the Miocene clay. Existing
mapping units and classifications of the Dutch soil survey
(Table 1) mainly reflect properties of the horizons near the

Table 1. Mapping units of the detailed soil map (Fig. 1) and their
elasaification aceording to Soil Taxonomy

(Soil Survey Staff, 1975).
Thickeess % <60 am
Mapping Alaor in surface
Uhit Apicm) 3oil Classification (Soil Taxenemy)
Hns1 <30 ¢-10 Sandy, siliceous, mesic Typic
Ha
Hns2 <30 10-17.6 Sandy, silicecus, mesic Typic
Haplaquod
Hnb6 «30 17.5-32.6 Sandy, siliceous, mesic Typic
Haplaguods
cHn54 30-50 10-32.6  Sundy over loamy, silicecus, mesic
Plaggeptic Haplaguods
tZn52 16-30 10-17.5 Sandy, silicegus, mesic Typic
Haplaguepts
tZnss 16-30 17.5-32.5 Sandy, siliceons, masic Typic
Haplagquepts
Zn54 30-50 10-32.5 Sendy, silicecus, mesic Plaggeptic
Umbraquepts
Zin52 <15 10-17.5 Sandy, siliceous, meaic Typic
dipsamments
tKx 15-25 - Loamy or clayey. siliceous, meaic
Typic Haplaquepts
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Table 2. Texture analysis of nine major horizons which pccur in the study area.

Organic

Soil texture {% fraction < 2000 xm)

%total  Bulk

mattar, drysoil  density
Hotizon  ghg™ <2 2-16 16-50 50-76  75-106  106-160  150-210 210-2000 MBSO Wwmif >2000.n Ocgm}
Al 48+17T" 2.7= 06 2.7x09 60425 3.8x16 10417 228z 1.6 240234 374x 25 167+ 7T - 1420+ 20
Withgravel 45+18 8.2+ 11 4.56=10 78x16 34x156 73+1.6 108z 1.7 13.9+29 8.1+ Bd 417« T3 50 1460 £200
Ap+ Aan  §8+28 38+ 14 38x23 71128 4.1x16 9.6+£12 221« 20 226140 27.1x 33 168z B - 12680+ 80
B2 2018 26+ 05 L%xll 8.5x3.2 38+2]1 10822 237« 29 25.7437 2844 34 168x 10 - 14804 TO
€11 5x 3 22+ 05 0%:03 s.1lx18 48+1.2 134223 280x 3.0 251423 2244 43 1532 1] - 1640+ 60
C1z 1+ 1 22+ 0.5 O8+05 33x11 65+20 16124 246 3.3 234427 234« 52 1522 14 - 1690+ 20
D1 12x14 1992137 7.6+28 8.2+8.1 20407 659+658 118x122 T4dx18 37.1+316 684407 10 1490 £ 360
Boulder clay
D2 13+ 1 374+ 24 203218 202218 1602 0702 13+ 03 18203 7+ 10 220% 13 - 1410 0
Miocene clay
Gravel 6+« 2 664 10 62£09 30206 13=05 28210 4909 63228 689x104 906184 15 1720 + 300

* Standard deviation.

soil surface. However, when the soil survey is to be used for
hydrologic interpretations, it should also include data on
those subsurface soil horizons expected to be important for
soil physical properties. Observations were made, therefore,
of rooting depths of the dominant grass vegetation, and of
textures and siructures of alf horizons, including subsoil ho-
rizons. Rooting depths were needed for the simulation model.
In addition, the occurrence was recorded of gravel in surface
and subsurface soil hotizons, as well as of boulder clay or
Miocene clay that started al depths between 40 and 120 cm
below surface. The mapping unit tKx contains boulder clay
starting at a level above 40 cm (Table 1). This depth clas-
sification was adopted from existing mapping criteria in the
Duich soil survey. However, a more detailed depth classi-
fication to he discussed later was devised for the simulation

map.

The following procedure deviated from a standard Dutch
soil survey only by its deeper borings. The mapping units
occurring in the study area represent major units of sandy
soils in The Netherlands. Mappings units as used in detailed
Dutch soil surveys, are shown in Fig. 1 and Table 1, which
?lzc_:r 5i;n:lucles classifications according to Seil Survey Staff

1 .

Soil Physical Measurements

Field and laboratory measurement techniques for water
retention (4-8) and hydraulic conductivity (K-h) were se-
lected emphasizing use of relatively simple and rapid tech-
niques (e.g., Bourna, 1983}, Hydraulic conductivities of soil
above the water-table were measured by:
1, The column method for Ky, (e.g., Bouma, 1982),
2. The crust-test for K., down 10 approximately & =
—50 cm (latest version of the method reported by
Bouma et al., 1983).

3. The sorptivity method for lower K p.-values in the
case of sand (Dirksen, 1979).

4. The hot air method for lower K,,.-values in the case
of loam and clay (Arya et al., 1975).

Moisture retention curves were obtained by slow evapo-
ration of wet, undisturbed samples in the laboratory, as re-
ported by Bouma et al. (1983). In these samples pressure
heads were pericdically measured with transducer-tensiom-
eters, at which time subsamples were also taken 1o deter-
mine moisture contents. Thus, points relating # and & were
obtained. Moisture contents corresponding with pressure
heads < — 800 cm, were obtained by conventional methods
using air pressure (Richards, 1965). Six replicate measure-
ments were made of the nine major soil horizons and resulis
are expressed by regression analysis in terms of average val-
ues and their variability as described elsewhere (e.g., Baker
and Bourna, 1976; Baker, 1978). Statistical tesung of differ-
ences among soil horizons was based on Wilcoxon's test,
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1 The term MB0 refera to median sand-grain size.

using data points within small successive pressure-head in-
crements.

Simulation Map

The term “simulation map” is used here to describe 4 map
which presents a soil physical interpretation of the soil map,
providing data for simulation of the soil water regime,

Basic soil data, necessary for simulation of soil water re-
gimes as used in this study by the SWATRE model, include:
moisture relention data {#-8) of surface and subsurface soil
horizons; hydraulic conductivity data (K-A) for subsurface
soil horizons; rooting depth and a function which defines
water uptake from the root zone (the so called “'sink term”).
In addition, environmental data are needed in terms of pre-
cipitation, potential evapotranspiration {for grass), as well
as water-tabie levels (e.g., De Laat, 198(; Bouma et al,, 1980),
Criteria on which the legend of the soil map are based, are
often only indirectly related to basic soil physical data needed
for simulation. Much work has been done elsewhere relating
simple soil characteristics, such as texture, bulk density, and
organic matter content, 1o h-8 and K-k relations. This can
be done by various calculation schemes (e.g., Brooks and
Corey, 1964; Bloemen, 1980a, b). However, these proce-
dures include approximations and may vield inaccurate re-
sults. More important, only point data are obtained and ex-
trapolation to areas of land poses a problem. A different
approach was therefore followed in this study. Physical mea-
surements of k-4 and 4-8 were made in major pedological
soil horizons as defined in Table 2 in terms of textyre, struc-
ture, organic matter content, and bulk density. These soil
horizons were derived from the soil map. The extrapolation
problem is thus reduced because major horizons occur in
limited numbers in weil defined patterns in the landscape,
as indicated by the soil map. The total number of major soil
horizons was such that all soils in the area could be repre-
sented by a sequence of these major horizons. Six measure-
ments were made in each horizon. Sampling locations were
chosen at random within the various delineated areas of the
s0il map. Next, those major horizons were distinguished
whose physical properties differed significantly. Their num-
ber is usually lower than the number of horizons being dis-
tirguished by pedological classification, because pedological
differences de not necessarily correspond with differences in
physical properties. For example, subsurface soil horizons
that are identical from a physical point of view may occur
in different mapping units.

Finally, delineated areas of the soil map were transformed
into areas of the simulation map, which were each defined
in terms of a sequence of major horizons, that were signif-
icantty different from a soil physical point of view (Table
3). Rooting depths were also defined for each area, assuming
the presence of & grass crop. Rooting depths, which were
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Table 3. Characteristics for 18 units being distinguished

on the simylation map.
tarting h {cm helow surfex

Unitof  Thickness Presence 5 depth csl
gimula- of root. of Boulder Miocane

map zoneicm)  horizon Gravel clay clay

4 15 cn 40-120

5 26 B2 C11C12 >120

[ 25 (B2)C11C12 120-200

7 25 {B2)C11Ci2

8 26 {B2)C11Ci2 120-200
10 25 B2 C11 <40 40-120
12 25 (B2)C11 40-80
13 26 (B2)C11 40-80 80-120
14 26 B2 C11 40-120 120-200
16 25 B2 C11 80-120
18 25 B21C11 40-1290
23 25 c11 <40
29 25 c1n <40
a2 25 c1 40-120
a3 25 <40 40-120
a5 36 B2 Cl1C12
42 35 C11 80-120
45 35 1 40-120

t The (B2) notation indicates that & B2 horizon may or may not be present.
The original numbers for the units, as used for the survey area of 650 ha,
have been maintained. Units 35, 42 and 45 have moisture retention
carves for the Aan 4 Ap, all other units have the curve for Al + Al with
gravel. Physicel properties of the varicus Rorizons are shown in Fig. 2
and 3.

observed in the field, were relatively shallow due to high
levels of chemical fertilization. Only minor differences occur
among the various soils.

The procedure followed bere is the same, in principle, as
that used by USDA-SCS (1971), which assigns estimated
permeabilities (K,,,), and measured moisture retention data
to major soil horizons. The difference, however, consists of
the use of measured K values, inc]uding unsaturated con-
ductivity, and the grouping of statistically identical hori-
zons, which reduces the total number of different horizons
o be distinguished for simulation.

Natural fluctuations of the water-table during the year were
also determined following Dutch soil survey procedures de-
fining “'ground water class” (Gi-values). These are essential
for simulation purposes. In this paper, however, attention
is focused on soil physical characteristics of the unsaturated
Zone.

Validation Procedures

Validation includes two tests: (i) an independent test of
the occurrence of major horizons in units of the simulation
map, and (i) comparison of simulated data (obtained by
using the simulation map) with measured data. The first test
deals with the accuracy of the mapping process, the second
with use of the simulation map.

Mapping accuracy was tested by 40 test borings in the
sample area of 125 ha, using statistical procedures described
by Marsman and de Gruyter (1985). They determine the
starting point and the direction of a five-point regular grid
at random. Locations of the borings are included in Fig. 4.
The soil description made at each boring was compared with
the description according to the legend of the simulation
map (Table 3). This test is also partly a test of the soil map.
The second test consisted of running the simulation model
SWATRE (Feddes et al., 1978; Belmans et al., 1983), using
basic physical data as indicated by the simulation map. The
model rendered actual evapotranspiration values, which were
compared with measured ones as reported by Stricker (1981).
Calculations were made for a randomly selected pedon near
the Assink Experimental Station (soil unit Hn 52/simulation
unit no. 7) where measured evapotranspiration values were
available. This calculation is used as an example. Measured

evapotranspiration values were not available for other lo-
cations. However, measured and calculated moisture con-
tents of the soil—which are less attractive for validation pur-
poses—are also being compared at several randomly selected
sites.

RESULTS AND DISCUSSION

Soil Map

The soil map (Fig. 1) contains 110 delineated areas.
Nine major soil units are distinguished (Table 1). The
topography of the boulder clay surface in the subsur-
face soil is independent from patterns formed by var-
i0us soils in the sandy surface layers. Hence, a com-
plex combined patiern results. Gravelly A horizons
are only found in part of the area, adding another
element of variation. The total number of mapping
units, including occurrence of gravel and boulder clay,
is 21

Physical Data

Nine major soil horizons were distinguished and
defined in terms of organic matter content, texture,
and bulk density {Table 2). Results of multiple phys-
ical measurements of moisture retention and hy-
draulic conductivity are presented in Fig. 2 and 3.

e K-k curves of the B2, Cl1, and C12 horizons
were not significantly different (Fig. 3). Curves for the
boulder clay (D1) and the Miocene clay (D2) formed
one population, but were different from the other three
curves. Various types of moisture retention curves were
obtained for the boulder clay which contained irreg-
ular sandy layers. All measured data fitted between
the two lings shown in Fig. 2 {D1 + D2). They form
one (variable) population with data for the Miocene
clay. Two types of retention curves could be distin-
guished for the A horizons (Fig. 2). Al horizons with
a high gravel content (sce Table 2) were not signifi-
cantly different from the Al horizons without gravel.
The moisture retention curves for the B2, C11 and
C12 were not significantly different.

In summary, nine major pedological soil horizons
were distinguished (surface: Al, Al with gravel, Aan
—+ Ap; subsurface: B2, C11, Ci2, DI, D2, gravel). The
physical measurements allowed distinction of five dif-
ferent moisture retention curves (Al + Al with gravel,
Aan + Ap, B2 + Cl11 + C12, DI + D2, subsurface
gravel), for all horizons, and three hydraulic conduc-
tivity curves (B2 + C11 + C12, D1 + D2, subsurface
gravel) for subsurface soil horizens. Hence, only five
populations were found for the nine major soil hori-
zons that were significantly different from a soil phys-
ical point of view,

Simulation Map

The simulation map {Fig. 4) was defined in terms
ofa sequence of major 501l horizons, forming 18 units
as defined in Table 3. The simulation map contains
41 delineated areas compared with 110 on the detailed
soil map. The reduction of the number of areas is due
to the following reasons: (i) moisture refention data
for surface soils could be divided into only two types
(Fig. 2); more distinctions were made for the soil map
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0 50 o 260m
e —
Fig, 4, Simulation ntap of the area of 125 ha (legend in Table 3). The locations of 60 independant validation borings are indicated.

g

———— calaulated

actual evapotranspiration

e T T 1
1.3.'78 1177 1178 311278
calcuiation period
Fig. 5. Calculated nnd measured actual evapotranspiration (E.,) for a grass vegetation on a pedon near the Assink Experimental Statioa for
the years 1976, 1977, and 1978 (after Feddes and de Graaf, 1984).

in terms of surface-soil textures (Table 1), and (ii) hy-

draulic conductivities of the B2, C11, and C12 hon- Table 4. Validation of the simulution map, based on & comparison
zons were slatistically identical. The C horizons are between data from 80 independent berings {locations indieated
patt of eight different soil units being distinguished in Fig. 4) and the corresponding units of the simulation map.
{Table 1). Only one soil unit will be distinguished on Purity, The 90%
the simulation map if surface and subsurface soil char- Feature % confidence intarval
acteristics are physically identical. An overall reduc- Prosenca of B2 horizon 4 18-91%
tion in the number of delineated areas occurs, even Prasencs of Ci 1 horizon 100 -
though more classes are distinguished for the depth to Presence of CL2 horizon 85+5 15-95%
gravel and boulder clay, which were defined in fewer ~ SumnESwb s b ey
depth classes on the soil map {comparing legend of Complete lagend 639
Fig. 1 and Table 3). Complete lagend except presence

The thickness of the rootzone was classified in three 0152 horizon 80«8 oe-92%
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relatively shallow classes, which in part reflect soil
profile characteristics, but mainly reflect the effect of
high chemical fertilization that has induced shallow
rooting patterns of the grass vegetation. Thickness of
the rootzone is therefore not included in the valida-
tion analysis.

Validation

The results of 60 independent test borings are sum-
marized in Table 4, in terms of percent agreement
between boring data and data according 10 the legend
of the simulation map. Consideration of all aspects
together resulted in 63% purity. However, when ex-
cluding the presence of a B2 horizon, purity was 30%.
This exclusion is justified because its physical prop-
erties do not differ significantly from the underlying
C horizons (Fig. 2 and 3). Agreement for the highly
variable depth to gravel and to bouider clay also avg
80%. This percentage is considered satisfactory.

Results of the simulation {Feddes and De Graaf,
1984) (Fig. 5) indicate excellent agreement between
measured and calculated values of actual evapotran-
spiration of the grass for a period of 3 yr for the ong
pedon being considered. Calculations should be made
for more pedons, but measured evapotranspiration
data are very difficult to obtain.

EVALUATION

This study focused on the distinction of major soil
horizons, defined pedologically as well as in terms of
easily obtainable soil characteristics. These horizons
were then characterized in terms of hydraulic con-
ductivity and moisture retention.

This procedure differs in two ways from procedures
used befare: 1. Major horizons as derived from the
soil map are tested for physical behaviour in terms of
K-h and h-8 relations, which are essential for simu-
lation. Separate distinctions according to purely ped-
ological criteria are avoided. For example, the Cl11
horzon vccurring in Typic Haplaguods is not sepa-
rated from the one in Aquic Haplumbrepts when their
physical properties are not significantly different. Thus,
a reduction is obtained of the total number of hori-
zons to be distinguished. This simplifies calculations.

2. Major horizons, thus defined, rather than indi-
vidual borings, are used as “carriers” of soil physical
information. As discussed, earlier procedures are
available to calculate K-k and 4-© relations for each
point-observation. This procedure offers scientific
problems and leaves the extrapolation problem un-
solved.

Distinction of major horizons is a form of sample
stratification and limits the number of measurements
to be made. The occurrence of these major horizons
is derived from the soil map. Hence, the extrapolation
problem is significantly reduced.
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Using Texture and Other Soil Properties to Predict
the Unsaturated Soil Hydraulic Functions

J. H. M. WOSTEN AND M. TH. vAN GENUCHTEN*

ABSTRACT

The unsaturated hydramlic properties of soils are important but
difficult to measure. Rather than measvring the hydranlic properties
directly, we followed a different approach by ﬂttlng amlytml
expressions for the soil water jon and hyd
functions to experimental data for a wide range of soils in the Netll-
erlands. Analysis of the data shows the fiexibility of the analytical
expressions and also gives insight into how the different model pa-
rameters affect the calculated unsaturated hydraulic functions.
Regression analyses are wsed to relate the estimated model param-
eters to more easily measured soil properties, such as balk density
and percentages silt, clay and organic matter. After calibration, the
relations are used to predict the hydranlic functions of sofls for which
only the more easily measured soil properties are available. Accn-
racy of the predictions is analvzed in terms of functional criteria
which are relevant to practical ma probi The predic-
tive regression models are useful for estimating the unsaturated soil
hydraulic properties of large areas of land, but oeed improvement
for application to specific sites,

OIL HYDRAULIC BEHAVIOR is characterized by the
soil water retention curve which defines the vol-
umetric water content (9) as a function of the soil water
pressure head (/), and the hydraulic conductivity curve
which relates the hydraulic conductivity (K} to water
content or pressure head. These curves are crucial in-
gredients for predicting water flow and solute trans-
port in the vadose zone, and for ¢valuating alternative
soil-water-crop management practices.

Even though new field or laboratory techniques for
measuring the unsaturated soil hydraulic functions
have been developed (e.g. Bouma, 1983; Klute, 1986),
the methods have remained relatively cumbersome
and costly, especially for the hydraulic conductivity.
The measurement problem is complicated by results
of studies (e.g., Nielsen et al., 1973; Russo and Bresler,
1981} which show that soils exhibit significant tem-
poral and spatial variabilities in their hydraulic prop-
erties. This variability implies that numerous samples
may be needed to properly characterize a given field.
To partially circumvent the measurement problem,
several investigators have proposed theoretical pore-
size distribution models that predict the hydraulic
conductivity from more easily measured soil water re-
tention data (Millington and Quirk, 1959; Mualem,

J.H.M. Wosten, Netherlands Soil Survey Inst., P.O. Box 98, 6700
AB Wageningen, The Netherlands; and M. Th. van Genuchb:n U.S.
Salinfty Lab., USDA-ARS, 4500 Glenwood Dr., Riverside, CA 9250]
Joint oonlnblmon from lhe Netherlands Sm] Survey lns!nulc and
the U.S. Salinity Lab., USDA-ARS. Received 27 Nav. 1987. *Cor-
responding author.

Published in Soil Sci. Soc. Am, J. 52:1762-1770 {1988).
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1976). Others have approximated the hydraulic prop-
erties from soil textural, bulk density or other soil data
{Bloemen, 1980; Rawls et al., 1982; Haverkamp and
Parlange, 1986).

One of the proposed unsaturated hydraulic models
is described by van Genuchten (1980) who combined
an empitical S-shaped curve for the soil water reten-
tion function with the pore-size distribution theory of
Mualem (1976) to derive a closed-form analytical
expression for the unsaturated hydraulic conductivity.
Except for the saturated hydraulic conductivity, K,
the resulting conductivity function contains param-
eters that can be estimated from measured soil water
retention data. An advantage of this model, like pre-
vious ones hy Brooks and Corey (1964) and others, is
that the hydraulic properties are expressed in the form
of analytical (nontabular) functions, a feature that fa-
cilitates their efficient inclusion into numerical sim-
ulation models and also enables the rapid comparison
of the hydraulic properties of different soils. Van Gen-
uchten’s unsaturated hydraulic functions have been
shown in several recent studies (e.g., Stephens and
Rehfeldt, 1985; van Genuchten and Nielsen, 1985;
Hopmans and Dane, 1986) 1o give good descriptions
of observed retention and/or conductivity data for a
large number of soils. Hopmans and Overmars {1986)
recently also demonstrated the applicability of those
functions in a hydrological research project.

The above studies rely on available soil water re-
tention data for predicting the unsaturated hydraulic
conductivity. Sometimes, as is the case in this study,
directly measured unsaturated hydraulic conductivity
data may also be available. To make use of all avail-
able data, we will apply in this paper nonlinear least-
squares parameter estimation techniques to fit van
Genuchten’s functions simultaneously to observed
water retention and hydraulic conductivity datz from
a large number of soils in the Netherlands. Once es-
timated, the optimized model parameters will be vsed
in a multiple regression analysis to investigate rela-
tionships between the fitted parameters and such more
easily measured basic soil properties as bulk density,
soi] texture, and organic matter content. The regres-
sion model, in turn, is used to predict the hydraulic
functions of three soils using only their basic soil prop-
erties. Rather than focusing on a statistical analysis of
the fitted hydraulic functions, we will compare the
predicted and the measured hydraulic functions in
terms of functional criteria (Wosten et al., 1986} which
relate directly to practical applications (e.g., travel time
from the soil surface to the groundwater table),

Specific purposes of this study are hence (i) 1o fit
the analytical functions of van Genuchten {1980) to a
large set of measured soil water retention and hy-
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draulic conductivity data, (ii) to explore the possibility
of predicting the hydraulic functions from basic soil
properties, and {ii1) to compare measured and pre-
dicted hydraulic functions on the basis of functional
criteria which are relevant o soil-water management
practices.

MATERIALS AND METHODS

Soil water retention and hydraulic conductivity curves were
measured for a large number of soils in the Netherlands.
The soils were classified according to soil texture (as used
by the Netherlands Soil Survey Inst.), and type of horizon,
being either topsoil (A hortzon) or subsoil (B and C hori-
zons). This classification resulted in 20 different soil groups
(Table 1) comprising a total of 197 individual curves. Tab-
ulated forms of the geometrically averaged curves for the 20
s0il groups are given elsewhere (Wisten et al., 1987a). Be-
cause of wide ranges in soil texture, the individual curves
within each group are quite variable. As a set, the curves
form a unique data base covering a broad spectrum of soils
in the Netherlands.

Hydrautic conductivities were estimated using a combi-
nation of the following five methods;

l. The column method (e.g, Bourna, 1982) for the ver-

tical saturated hydraulic conductivity, K.

2. The crust-est {an updated version of the method de-
scribed by Bouma et al., 1983) for unsaturated con-
dusc't]ivities when the pressure head, A, is between 0 and
=50 cm.

3. The sorptivity method (Dirksen, 1979) for conductiv-
ities of coarse-textured soils when A = —50 cm.

4. The hot-air method {Arva et al., 1975) for conductiv-
ities of medium- and fine-textured soils when 4 = — 50
cm.

3. The evaporation method (Boels et al., 1978) for hy-
draulic conductivities when 4 is between 0 and —800
cm.

Soil water retention curves were obtained by slow evap-
oration of wet, undisturbed samples in the laboratory as
reported by Boels et al, (1978) and Bouma et al. {1983}. In
this method, pressure heads are periodically measured with
transducer-tensiometers while at the same time subsamples
are taken to determine water contents, thus yielding points
relating to h and 8. Water contents corresponding with pres-
sure heads lower than —800 cm were obtained by conven-
tional methods using air pressure (Richards, 1965). For rel-
atively fine-textured soils, a staining technique was applied
1o record the effects of horizontal cracks on the upward flux
of water fram the water rate to the rootzone (Bouma, 1984).

DATA ANALYSIS

The volumetric soil water content, 8, as a function of pres-
sure head, A, is described with the following empirical equa-
tion of van Genuchten (1980)

8, — 8
ﬂ;ﬂ‘r-ﬁ—’._’7
(1 + i

where the subscripts r and s refer to residual and saturated
values, and where a,  and m are parameters which deter-
mine the shape of the curve. The residual water content, #,
refers to the water content where the gradient dé/dh becomes
zero (B — —). In practice, 4, is the water content at some
large negative value of the soil water pressure head. The
dimensionless parameter 1 determines the rate at which the
S-shaped retention curve turns toward the ordinate for large
negative values of &, thus reflecting the steepness of the curve,
while & {cm ™'} equals approximately the inverse of the pres-

6. <6=8) [i]

Table 1. Number of individual curves, ranges in measured soil properties, and average values for the optimized parameters o, n and {

for 20 aoil groups.

Number Silt Clay Orgenic Bulk
Sail of curves 2-50 xm < 2 pm matter denaity M50+ o n !
% giem? pm em™"
Coarge-textured sails (165 s i}
Topsail
Bl 5 4-7 -1 1-4 1.4-186 140-170 ¢.0169 1.83 ¢.226
B2 1 11-17 - 210 1.3-1.5 130-170 0.0203 1.52 —0.432
B3 9 19-29 - 4-13 1.1-1.5 130-165 0.0280 1.44 -0,152
B4 5 37-49 - 2-5 L.1-1.5 130-160 0.0157 1.58 0.225
Suheeil
oL 49 1-9 - 0.1-2 1.4-18 150-180 0.0661 243 0.310
0z 7 10-16 - 0.3-2 1.5-1.7 150-175 o0.0201 2.05 0.666
03 14 21-32 - 0.2-2 1.4-1.8 130-170 0.0278 1.7% 0.229
Lt 5 37-47 - 0.3-1 1.4-1.7 130-165 0.0154 182 0.153
Medium-textured soils (43 samples)
Topsoail
B? 5 -1 10-12 2-8 1.2-1.7 0.0347 1.27 —0.543
B8 10 - 12-16 2-3 1.3-1.6 0.0624 1.25 -3.30
BY 3 - 18-22 2-8 1.3-1.6 0.0536 115 —4.59
Subsoil
08 7 - 9-11 0.4-1 0.0316 1.32 -1.14
1] 12 - i2-16 0.3-1 0.0424 1.28 —2.48
010 6 - 18-22 0l-1 0.0400 121 ~3.28
Fine-textured woils (4% samples)
Topseil
B10 8 26-34 2-5 L1-1.5 0.133 112 -8.36
Bi1 B - 35-50 4-15 11-1.7 0.133 L12 -7.66
Bi2 & - 51-77 2-5 0.9-1.3 0142 1.08 -8.30
Subsoil
o11 7 - 28-33 0.9-2 1.4-1.6 0.0510 113 —6.50
o012 12 - 37-47 Q.1-2 1.0-1.5 0.0802 1.14 —8.37
(%] 12 - 52-77 0.1-2 1.0-1.4 0.0740 1.08 -9.33
t Median pand particke size, 1 Not included in the regression analysis,
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sure head at the inflection point where dé/d# has its maxi-
mum value.

Assuming m = 1—1/n, van Genuchten combined Eq. [1]
with the following theoretical pore-size distribution model
which was derived by Mualem (1976)

LS| B |
K""‘“‘Lh‘(ﬁ“‘”’fo@d"}z 2]

where [ is an unknown parameter, x is a dummy variable,
and § is relative saturation (0 < 5 < 1)

§=(8—0)(6 —8). [3
Combining Eq. [1] and [2] leads to (van Genuchten, 1980}
KS = KS' 1 = (1=5/)'F [4]

or in terms of the soil water pressure head
{1 + ht]” — ki) (5]
[1 + \ahf‘]mmzl

Equations [1] and [5] are the analytical functions describ-
ing the 8(h) and K(h) relationships, respectively. Although !
is presumably a soil specific parameter, Mualem {1976) con-
cluded from an analysis of 45 soil hydraulic data sets that /
should be on the average about 0.5. In this study / is not
fixed but considered 10 be one of the experimental un-
knowns.

Figure 1 shows how the parameters #, o, 8, and [ affect
the shapes of the calculated soil water retention (Eq. [1]}and
unsaturated hydraulic conductivity {(Egq. [5]) functions. Un-
less noted otherwise, all curves were obtained with 8, = 0.10,
6, = .50, @ = 0.005 (cm~'), n = 2.5 and / = 0.5, Figure
1c shows that the parameter 8, affects only the shape of the
retention curve while leaving the relative conductivity (K,
= K/K) function unaffected. The parameter /, on the other
hand, only affects the hydraulic conductivity and leaves the
retention curve unchanged (Fig. 1d), These properties follow
immediately frem Eq. [1] and [3). Figure 1 clearly demon-
strates the flexibility of the analytical functions in generating
different shapes of the soil water retention and hydravlic
conductivity curves. We note that, except for the parameter
I, similar plots of the hydrzulic functions, with different scales
and from different perspectives, have been presented and
discussed also by Stephens and Rehfeldt (1985) and Hop-
mans and Overmars (1986). Van Genuchten and Niclsen
(1985) in addition discussed the computationally more com-
plicated case when the parameters m and n in Eq. [1] are
independent.

A nonlinear least-squares optimization program (S0-
HYP) was previcusly constructed {van Genuchten, 1978) to
estimate the parameters 4, « and n from observed soil water
retention data. The SOHYP code was modified to yield the
RETC code (van Genuchten, 1986; unpublished) which al-
lows some or all unknown coethicients (4, 6., «, #, / and/or
K,) in Eq. [1] and {5] to be estimated simultanecusly from
measured soil water retention and hydraulic conductivity
data. As before, the least squares parameter estimation pro-
cess is based on Marquardt’s maximum neighborhood
method (Marquardt, 1963). The objective function, (&),
minimized in RETC is of the general form

Kh) = X;

M

o) = Z (w8} — oby
+ X

=M+t

(W Wow[In(K}) ~ In(K(B)]P [6]

where & and K] are the measured water contents and hy-
draulic conductivities, respectively, #{b) and K (&) are the
predicted responses for a given parameter vector {b} of un-
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known coefficients, w; are weighting coefficients for the in-
dividual observatons {set to unity in this study), M is the
number of observed retention data and & is the total number
of observed retention and conductivity data. The param-
eters W, and W, are also weighting coefficients. Parameter
W, is calculated internally in the program as follows

1 N
N_M!xuz-wl

which gives the water content data approximately the same
weight as the In{X) data. Parameter W, is an independent
input parameter which adds extra flexibility in assipning more
or less weight to the water content data as compared to the
water conductivity data. Because hydraulic conductivities
often show maore scatter than retention data, it is sometimes
beneficial to assign a relatively small value to H/\. In our
stucy a value of 1.0) was assigned to W, except for the sandy
soils which required a much smaller value of 0.1 to ensure
visibly better fits of the typically steep part of the retention
curve at the inflection point.

In the most general case, the parameter vector [#] will
contain all coefficients, ie: (B} = 16, 6, a, 8, {, K]. The
parameters &, and K, in this study were fixed at their inde-
pendently measured values, thus reducing the number of
unknowns to four. The parameter 8, was initially also con-
sidered to be an unknown. Since only a few so1l water re-
tention and hydraulic conductivity data points were avail-
able in the dry range, we restricted our analysis to pressure
heads in the range from 0 1o —5000 cm. Because of this
limited range in pressure heads, 6, was estimated to be zero,
or close to zero, for a majority of the data sets. Following
the example of Greminger et al. (198%), we consequently
fixed #, at zero for all soils, and then reanalyzed the data
with only three unknown parameters; (b} = [a, , {).

Alfter the parameter estimation step, multiple regression
techniques were used to investigate the dependency of the
estirnated model parameters on more casily measured basic
soil properties. Model parameters for the coarse-textured soils
were found to be correlated to the guantitative variables
percent silt, percent organic matter, bulk density and me-
dian sand particle size (M50), and also to the qualitative
variable *“topsoil or subsoil.” For medium- and fine-textured
soils, the regressed variables were percent clay, percent or-
ganic matter, bulk density and again topsoil or subsoil. Lin-
ear, reciprocal and exponential relationships of these basic
s0il properues were used in the regression analysxs, while
also possible interactions among the soil properties them-
selves were investigated. Thus, the resulting regression model
consisted of various basic soil properties, and their inter-
actions, which contributed significantly to the optimized soil
hydraulic parameters. Once established, the regression
muodels were used to predict the unknown hydraulic param-
eters of three typical fine-, coarse- and medium-textured soils
using their basic soil properties only,

Finally, predicted and measured hydraulic functions of
the three soils will be compared on the basis of functional
criteria which have immediate relevance to management-
type applications Wasten et al. (1986) introduced for this
purpose three functional criteria:

1. Travel time, T,, of water from the soil surface down to

a water table at dcpth L, assumed to be | m. The travel
time is approximated by T = 0L/g, where g, the av-
erage daily vertical downward flux for Dutch winter
conditions (0.14 cm 4"}, and 3 is the profile-averaged
water content corresponding to g, as derived from the
calculated or measured K(Af) curve.

2. Depth of waler table, L, which can sustain a given

upward flux of water to the soil surface or to the bot-
tom of the root zone. As shown by Gardner (1958),
this depth may be obtained by integrating Darcy’s law

1 M
Wy = g 28 ] win(K), [7]
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Fig. 1. Efect of the parameters , &, 9, and / on the calculated soil water retention, 8(4), and relative hydraulic conductivity, K.(k}, curves

{Fig. la, b, c, d, respectively). Continued on next page.

to give

J 1
L= | —=——ah
J; 1 + §./K(h)

(8]

where £, is the imposed soil water pressure head (taken
as — 500 cm) at the bottom of the root zone, and g, is
the steady-state upward water flux density (assumed to
be0.2cmd" ")
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3. Downward flux of water, g, corresponding to a min- We refer to Wosten et al. (1986) for additional discussions
imum soil air content, 8, (laken here to be 5%) which of the above functional criteria. Analysis of those criteria as
is required (FAQ, 1985) to maintain adequate aeration calculated with the measured and predicted hydraulic func-
in the root zone for maximum root activity and crop tions vields practical information about the accuracy of the

growth. The ¢, follows immediately from the K(h9) predictions.
function at a water content which is 0.05 cm® cm ~* less
than the saturated value.
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RESULTS AND DISCUSSION

Table | summarizes results of the simultaneous fit
of Eq. {1} and [5}] to the measured soil water retention
and hydraulic conductivity data. Note that the data
sets are divided into three soil textural graups (coarse,
medium, fine) and also according to “topsoil versus
subsoil.”” The table gives for ¢ach group of soil hori-
zons the average value of the estimated parameters «,
n and ! The R? (R is the correlation coefficient) be-
tween measured and fitted data ranged from 0.94 to
0.99 for all individual curves.

Figure 2 shows good agrecment between measured
and fAtted curves for three typical soils selected from
the three soil textural groups. The three soils were clas-
sified as a sandy, siliccous, mesic, Typic Haplaquod
(01); a fine loamy, mixed, mesic, Typic Fluvaquent
(B8); and a fine clayey, mixed, mesic, Typic Fluva-
quent (013}, respectively (Soi! Survey Staff, 1975). The
R2-values between measured and calculated data were
0.97, 0.99 and 0.99, respectively.

Gupta and Larson (1979), Poelman and van Eg-
mond (1979) and Rawls et al. (1982) previously pre-
sented several regression equations for predicting water
contents at a limited number of pressure head values
from readily available basic soil properties. Saxton et
al. (1986) just recently derived three functions for the
soil water retention curve covering the full range of
pressure heads from saturation to » = —15000 cm.
Hence, they avoided the need to interpolate between
{or extrapolate} tabular water contents and pressure
head data. Saxton et al. {1986} found good agreement
between their water retention functions and those cal-
culated with equations of Rawls et al. (1982) A similar
prediction of the hydraulic conductivity curve was less
successful, however. Our study deviates from the above
approaches in that the fitted parameters n, « and { are
used for both the soil waler retention and the hy-
draulic conductivity curves,

Multiple regression of each of the model parameters
with the basic soil properties yielded six differemt
regression equations. The parameter / for the coarse-
textured soils was found to be uncorrelated (R = 0.07)
with the basic soil properties. Therefore, the average
value of 0.22 for / was used for all coarse-textured soils
irrespective of texture, bulk density or median sand
particle size. The 95% confidence limits of / were —0.16
and 0.60, which indicates that the average value of
0.22 for these coarse-textured soils is in agreement with
Mualem’s (1976} finding that / could be fixed at 0.5.
For the medium- and fine-textured soils / was clearly
related to percent silt, bulk density, and topsoil or sub-
soil, with R? = (.68 and / for the individual curves
ranging from —16.0 to 2.2. Fixing / at 0.3 in these
cases did not result in acceptable fits of the experi-
mental data (sec also Fig. 1d).

The regression models for the parameters « and n
revealed R%-values which ranged from 0.42 to 0.76,
which is much lower than the values of 0.99 reported
by Saxton et al. (1986). This discrepancy is of course
partly due 10 the fact that our maodel parameters per-
tain simultancously to the water retention and hy-
draulic conductivity curves over a broad range of
pressure heads. Still, the relatively tow R°-values in-
dicate a need te improve the regression models. One
possible way to achieve this is to use a much larger

hydraulic data set involving a broader array of soils
than used here. Alternative approaches to relate the
hydraulic data to basic soil properties may also be
needed. Possible approaches are indicated hy Wil-
liams et al. (1983) who also included soil structure and
clay mineralogy in their analysis, and by Haverkamp
and Parlange (1986) who used the cumulative particle-
size distribution instead of specific particle size classes
such as percent sand, silt or clay,

The regression models established in this study were
used to predict the unsaturated soil hydraulic func-
tions from soil texture and other properties in con-
junction with the measured values of 9, and K.. Figure
2 shows the measured and predicted curves for three
soils: 01, B8 and 013. The 90% confidence intervals
for the predicied curves were calculated from the stan-
dard deviations of the differences between measured
and predicted values of ¢ and logK at 12 values for A.
This was done for all soil hydraulic functions of both
the coarse-textured soil group and the medium- and
fine-textured soil group. Because these differences were
normally distributed, and because of the relatively large
number of hydraulic functions in the two soil groups,
the confidence limits could be approximated by taking
the predicted values plus and minus 1.65 times the
respective standard deviations. The calculated confi-
dence intervals are relatively wide, indicating that pre-
dictions made with the regression models of this study
will show considerable dispersion.

Table 2 compares the values of the three functional
criteria (T, L, and q.) as calculated from the mea-
sured and predicied hydraulic functions. The hy-
draulic functions hence are compared in terms of spe-
cific management problems and the desired accuracy
of the answers for these problems. For example, pre-
dicting the travel time 7, for the three soils with an
accuracy of +8 wk (2 months} is often good enough
for most management problems on relatively detailed
scales (e.g., for scales of 1;10 000 or greater; Breeuwsma
et al., 1986). Depth to water table (L.} and downward
flux density {g,) appear also accurate enough for most
management problems on detailed scales 1n the case
of coarse-textured soils. However, their accuracy for
medium- and fine-textured soils may permit only an-
swers on a more general scale {(e.g, for scales of
1:50 000 or smaller; van der Sluijs and De Gruijter,
1985). This finding is consistent with the results of
Fig. 2 which showed better agreement between mea-
sured and predicted hydraulic properties for coarse-
textured soils as compared to medium- and fine-tex-
tured soils. Our contention that evaluation of the
regression results shoukd be based on their intended

Table 2, Functional criteria as calculated from the measured and
predicted hydraulic properties of three typical coarse., medium-
and fine-textured soils.

Coarae- Medium- Fine-
textured soil  textured soil  textured soil

Mea- Pre  Mea- Pre Mea Pre
sured dicted sured dicted sured dicted

Travel time, T, (day} 143 121 a0 257 407 42}
Depth to water table,

L. fem) 145 120 138 65 22 12
Downward flux den-
sity. g, lem d 1) 3¢ 23 0.2 &5 0002 0.010
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use is consistent with the conclusion of de Jong (1982}
that water retention parameters of soil textural groups
as derived by Clapp and Hornberger (1978) are useful
for modeling large areas of soils but fail to accurately
approximate soil water characteristics of specific sites.

Coarse-lexured soil; 01

sit %) 8.0
organic matier (%) 0.5
bulk density  (g/cm3) 1582
MGG um} 140
2a
hicm}

-

0.00 Orl a 0‘20 O:JD 0‘40 0‘50 ﬂIEO
8icm3/scmd}
Medium-textured soil: BS
clay %) 128
organic mattar {%) X
bulk density  ig/em3  1.39
2b

0.00

r——
.10 Q.20 0.30 Q.40 060 060
Bicm?/em?d)

In this respect we note a soil survey mapping study
by Wosten et al. (1987h) who showed that the scale
of application of a given muodel should depend on the
accuracy by which answers must be¢ known, and on
the mapping costs involved.

Kicm/ day)

w"%

-

100

107

18-" .

Kicm /day)

10+

10+10 T e T T
BRI -100 Ao 10 -0
hicm)

Fig. 2 Measured, fitted and predicted soil water retention, #(k), and hydraulic conduetivity, KUk}, corves for three typical coarse-, medium-
and fine-textured soils. Continued on next page.
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SUMMARY AND CONCLUSIONS

The analytical hydraulic functions of van Genu-
chten {1980) were fitted simultaneously to observed
soil water retention and hydraulic conductivity data
for a wide variety of soils in the Netherlands. The
parameter #, was fixed at zero without significantly
affecting the accuracy of the results, Scil water reten-
tion data was weighted more than hydraulic conduc-
tivity data (W, in Eq. [6) was set at 0.1} to provide
acceptable fits of the retention curves for the coarse-
textured soils. The hydraulic properties of these soils
were not dependent upon the parameter /, yielding a
constant value of (.22 { +0.38) which agreed well with
Mualem’s (1976) average value of 0.5. The conduc-
tivity and retention data for the medium- and fine-
textured soils were weighted equally, leading to /-val-
ues which varied between —16.0 to 2.2 as a function
of soil texture and other factors. The optimization
procedure resulted in reasonably accurate analytical
approximations for the hydraulic propertics, thus
avoiding the cumbersome and computationally inef-
ficient handling of tabulated data in mathematical
models of unsaturated flow.

An approach that relates the estimated parameters
to easily measured soil properties is described. Once
established, the resulting expressions allow prediction
of the hydraulic functions of unsaturated soils for
which only soil texture and other data (organic matter
content, bulk density) have been measured. Predicted
hydraulic properties were compared in terms of func-
tional criteria which relate directly to practical man-
agement applications. We believe that any judgement
about the accuracy of the predicted hydraulic func-

Fira-textured soil: 013
clay (%] 56.8

tions should be based on the desired accuracy of those
criteria. )

Results indicate that the predictive regression
models established in this study can be used to derive
soil hydraulic functions for large areas of land when
working on scales of [:50 000 or smaller. The models
need improvement for site-specific applications at
scales of 1:10 000 or larger, however. The use of other
data bases, or the inclusion of different soil textural
properties such as the curnulative particle-size distri-
bution (Haverkamp and Parlange, 1986) needs 1o be
considered.
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APPENDIX—-SYMBOLS USED

{b} = unknown parameter veclor
¢} = least-squares objective function given by Eq. [6]
h = soil water pressure head (cm of water)
A, = imposed s0il surface boundaty condition for the
pressure head {cm of water)
K = unsaturated hydraulic conductivity {cm d-')
K, = relative hydraulic conductivity
K, = saturated hydraulic conductivity (cm d-*)
I = parameter in Eq, [2]
L = water table depth {cm)
L, = critical water table depth {cm)
m = parameter in Eq. [1l: m =1 — 1/n
M = number of soil water retention data in least-
squares fit

Legend

measured
— —— fitted
predictad

[:] 96% confidenca intervat

Kiem/day)
1047 5

organic marer (%) 1.7
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a0 100
1
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Fig 2, Continued.
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M30 = median sand particle size (um)
n = parameter in Eg. [1]
N = total number of data in least-squares fit
4. = water Aux density at given air content (cm d™')
g, = downward water flux density (cm d~')
g, = upward water flux density (cm d-')
& = reduced water content
T, = travel time in the unsaturated zone
w; = weighting coefficients in Eq. [6)
W = Weighting coefficient in optimization process
= Weighting coefficient defined by Eq. [7]
« = parameter in Eq. [1] {cm~').
§ = volumetric water content (cm® cm” )
profile-averaged water content

8, = volumetric air content of soil
8, = residual water content (cm® cm~%)
0. = saturated water content {cm® cm ).
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ABSTRACT

Wasten, J.H.M., Bannink, M.H., De Gruijter, J.J. and Bouma, J., 1986. A procedure to identify
different groups of hydraulic-conductivity and moisture-retention curves for soil horizons. J.
Hydrol., 86; 133-145.

Saturated and unsaturated hydraulic-conductivity and moisture-retention data were measured
in 25 C horizons with a sand texture and in 23 C horizons with a clay loam and silty clay loam
texture. Measurements were made on large, undisturbed soil columns. The identification of the two
types of C horizons was based on calculated functional properties rather than on physical charac-
teristica themselves. Three functional properties were distinguished: (1) travel times from soil
aurface to water table, (2} water-table depth allowing a defined upward-flux density, and (3)
downward-flux densities at a defined air content. The two types of horizons considered here were
identified as two distinct groups by analysing the standard errors of prediction of the three
functional properties. Graphs are presented that allow an estimate of the desired accuracy (ex-
pressed in terms of a prediction interval) as a function of sample size and measurement costs. The
procedure which is illustrated here for two textural classes will in future be applied to all textures,

INTRODUCTION

Saturated and unsaturated hydraulic-conductivity and moisture-retention
data are important soil-physical characteristics for models which simulate the
water movement in the unsaturated zone. A major problem in applying simu-
lation models is lack of data. Therefore, simple and reliable methods are needed
allowing multiple measurements at many locations in a relatively short period
of time (e.g. Bouma, 1983). In addition, soil maps are used to define pedological
soil horizons according to soil-physical criteria forming groups of different
pedological horizons with similar soil-physical properties. Identification of
these groups allows reliable extrapolation of data and, therefore, fewer
measurements (Wosten et al., 1985).

Groups of horizons can be identified on the basis of a statistical analysis of
physical data of the individual horizons (e.g. Baker and Bouma, 1976). How-
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ever, it is more attractive to identify these groups on the basis of functional
properties related directly to practical applications. Then, the identifications
will be governed by accuracy of prediction and not by statistical significance
of differences between groups. This approach requires calculations using both
hydraulic-conductivity and moisture-retention data. In this study, three func-
tional properties are introduced:

(1) calculated travel times of water from the soil surface to a defined water
table;

{2) calculated water tables which allow a defined upward-flux density to a
defined level;

(3) calculated downward-flux densities that correspond with a defined air
content in the soil.

In order to calculate these functional properties, certain assumptions have
to be made and resulting values are, therefore, not necessarily associated with
real field conditions. The relation between the sample size (n) and the standard
error of prediction (SEP) of the functional properties can be used to minimize
the number of measurements needed to obtain a defined accuracy of prediction.

Considering the above, the purpose of this study is to:

(1) identify two groups of soil horizons, as derived from Dutch soil survey
criteria, using the three functional properties defined above;

(2) define the minimal number of measured individual soil horizons that are
needed to obtain a desired accuracy of prediction.

MATERIALS AND METHODS
Soils

In this study, two groups of C horizons were used: one with a sand texture
and one with a clay loam and silty clay loam texture, as distinguished in the
Dutch soil survey. Twenty-five C horizons with a fine sand texture (Soil Survey
Staff, 1975) originated from pleistocene cover-sand sediments with an organic-
matter content less than 1%, and a silt content ranging from 0 to 8%. The clay
content varied between 0 and 3%,. Average and standard deviation of the bulk
density were 1620 kg m 2 and 30 kg m ~*. The horizons were structureless (single
grain). The 25 soil profiles containing these horizons were classified according
to Soil Survey Staff (1975), yielding 18 sandy, siliceous, mesic, Typic Hapla-
quods; 5 sandy, siliceous, mesic, Plaggepts and 2 sandy, siliceous, mesic, Typic
Humaquepts. This classification indicates that similar subsoil horizons may
occur in different soil types (see also Wosten et al., 1985).

Twenty-three clay loam and silty clay loam C horizons had developed in
holocene fluviatile or marine deposits with an organic-matter content less than
1% and a clay content ranging from 25 to 35%,. Average and standard deviation
of the bulk density were 1420kgm 2 and 40kgm~2. The horizons had moder-
ately developed prisms, parting to a weak, fine, subangular blocky structure.
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Horizons were both calcareous and non-calcareous. The 23 soil profiles con-
taining these horizons were classified according to Soil Survey Staff (1975),
yielding 19 fine silty, mixed, mesic, Typic Fluvaquents and 4 fine silty, mixed,
mesic, Fluventic Eutrochrepts.

Physical methods

Relatively simple and rapid laboratory techniques (e.g. Bouma, 1983) were
used to measure the water retention (6 — A) and the hydraulic conductivity
(k — h). Hydraulic conductivities of soil above the water table were measured
by:

(1) the column method for vertical &, (e.g. Bouma, 1982);

(2) the crust-test for k.. down to approximately 2 = — 50cm (latest ver-
sion of the method reported by Bouma et al., 1983);

(3) the sorptivity method for lower values of &, in sand (Dirksen, 1979); and

(4) the hot-air method for lower values of k., in clay loam and silty clay
loam (Arya et al., 1975).

Moisture-retention curves were obtained by slow evaporation of wet, undis-
turbed samples in the laboratory, as reported by Bouma et al. (1983). In these
samples, pressure heads were periodically measured with transducer-
tensiometers and at the same time subsamples were taken to determine mois-
ture contents. Thus, points relating A and & were obtained. Moisture contents
corresponding with pressure heads lower than — 800cm were obtained by
conventional methods using air pressure (Richards, 1965). In the clay loam and
silty clay loam soils a staining technique was applied to record the effects of
horizontal cracks on the upward flux of water from the water table to the
rootzone (k,,...; Bouma, 1984).

Caleulation of travel times from soil surface to a defined water table

The travel time (T'), as mentioned in the introduction, is the time that it
takes water to travel from the soil surface to the water table. Assuming that all
the water in the unsaturated zone is mobile and that piston-flow occurs, T is
calculated as follows:

D-8

T = — (D

where T = travel time of water from the soil surface to the water table (day),
D = thickness of the unsaturated zone (m), = average moisture content of
the unsaturated zone (m*m %), and N = average yearly precipitation surplus
expressed as a daily rate for a winter period of 8 months (for The Netherlands
N = 14 x 10 mday™"). The thickness of the unsaturated zone is assumed to
be 1m.

The average moisture content is calculated using as input data:

(1) hydraulic conductivity and moisture retention data;
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(2) the steady downward flux of 1.4 x 10" *mday 1.

The steady flux is transformed into a corresponding pressure head, using the
E — h curve for the C horizon assuming unit-gradient flow in a semi-infinite
porous medium. The calculated 4 value is transformed into moisture content (4)
using the corresponding 8 — A curve, yielding an average moisture content for
the unsaturated zone. This value of # is used in eqn, (1), assuming D = Im,

Caleulation of water table allowing a defined upward-flux density

Calculation of the water table, as mentioned in the introduction, is based on
the Darcy equation for steady, upward, vertical flow:

dh
v = _k(1+d_z) (2)

where dh/dz = gradient of the pressure head (m m™!), & = hydraulic conduec-
tivity (mday '), and v = flux density {mday!). Integration (Gardner, 1958)
yields:

hn
dh
“ - - T @

where z, = depth (m) below a reference layer, such as the lower boundary of
the rootzone at which boundary a pressure head of — h_ (m) is experienced. By
choosing a steady upward-flux density (v) and by reading appropriate
hydraulic-conductivity values from the 2 — h relation at a specific A, a com-
plete graph of z versus v may be plotted. Calculations are made by a computer
(e.g. De Laat, 1980). For this test, v is assumed to be 0.002mday ' and
h = — 500cm.

Calculation of downward-flux densities at a defined air content

In order to allow root activity and plant growth, the aeration status of the
soil profile should be such that the profile contains at least 5% air by volume.
This value has been proposed as a general criterium (FAQ, 1985). The critical,
steady, downward flux allowing 5%, air by volume in the soil profile is calcu-
lated using the measured soil-physical characteristics.

The critical pressure head & at which the water content is 5%, lower than the
water content at saturation (A = 0cm) is derived from the moisture-retention
curve. This pressure head % is transformed into a flux density using the
hydraulic-conductivity curve, assuming unit-gradient flow where the flux den-
sity is equal to the hydraulic conductivity. Thus, one value for the flux density
is obtained, as discussed in the introduction.
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Statistical analysis

The mean hydraulic conductivity and the mean moisture-retention curves
for sand and for clay loam and silty clay loam were calculated by using data
measured for the individual horizons. The 25 values of k& and 8 for sand were
averaged at 13 selected values of A. The same procedure was followed for the
23 values for clay loam and silty clay loam.

Mean values for travel time, water table and downward-flux density were
calculated by averaging the 25 values calculated for the individual sand ho-
rizons and the 23 values calculated for the individual clay loam and silty clay
loam horizons.

The standard errors of prediction (SEP) of travel time, water table and
downward-flux density were calculated from the standard deviations (S) of
these properties and the sample size (n), according to:

SEP = 8,/1 + 1/n 4)

With increasing sample size, the standard error of prediction approaches the
standard deviation. This minimal value of the standard error of prediction
reflects the variability of the population with respect to the functional
property, plus the error in measuring this property.

Approximate 90%, confidence intervals for the means and half widths of 909,
prediction intervals for the functional properties; (1) travel times from soil
surface to water table, and (2) water-table depth allowing a defined upward-flux
density were calculated, assuming that both data sets were random samples
from normally distributed populations. For the functional property; (3)
downward-flux densities at a defined air content, both data sets were trans-
formed because they showed a log-normal distribution. In fact, the samples
were purposive instead of random and the actual frequency distribution will
deviate from normality and log-normality. The results may therefore be con-
sidered as rough approximations only, but they fulfil the primary purpose of
illustrating the approach.

RESULTS
Basic physical data

The hydraulic-conductivity curves for sand and for clay loam and silty clay
loam are shown in Figs. 1 and 2. The latter expresses the effect of horizontal
cracks, Corresponding moisture-retention curves are presented in Figs. 3 and
4. The figures show mean relations and their upper and lower 90%, confidence
limits. In the following sections, comparisons between the curves will be based
on the three functional properties discussed earlier.
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Fig. 1. Mean k-h relation and its 90%, confidence limits for sand.

Travel times from soil surface to a water table depth of I'm

The mean of the travel times for sand is 135 days, the 90%, confidence limits
of the mean are 118 and 152 days, and the half width of the 909 prediction
interval is 89 days. The mean of the travel times for clay loam and silty clay
loam is 298 days, the 909, confidence limits of the mean are 285 and 311 days
and the half width of the 909, prediction interval is 64 days. The higher mean
values for the elay loam and silty clay loam are primarily due to the higher
average moisture content of the unsaturated zone in clay loam and silty clay
loam.

The half width of the 909, prediction interval of the travel time as a function
of the sample size (n) is presented in Fig. 5. The smaller the prediction interval
the higher the accuracy.
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Fig. 3. Mean -k relation and its 90%, confidence limits for sand.
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Fig. 2. Mean k-h relation and its 909, confidence limits for clay loam and silty clay loam with

horizontal cracks.
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Fig. 4. Mean 0-h relation and its 909, confidence limits for clay loam and silty clay loam with
horizontal cracks.
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Fig. 5. Half width of the 909%, prediction interval of the travel time from soil surface to a water-table
depth of 1m as a function of the sample size (n).
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Sampling effort can also be expressed in terms of costs involved. Measure-
ment of # —k and & — h relations of one soil horizon costs approximately DA.
2000.-(3700.-). Figure 5 enables the user to determine the sample size that is for
instance needed to calculate travel times in classes of half a year for a soil map
at a scale of 1:50,000 (Breeuwsma et al., 1986).

Water tables allowing an upward-flux density of 0.002m day™! towards a refer-
ence layer with h = — 500cm

The mean of the water tables for sand is 94 cm, the 90%, confidence limits of
the mean are 87 and 101 cm, and the half width of the 90%, prediction interval
13 37 cm. The mean of the water tables for clay loam and silty clay loam is 64 em,
the 909%, confidence limits of the mean are 55 and 73 cm, and the half width of
the 90%, prediction interval is 46 cm. The deeper water tables for sand are due
to the higher k-values for sand down to a pressure head of A = - 500cm.

The half width of the 90%, prediction interval of the water table as a function
of the sample size (n) is presented in Fig. 6. This figure enables the user to
choose the desired degree of accuracy of the calculated water table, again also
considering the costs involved.
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90 % prediction
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4 6 B 10 12 14 16 18 20 22 24 26 28 30
sample size (n)

Fig. 6. Half width of the 90%, prediction interval of the water table allowing an upward-flux density
of 0.002mday ! as a function of the sample size (n).
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Natural fluctuations of the water tables in The Netherlands are determined
according to Dutch soil survey procedures (Van der Sluijs and De Gruijter,
1985) defining water table classes (Gt-values). The best accuracy for a water
table that can be obtained, when using Gt-values, is a 90%, prediction interval
of approximately 80 cm. Figure 6 enables the user to determine the sample size
if this accuracy 1s considered to be sufficient.

Downward-flux densities at an air content of 5% and with unii-gradient flow

The data are transformed logarithmically and the results of the statistical
analysis are transformed back to the original scale. The geometric mean of the
downward fluxes for sand is 198 mmday !, the 909, confidence limits of the
mean are 122 and 323mmday™', and the half width of the 909% prediction
interval is 1185 mmday . The geometric mean of the downward fluxes for clay
loam and silty clay loam is 0.6 mmday ~*, the 90%, confidence limits of the mean
are 0.4 and 0.9mmday !, and the half width of the 90%, prediction interval is
2.4mmday'. The higher values for sand are due to the higher critical pressure
head and corresponding higher flux density in sand. The half width of the 909,
prediction interval of the flux density as a function of the sample size (n) is
presented in Figs. 7 and 8 for sand and for clay loam and silty clay loam
respectively. This figure enables the user to choose the desired degree of
accuracy of the calculated downward-flux density, again also considering the
costs involved.
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Fig. 7. Half width of the 909, prediction interval of the downward-flux density for sand at an air
content of 5%, and with unit-gradient flow as a function of the sample size (n).
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Fig. 8. Half width of the 90, prediction interval of the downward-flux density for clay loam and
silty clay loam at an air content of 5%, and with unit-gradient flow as a function of the sample size

(n).

With sprinkler irrigation, this downward-flux density can be manipulated in
such a way that an adequate aeration status is created. However, natural
rainfall cannot be manipulated and it is therefore likely that under Dutch
weather conditions the aeration status of clay loam and silty clay loam is often
insufficient whereas sand normally has no problems in this respect.

DISCUSSION

Measurements of k — h and # — h relations in pedological horizons have
indicated that different soil horizons are not always associated with signifi-
cantly different physical characteristics (e.g. Wosten et al., 1985). However, the
question should be raised which properties are to be used to judge differences
in soil-physical characteristics between soil horizons. In this paper, a
procedure is presented to identify soil horizons by means of three practical
soil-physical interpretations that yield characteristic numbers, rather than by
comparing the conductivity and retention functions as such. The procedure has
been demonstrated for horizons in two contrasting soil-texture classes, as used
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in the Dutch soil survey at a scale of 1:50,000. The procedure will now also be
applied to horizons that belong to other texture classes. The connection with
the texture classes is important, because data obtained will have to be used for
calculations of land areas as delineated on soil maps. The connection also
implies that the different groups of horizons cannot be chosen freely, as they
correspond with the existing soil-texture classification as used in soil-map
legends.

The principles presented in this paper will be used to examine whether
different existing texture classes can be combined or not. If the standard error
of prediction for the combined texture class is markedly larger than that for the
separate classes, the classes will not be joined; if this is not the case, classes
may be combined. The critical value of the standard error of prediction, deter-
mining whether or not classes are combined, depends on the desired accuracy
of prediction.

Once a group of soil horizons has been identified, the question arises as to
how many individual samples should be taken to arrive at a required accuracy
of prediction. This level of accuracy is a function of the intended use of the
data, which may vary, and of funds available. A graph is therefore presented
that allows an estimate of the accuracy as a function of the number of samples
and the associated costs. The desired accuracy should not exceed the limited
degree of detail that is often adequate for specific interpretations. This aspect
deserves special attention as to avoid over-accuracy.
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Functional Sensitivity Analysis of Four Methods to Generate Soil Hydraulic Functions

). H. M. Wasten,* C. H. 1. E. Schuren, ). Bouma, and A. Stein

ABSTRACT

Rapid advances in model building have kd to the understanding
that applicability of future simulations depends, (o a greal extent,
on the availebility of accurate soil hydraulic functions obtained with
efficient methods rather than on new models. In this study, four
different methods were used fo genernte hydranlic functions: Method
A, direct on-site measurement; Method R, use of measured hydraulic
functi ged on n regional scale; Method C, use of measured
hydzraulic furctions averaged on & 1 scale; and Method D,
nse of van Genuchten parameters correlated with soil fexiure and
organic-matier content. Accuracy of these methods was tested by

paring the simulated water st with the d water
storage of the upper 0.5 m of three soll profiles over a perind of 7
yr. Differences in performance of the four methods were not signif-
icant. Agr b d and simulated water
was best, however, when directly measured hydramlic functions
(Method A) were used. Next best agreement was obtained when
continuows {(Method [}) and two types of class pedatransfer functions
{(Methods B and C) were used, which relate textures and soil hori-
zons to physical characteristics. Costs involved in oblaining directly
mesasured soil hydraulic fonctions are prohibitively high, compared
with cosig for the other methods. With regard to both accuracy and
costs, the development of a data base of measvred soil hydraulic
functions and use of this information te derive continuons and class
pedotransiet functions assutes, in many cases, optimal spending of
limited available resowrces.

S[MULATION MODELS have become indispensible re-

search tools for describing movement of water
and solutes into and through the unsaturated zone.
Models, ranging from very simpie 10 highly complex,
are being used increasingly 10 evaluate effects of man-
agement practices on crop yield and groundwater
quality (Dumanski and Onofrei, 1989; Addiscott and
Wagenet, 1985; Penning de Vries and van Laar, 1982).
This use of models for research and management pur-
poses has led to the understanding that different prob-
lems ask for different approaches. Sometimes an in-
depth approach is needed to study a problem in detail
and sometimes a simple approach is appropriate when
addressing a general question (Bouma, 1989).

The availahility of input data is pertinent to the use
of models. As our ability to simulaic more complex
systems increases, the accuracy of future simulations
may well depend on the availability of accurate input
data. Lack of accurate soil hydraulic functions, in par-
ticular, is ofien considered to be a major obstacle for
making progress (van Genuchten et al., 1989). For-
mulated in a positive way, using available data is ac-
ceptable as long as we are aware of the uncertainty of
our predictions. Use of “perfect” data, if it exists at
all, is often not necessary because many problems do
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not ask for exact solutions. At the same time, use of
“perfect”” data obtained by direct measurement of soil
hydraulic functions is often prohibitive because of the
cost and time involved. For every problem, the chal-
lenge is to identify a modeling approach that provides
a quantitative estimate of system behavior from a rel-
atively simple and cheap data set while providing an
indication of the uncertainty of predictions.

In this study, a functional sensitivity analysis was
conducted in which the effects on simulation of soil
water storage were evalvated for four different meth-
ods to generate soil hydraulic functions. Methads ta
generate soil hydraulic functions included Method A,
relalively expensive direct on-site measurement;
Method B, use of measured hydraulic functions av-
eraged by soil horizon on a regional scale; Method C,
use of measured hydraulic functions averaged by soil
horizen on a national scale; and Method D, use of
van Genuchten parameters correlated with soil tex-
ture and organic-matter content. Simulated water
storage in the upper (.5 m of three soil profiles was
compared with measured water storage for a period
of 7 yr, The SWATRE model being used has been
validated for this watershed in a previous study (Wos-
ten et al., 1985), as well as for other studies (Feddes
et al., 1988).

MATERIALS AND METHODS
Site Characteriztics

The Hupselse Beek watershed is situated in the eastern
part of the Netherlands and has been an experimental study
area of the National Dutch Water Service for 20 yr, The
area covers 550 ha, and its altitude varies between 22 and
33 m above mean Sea level, Land use is predominantly ag-
ricultural: 0% pasture, 12% arable land, and 8% forest. The
arca is underlain by Miocene clay sedimenis starting be-
tween 0.2 and 10.0 m below the present soil surface. The
area was affected by glaciers that deposited boulder clay {(gla-
cial till) in an early Pleistocene period. Later, aeolian sands
were deposited over the entire area, forming a surface reliel
that is quite different frum the relief of the underlying boul-
der-clay surface. Wosten et al. (1985) presented a detailed
s0il map of the area,

In this study, water storage was simulated for three sites
in two dominant mapping units in the area. Figure 1 shows
the soil profiles for the three sites. The soil horizons A, B,
and C indicate sandy horizons; DI is boulder clay and D2
is Miocene clay. According 10 Soit Survey S1aff (1975), Sites
I and 3 are classified as sandy, siliceous, mesic Typic Hap-
laquods and Site 2 as a sandy, siliceous, mesic Plaggept. The
boulder clay at Site 3 is variable in composition, with sand
veins adjacent 10 heavy clay. At the same time, the starting
depth of the boulder clay varies strongly over short distances
{Bouma et al., 1959). As a result, profiles at different sites
in this mapping unit may differ from the profile at Site 3.
Groundwater levels for Site 1 raonge from 0.4 m below the
soil surface in winter to 1.4 m in summer. Ranges are from
2.2 m in winter to 2,9 m in summer for Site 2, and from
0.5 m in winter to 1.3 m in summer for Site 3.

Generating Soil Hydraulic Functions

Soil water-retention and hydraulic-conductivity curves
were generated for each soil horizon using the four different
methods.




A. Direct Measurement. Hydraulic conductivities of the
different soil horizons were measured using a combination
of the following four methods: (i) the column method
(Bouma, 1982) for the vertical saturated hydraulic conduc-
tivity (K), (if) the crust test (fatesi version of the method
reported by Bouma et al., 1983) for unsaturated conductiv-
ities when the pressure head, A, was between 0 and —5 kPa,
(iii) the sorptivity method (Dirksen, 1979} for conductivitics
in the case of sand when # < —35 kPa, and (iv) the hot-air
method (Arva et al, 1975) for conductivities in the case of
loam and clay when & < —5 kPa. Soil water retention was
obtained by stow evaporation of wet undisturbed samples
in the laboratory, as reported by Bouma el al, (1983). In
these samples, pressure heads were periodically measured
with transducer-tensiometers while, at the same time, sub-
samples were taken 1o determine water conlents, 8. This pro-
cedure yielded points relating % and 4, Water contents cor-
responding with # < —80 kPa were obtained by
conventional air-pressure methods (Klute, 1986). A set of
13 measured soil water-retention and hydraulic-conductiv-
ity curves were used for Method A to provide model input
for all horizons of the three soils, as illustrated in Fig. 1.

B. Use of Measured Soil Hydraulic Functions Averaged by
Soil Horizon on a Regional Scale. In the study by Wosten
¢t al. (1985), the hydraulic functions of all soil horizons dis-
tinguished in the Hupselse Beek watershed were measured
in sixfold by using the described measurement techniques,
Sampling kocations were chosen at random within the var-
ious delineated areas of the soil map. Replicate measure-
ments for each horizon were used 1o caleulate the average
hydraulic functions for every horizon. After comparison of
the hydraulic functions of the different horizons, only those
horizons were distinguished whose soil hydraulic functions
differed significantly. Their number was lower than the num-
ber of horizons that was distinguished by pedological clas-
sification, because pedological differences do not necessarily
correspond with difference in hydraulic functions,

Hydraulic functions averaged on a regional scale were
used in Method B 1o obtain soil hydraulic data for the soil
profiles at the three sites. A sel of four different soil water-
retention and hydraulic-conductivity curves was distin-
guished: Al, Aan, B2 + Cll + CI12 + Cllg, and Dl +
D2.

C. Use af Measured Soil Hydraulic Functions Averaged by
Soil Horizon on a National Scale. The described techniques
have been used to measure hydraulic functions for a large
number of soil horizons in the Netherlands, For application
on a national scale, soils were classified according 1o soil
texture (as used by the Netherlands Soil Survey Institute)
and type of horizon, either lopsoil (A horizon) or subsoil (B
and C horizons). This classification resulted in 20 different
soil groups comprrising a total of 197 individual curves. Tab-
ulated forms of the averaged curves for the 20 soil groups
were presented by Wosten et al. (1987). As a set, the curves
form a unique data base covering the broad spectrum of soils
in the Netherlands. This set is increasingly being used 10
simulate regional spil water regimes. In Method C, the av-
eraged curves for three soil groups fram the national set were
used in this study to provide hydraulic functions for the Al
+ Aan, B2 + Cll + Cl12 + Cllg, andI>] + D2 horizons.

D. Use of Scil Properties to Predict Soil Hydraulic Func-
tions. Analytical expressions of van Genuchien {1980 for
the water-retention and hydraulic-conductivity curves were
fitted simultaneously to the set of measured hydraulic func-
tions for a wide range of soils in the Netherlands (Wdsten
et al,, 1987). Wosten and van Genuchten {1988) used regres-
sion analysis (o relate estimated mode! parameters to more
easily measored soil properties such as bulk density and per-
centages of silt, clay, and organic matter. The resulting func-
tions predict the hydraulic parameters for all horizons
shown in Fig. 1 from their corresponding texture vatues.

Methods B, C, and D qualify as pedotransfer functions,
which retate different land and soil characteristics with one

angther and 1o land qualities. Methods B and C can be de-
scribed in terms of class pedotransfer functions, relating soil
horizons to associated hydraulic functions. Method D can
be described in terms of a continuous pedotransfer function,
relating, e.g., soil (exture, bulk density, and percentage or-
ganic matter to associated hydraulic funclions (Bouma and
van Lanen, 1987, Bouma, 1939),

Statistical Data Analysis

Two statistical properties were calculated 1o evaluate the
differences between measured and calculated water storage,
The mean residual error (ME) was defined as

ME = (1/n) fZI x, = ) n

and the mean squared residual error (MSE) was defined as

MSE = (1/n) Z. = — 3 {21

where # = number of data points of measured and calcu-
lated water storage, x = measured waler storage, and y =
calculated water storage.

Calculated water storages are regressed vs. x and are pre-
sented in a graph that includes the I:1 line,

Mean residual ecror is a measure for the bias in the sim-
ulation results. Values close 19 zero indicale that measured
and calculated water storages do not differ systemaltically
from each other or, equivalently, that there is no consistent
bias. Values that differ greatly from zero indicate the pres-
ence of sysiematic deviation or bias.

Mean squared error is a measure for the scatier of the
data points around the I:1 line. Low MSE values indicale
little scatter, and high MSE values indicate large scatter. Low
MSE values also imply low ME values.

The variance of the differences between rmeasured and cal-
culated water storages (VAR) was estimated as

_ mMSE — ME)

VAR
n—1

(3]
With the assumption of normal distribution and indepen-
dence of differences between measured and calculated water
storages, the half width of the 95% confidence intervat for

ME was calculated as
VAR'2
t(———n ) (4]

where ¢ = the value of the Student’s { distdbution for o« =
0.05 and 7 — | degrees of freedom. This half width of the
confidence interval is used to examine, for each of the four
methods, whether differences between measured and cal-
culated water storages are statistically significant.

An analysis of variance (ANOVA) revealed if there were
statistically significant differences between the four methods
with respect to their approximation of the measured water
storages. With the assumption of independence of both ME
and MSE values, ANOVA was carried out on the twelve ME
and twelve MSE values calculated (four methods, with the
three sites as repetitions).

Expenses of the Different Methods

The four methods used 1o generate saif hydraulic func-
tions differed considerably in terms of costs, In Methad A,
hydraulic functions were measured for each of the 13 ho-
rizans, whick constitute the soil profiles al Lkree sites in the
watershed. These sites represenied a pedon area of 10 m?
cach. Measurement of the hydraulic functions 1ook an es-
timated labor cost of 3 d per horizon, or a total of 39 d of
operational activities. Hydraulic functions averaged on a re-
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gional scale (Method B) were obtained from replicate meas-
urements of identical horizons at different locations within
the delineated areas. As a conseguence, initial investment
10 obtain average functions was, in principle, the same as
the cost of the iotal number of measurements made in the
area. The nine horizons distinguished in the Hupselse Beek
watershed were measured in sixfold to obtain average func-
tions (Wosten et al., 1985). This required a Lotal of 9 X 6
® 3 = 162 d. Once these average Curves were obtained, on-
site visils 10 establish the type of soil horizons were satis-
factory to generate hydraulic functions for the entire wa-
tershed area of 650 ha. This required little operational ac-
tivity, perhaps | d.

Hydraulic functions averaged on a national scale {Method
7} were derived from a dala base comprising a total of 197
individual curves. The initial jinvestment 1o obtain these
average curves was therefore 197 X 3 = 591 d. The func-
tions averaged on a national scale provide information for
the entire Netherlands, an area ofabout 3 000 000 ha. Anal-
ogous to conditions on a regional scale, operational activitics
are restricted to on-site visits to establish the type of soil
horizons. This takes an estimated 5 d of operational activ-
ities. The continuous pedotransfer functions used in Method
D were derived from the same data base as used for Method
C. Therefore, initial investment and area covered were the
same as with Method C. In this case, however, operational
activities were not restricted 10 on-site horizon identifica-
tion, but alse included measurement of soil texture of the
identified horizons. This took an estimated 10 d of opera-
tional activities for 13 horizons.

Thus, direct measurement {Method A} implics a very high
investment per unit area, compared with Methods B, C, and
. After making a major initial investment for the deter-
mination of a standard set of measurements, Methods B, C.
and D can be executed with little effort. Besides the fact that
Method A is prohibitively expensive, when average project
budgsts are considered, the measurements are site-specific
and cannot be extrapolated, The next project will again re-
quire identical measurements. Since Method A is not a prac-
tical possibility, research has to focus on whether invest-
ments required to execute Methods B, C, and D are justified.
This would be the case if water storages are equally well
described by calculating them using data obtained with
Methods B, C, and I3, compared with daa obtained with
Method A.

Simulation of Soil Water Storage

Soil water flow was simulated with the model SWATRE
(Soil Water Actual Transpiration Exiended; Feddes et al.,
1978; Belmans et al., 1983), which is a one-dimensional,
finite-difference model that describes transient, unsaturated
water flow in a heterogeneous so0il/root system that may or
may not be under groundwater influence. [n this study, soil
physical input data for every horizon of the three sites were
obtained with four different methods. Calculations were
made for a grass crop by using a sink term to simuiate water
uptake by plant rootls. Rooting depth was 0.2 m for Site |
and 0.25 m for Sites 2 and 3.

The meteorological station of the Hupselse Beek water-
shed provided daily precipitation and daily potential avapo-
transpiration values for the period March 1976 to December
1982. Potential evapotranspiration values were calculated
according to Thom and Oliver (1977). Groundwater levels
for Site 1, which is located at the meteorclogical station,
were measured daily. Groundwater levels for Sites 2 and 3
were measured every week. Afier correlation of the weekly
levels for Sites 2 and 3 to the daily levels of Site 1, daily
groundwater levels for Sites 2 and 3 were estimated. These
daily groundwater levels for the period March 1976 to De-
cember 1982 served as the Jower boundary condition for the
SWATRE simulations.

The SWATRE model was used to make daily calculations
for an uninterrupted 7-yr period from March 1976 10 De-
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cember 1982. To a depth of 0,5 m, the soil profiles were
schematized into five compartments with a thickness of 0.10
m each and, deeper than 0.5 m, into eight compartments
with a thickness of 0.20 m each. By accumulating water con-
tents of the top five compartments, cumulative water stor-
ages of the first 0.5 m of the soil profiles were calculated.
In a previous study for Site 1, van Vuuren (1984} dem-
onstrated that hysteresis affected the results. Use of an “as-
sumed™ adsorption water-retention curve Jor simulation of
welting after the exceptionally dry conditions of 1976 gave
results that agreed betier with measured waler contents
when compared with results obtained with the use of a meas-
ured desorption curve, However, measured adsorption
curves were not available. Therefore, data points for this
very dry pernied, which has a probability of occurrence of
only 2%, were omitted from the data analysis in this study.

Measurements of Water Content with the Neutron Probe

As part of ongoing research in the Hupselse Beck wa-
tershed, water contents at different locations have been
measured since 1976 with a neutron probe. Calibration
curves were established for the different soil horizons in the
watershed to provide an accurate conversion of neutron
counts 1nto water contents,

Distances between locations where neutron-probe meas-
urements were made and locations where soil samples were
taken for measuremeni of hydraulic functions were about
10 m for each site in order not to disturb the neutron-probe
readings. At the three sites considered in this study, neutron-
probe measurements were made once every 2 wk 1o a depth
of 2 m below the soil surface, In the topsotl, measurements
were made at 0.25-, 0.35-, and 0.45-m depth. Water contents
were such that the radius of the sphere of influence for new-
trons was about 0.25 m (Gardner, 1986). Therefore, water
contents at these depths could be used to calculate the water
storage of the first 0.5 m of each of the three soil profiles.
The large quantity of measured values of soil water storage
over the period 1976 to 1982 form an exceptional data base
for validation of values of soil water storage as simulated
with the four different methods discussed above,
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" Fig. 1. Soil profiles at the thre¢ sites.

RESULTS AND DISCUSSION

Measured and calculated water storages show a pat-
tern that agrees with what might be expected from the
prevailing weather conditions over the years 1976 1o
1982. The dry year 1976 and, 10 a lesser extent, also




1982 showed, as expected, a strong decrease in water
storage in the summer period while, in the wet years
1977 and 1979, changes in water storage over the sea-
sons were less pronounced. The general trend of water
storages calculated with the four methods over the
years agrees well with measured values for all sites.
For reasons of brevity, Fig. 2 shows only results ob-
tained with Method A, for the characteristic period
March 1976 to March 1978, of measured and simu-
lated water storages in the upper 0.5 m of Site 1.
Drying of the upper 0.5 m of the soil profile in 1976
was well predicted by simulation. There was also good
agreement between measured and calculated values
over the period March 1977 to March 1978, However,
wetting of this top layer in the winter 1976-1977 was
systematically overestimated with simulation. The
main reason for this discrepancy is that the desorption
water-retention curve was used in the simulation
model, while use of an adsorption curve would have
been more realistic for wetting under these dry con-
ditions {see discussion above).

Table 1 summarizes the results of the statistical
analysis of the differences between measured and cal-
culated water storages for the four methods and the
three sites. For each site and for each method, values
are presented for the number of data points, the ME,
the half width of the 95% confidence interval of the
ME, and the MSE. Figure 3 shows the results for Site
L of the regression of calculated water storage vs.
measured values for the four methods. The 1:1 line,
as well as the regression line, are included. The figure
provides a good visual reflection of results of the sta-
tistical analysis in terms of bias and scatter of data
points. Comparable expressions were obtained for the
other two sites,

The slopes of the regression lines varied from .61
for Method D at Site 2 to 1.40 for Method C at Site
3. Variation in r* (r is the correlation coefficient) was
from 0.46 for Method D at Site 2 1o N.85 for Method
B at Site 3.

For Sites 1 and 2, ME values for Methods A and D
are relatively close to zero, compared with tae values
for Methods B and C. For Site 3, there is not such a
trend. When ME values differ from zero, this indicates
that measured and calculated waicr storages deviate
in most cases. The ME values, together with the cal-
culated half widths of the 95% confidence interval,
indicate that these deviations are statistically signifi-
cant for all methods and all sites except for Methods
A and D for Site 2, Only in these two cases is the
hypothesis that measured and calculated values are
the same (i.c., ME = 0} not rejected. The positive ME
values for Site 1 indicate that simulated water storages
are systematically lower than measured values. This
result is supported by Fig. 3, where the majority of
data points are found below the 1:1 line. The negative
ME values for Site 3 indicate an opposite effect; in
this case, simulated water storages are systematically
higher than measured values. In many simulation-
model studies, such systematic deviations are cor-
rected in the modelcalibration phase, thereby elimi-
nating their negative effect on model autput. In this
study, we have chosen to present the real output data
because emphasis is on an accurate simulation as well
as on comparison of the four methods.

Low MSE values indicate little systematic deviation
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Fig. 2. Yearly trend in measured and calculated water storages ol
the upper 0.5 m at Site 1 when using Method A {direct meas-
urement).

Table 1. Results of the statistical analysis, for each of the four meth-
ods, of the differemces between measwred and simulated water stor-
ages.

Half width of the
Mean residual ~ 95% confidence  Mean squared
Method L] error (ME)} interval of ME residual error
cm < om?
Site 1
A 132 1,329 0.317 5.118
B 132 2433 .59 9.215
C 132 2615 0.347 10.357
D 132 2.010 0.295 6.953
Site 2
A 154 0.1556 0.3117 3.954
B 154 - 1.8966 0.353 8.493
C 154 1,6840 0.341 7.391
D 154 —0.2437 0.332 4.383
Site 3
A 155 —1.123 0.312 34738
B 155 —1.242 0.21 1304
C 158 —1.044 0.2% 3533
D 158 —L.497 0.131 3.534

between measured and calculated values, as well as
absence of a sysiematic trend in the scatter of data
points around the 1:1 line. While systematic devia-
tions, as also expressed by high ME values, can be
corrected by model calibration, trends in the scatter
of data points are not corrected and are undesirable.
Therefore, low MSE values are desirable. Comparison
of the MSE values in Table 1 shows that, for Sites 1
and 2, Method A had the least dispersion around the
1:1 line. Next, Method D performed best, while Meth-
ods B and C showed the most dispersion. For Site 3,
MSE values for the methods are about the same.

The ANOVA for both ME and MSE shows that dif-
ferences between methods were not statistically sig-
nificant. Since agreement between measured and cal-
culated water storage is not highly influenced by the
choice of the method used to generate soil hydraulic
functions, this choice can be based on other consid-
erations such as cost or ease of use.

SUMMARY AND CONCLUSIONS

Four methods were used to generate soil hydraulic
functions for use in a soil-water simulation’ model.
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Calculated water-storage values for the vpper 0.5 m
of three sandy soils were compared, for a period of 7
yr, with water-storage values measured with a neutron
probe, Comparison of the different methods showed
that, in most cases, calculated values deviate sysiem-
atically from measured values. However, when a well-
tested simulation model is used, this systematic de-
viation can be corrected in the model-calibration
phase. Evaluating the four methods in terms of ME
and MSE indicates that direct measurement of hy-
draulic functions (Method A) pave the best results,
followed by continucus pedotransfer functions
(Method D) and averaged regional and naticnal func-
tions {(Methods B and C). Analysis of variance shows
that differences between methods with respect to their
approximation of measured water Storages were not
significant. Compared with Methods B, C, and D, the
costs of using Method A are very high, making it an
unrealistic allernative. Methods B, C, and D require
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of a standard set of measured hydraulic functions,
Once such a set is established, however, its use is at-
tractive in terms of accuracy and cost.
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ABSTRACT

Scil hydraulic functions can be obtained with methods that range from complex and costly to stmple and cheap.
Decisions as to which is the most appropriate method for a specific application have to be based on a comparison of
generated hydraulic functions, This comparison should preferably be based on a statistical comparison of practical
applications calculated with the different hydraulic functions rather than on a statistical comparison of the functions
themselves. In this study four different methods were used to generate hydraulic functions: (A) direct on-site
measurement, (B) measurement in soil horizons in the area, (C) use of a national data set, and (D) use of Van Genuchten
parameters correlated with soil texture and organic matter content. The four methods were compared by their effect on
two practical aspects of soil behaviour: (1) evapotranspiration deficit and (2) flux through a plane at 30 cm below soil
surface, These two aspects are highly relevant for agricultural and environmental use. However, direct measurement is
not feasible. A validated simulation model was used for the calculations and results obtained with method A were taken
as a reference. Calculations were performed for three soil profiles for a period of seven years. Deficits and fAuxes,
calculated with the four methods to generate hydraulic functions, were not significantiy different using the data of the
seven-year period. However, methods were significantly different when rainfall deficits were used as a covariable. This is
true with the exception of downward fluxes in the period October until March which are most important for leaching of
pollutants. The user has to decide whether differences between methods are sufficiently large to justify repeated, expensive
on-site measurements {method A) or whether an investment will be made to make standard series of curves to be used
everywhere (methods C and D).

KEY WORDS Hydraulic functions Simulation model Evapotranspiration deficit Fluxes

INTRODUCTION

Soil hydraulic functions, which are crucial for modeiling water flow in the unsaturated zone, can be obtained
with different methods. One approach is direct measurement of the functions. Mecthods to do so were
reviewed by Klute and Dirksen (1986) and Green et al. (1986). Use of patameter estimation methods to
calculate hydraulic functions (Kool et al., 1987) is an inverse method that has recently drawn much attention.
Use of theoretical methods to predict hydraulic conductivity from more easily measured field or laboratory
soil water retention data is another approach that was reviewed by Mualem (1986). Approaches in which the
soil hydraulic functions are statistically related to soil texture and to other soil data that are relatively easy to
measure were presented by Vereecken et al. (1988) and Wosten and van Genuchten (1988). The different
methods mentioned differ considerably in complexity and cost. Direct measurement methods, including
those based on recently developed parameter estimation procedures, are complicated and costly, while
indirect theoretical and statistical methods to estimate hydraulic functions are relatively simple and often
quite cost-effective (e.g. Wosten et al., 1989).
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A decision as to which is the appropriate method for a specific application has to be based on a
comparison of methods. In principle, a comparison can be based on a statistical anaylsis of the functions
themselves (e.g. Baker and Bouma, 1976). However, soil hydraulic functions are not an aim in themselves but
serve as input data for simulations. It is therefore attractive to compare the different methods on the basis of
practical applications. Differences among results of calculations, each of which being based on use of basic
data obtained with one of the methods, allow comparison among methods.

In this study, four different methods, ranging from complex and costly to simple and cheap, were used to
generate soil hydraulic functions, These functions are compared by their effect on two practical aspects: (1)
calculated evapotranspiration deficit and (2) flux through a plane at 30 cm below soil surface. Evapotranspir-
ation deficit is a relevant property for agriculturat use because it is directiy related to yield. The flux through a
plane at 30 cm depth is relevant for environmental studies that deal with migration of pesticides and
fertilizers from the rootzone towards the ground water table. Obviously, downward movement of pollutants
can only occur when downward fluxes occur.

Calcutations for these two practical aspects were made for three sites in a watershed for a period of seven
years. The SWATRE model being used has been validated for this watershed in previous studies (Wosten et
al., 1985; Wosten et al., 1989) as well as for other studies (Feddes et al., 1988).

MATERIALS AND METHODS

Soil map

Calculations are made for three sites in the watershed ‘Hupselse Beek”, which is situated in the eastern part
of The Netherlands and has been an experimental study area of the National Dutch Water Service for 20
years. The area covers 650 ha and its altitude varies between 22 and 33 m above mean sea level. Landuse is
predominantly agricultural: 80 per cent pasture, 12 per cent arable land, and 8 per cent forest. The area is
underlain by Miocene clay sediments starting between 0-2 and 10-0 m below the present soil surface. The area
was affected by glaciers which deposited boulder clay (glacial till) in an early Pleistocene period. Later,
aeolian sands were deposited over the entire area forming a surface relief that is quite different from the relief
of the underlying boulder clay surface. Wosten et al. (1985) presented a detailed soil map of the area.

In this study evapotranspiration deficit and flux through a planc at 30 cm depth, were simulated for three
sites in two dominating mapping units in the area. Figure 1 shows the soil profiles for the three sites. The soil
horizons A, B, and C indicate sandy soil horizons; D1 boulder clay and D2 Miocene clay. According to Soil
Survey Stafl (1975) sites 1 and 3 are classified as sandy, siliceous, mesic Typic Haplaquods and site 2 as a
sandy, siliceous, mesic, Plaggept. Groundwater levels for site 1 range from 0-4 m below soil surface in winter
to 1-4 m below soil surface in summer. Ranges for site 2 are from 2-2 m in winter to 29 m in summer and for
site 3 from 0-6 m in winter to 1-3 m in summer.

Generating soil hydraulic functions

The soil hydraulic functions were generated using four different methods which are described in detail by
Wasten et al. (1989). In summary these methods are:

A. Direct measurement of hydraulic functions of the horizons of every soil profile. Measurements were made
using a combination of the following four techniques: (1) the columm method (Bouma, 1982) for the vertical
saturated hydraulic conductivity (K,); (2) the crust-test (latest version of the method reported by Bouma et
al,, 1983) for unsaturated conductivities when the pressure head, h, is between 0 and —50 cm; (3) the
sorptivity method (Dirksen, 1979) for conductivities in the case of sand when h < — 50 cm and; (4) the hot
air method (Arya et al,, 1975) for conductivities in the case of loam and clay when £ < — 50 cm. Soil water
retention was obtained by slow evaporation of wet undisturbed samples in the laboratory as reported by
Bouma et al. (1983). In these sampiles, pressure heads are periodically measured with transducer-tensiometers
while at the same time subsamples are taken to determine water contents, thus yieiding points relating # and
. Water contents corresponding with pressure heads lower than — 800 ¢m were obtained by conventional
methods using air pressure (Richards, 1965). A set of 13 measured soil water retention and hydraulic
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Figure 1. Soil profiles at the three sites

conductivity curves were used in method A to provide model input for all horizons of the three sites as
illustrated in Figure 1.

B. Measured hydraulic functions averaged on a regional scale. Using the combination of different methods,
hydraulic functions of all soil horizons distinguished in the Hupselse Beek watershed were measured in
sixfold. Sampling locations were chosen at random within the various delincated areas of the soil map.
Replicate measurements for each horizon were used to obtain the average hydraulic functions for every
horizon. After comparison of the hydraulic functions of the different horizons only those horizons were
distinguished whose soil hydraulic functions differed significantly. Their number was lower than the number
of horizons being distinguished on the basis of pedological classification, because pedological differences do
not necessarily correspond with differences in hydraulic functions,

Hydraulic functions averaged on a regional scale were used in method B to obtain soil physical data for the
soil profiles at the three sites. A set of four different soil water retention and hydraulic conductivity curves
was distinguished: Al, Aan, B2 + C11 + C12 + Cl1g, and D1 + D2 (Wasten et al., 1985).

C. Measured hydraulic functions averaged on a national scale, Using the combination of different methods,
hydraulic functions have been measured for a large number of soil horizons in the Netherlands. For
application on a national scale, soils were classified according to soil texture and type of horizon. This
classification resulted in 20 different soil groups comprising a total of 197 individual curves, Tabulated forms
of the averaged curves for the 20 soil groups were presented by Wasten et al. (1987). This set is increasingly
being used to simulate regional soil water regimes. In method C, the averaged curves for three soil groups
from the national set are used to provide hydraulic functions for the Al + Aan, B2 + C11 + C12 + Cllg,
and D1 + D2 horizons.

D. Use of soil properties to predict hydraulic functions. Analytical expressions of van Genuchten (1980) for the
water retention and hydraulic conductivity curves were fitted simultaneously to the set of measured
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hydraulic functions described under method C. Wosten and van Genuchten (1988) used regression analysis
to relate estimated model parameters to more easily measured soil properties, such as bulk density and
percentages of silt, clay, and organic matter. The resulting functions predict the hydraulic parameters for all
horizons shown in Figure ! using their texture values.

Methods B, C, and D qualify as pedotransfer functions which relate different land and soil characteristics
with one another and to land qualities. Methods B and C can be described in terms of class pedotransfer
functions, relating soil horizons to associated hydraulic functions. Method I can be described in terms of a
continuous pedotransfer function, relating, for example, soil texture, bulk density, and percentage organic
matter to associated hydraulic functions (Bouma and van Lanen, 1987; Bouma, 1989).

The four methods to generate soil hydraulic functions differ considerably in terms of costs. Method A in
which the hydraulic functions of specific soil horizons are directly measuced, implies a very high investment
per unit area as compared with methods B, C, and D. After making a major initial investment for the
determination of a standard set of measurements, methods B, C, and ID can be executed at relatively low
costs.

Analysis of meteorological data

The meteorological station of the Hupselse Beck watershed provided daily precipitation (N) and daily
potential evapotranspiration (E,,,) values for the period March 1976 until December 1982. Potential
evapotranspiration values were calculated according to Thom and Oliver (1977). Table I summarizes the
meteorological data for the summer haif years (April-September) of the seven year period. Rainfall deficits
(Eg, — N} are also expressed in terms of a probability (P} of exceeding these deficits thereby indicating the
degree of drought of the summer half years. Table I shows that the summer of 1976 was very dry with a
probability of exceeding its rainfall deficit of only 2 per cent; the summer of 1982 was relatively dry as well.

Meteorological data do affect the fluxes and deficits calculated in this study. In wet months actuwal
evapotranspiration equals potential evapotranspiration and no ¢vapotranspiration deficit will develop. In
dry months actual values may be lower than potential values, creating an evapotranspiration deficit. In wet
months the flux through a plane 30 cm depth will be fairly independent of the soil hydraulic functions and
will equal the rainfall surplus. In dry months the flux gives an indication of the amount of capillary rise from
the ground water to the rootzone.

Figure 2 shows rainfall deficits, defined as potential evapotranspiration minus rainfall, for different months
of the calculation period. Rainfall deficits are positive for many of the summer months and negative for the
winter months, indicating a rainfall surpius. The years 1976 and 1982 show considerable rainfall deficits for
many of the summer months.

Stmulation of practical aspects of soil behaviour

Soil water flow was simulated with the model SWATRE (Soil Water Actual Transpiration Extended)
(Feddes et al,, 1978; Belmans et al., 1983). SWATRE is a one-dimensional model which describes transient,
unsaturated water flow in a heterogeneous soil-root system. In this study, soil physical input data for every
horizon of the three sites were obtained with the four different methods.

Table 1. Meteorological data of the *Hupselse
Beek” area for the summer hall years (April-
September) 1976-1982

Year Epe N E—N P
(mm)  (mm) {mm) v
1976 S04 214 291 2
1977 364 392 —~28 7
1978 374 355 19 63
1979 382 367 15 64
1980 414 405 9 67
1981 397 313 84 40
1982 444 254 190 12
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Calculations were made for grass using a sink term to simulate water uptake by plant roots. Rooting depth
for site 1 was 20 cm, for site 2 and 3 depths are 25 cm. These depths were kept constant during the whole year.

Precipitation and potential evapotranspiration serve as upper boundary conditions for the SWATRE
simulations. Groundwater levels for site 1, which is located at the meteorological station, were measured
daily. Groundwater levels for sites 2 and 3 were measured every week. After correlation of the weekly leveis
for sites 2 and 3 with the daijly Jevels of site |, daily groundwater levels for sites 2 and 3 were obtained by
estimation. These daily groundwater levels for the period March 1976 until December 1982, serve as lower
boundary condition for the simulations.

The evapotranspiration deficit is calculated as the difference between potential evapotranspiration, which
is an input parametcr, and calculated actual evapotranspiration. The flux is calculated through a plane at
30 cm below soil surface which is 5 cm below the deepest root zone of the three sites. Both evapotranspiration
deficit and flux were calculated with the SWATRE model for an uninterrupted seven year period from March
1976 until December 1982. The model gencrates daily output for the two aspects. However, in order to
present mote general trends rather than fluctuating short-time results, the calculated deficits and fluxes are
presented in this paper in terms of total monthly values.

Analysis of differences between methods to generate soil hydraulic functions

Comparison among the four methods to generate soil hydraulic functions was based on the analysis of
differences among simulated deficits and fluxes. An analysis of variance (ANOVA) was carried out to reveal
whether these differences were statistically significant.

Calculated monthly values for deficits and fluxes show a clear scasonal variation (Figures 4 and 6
respectively). In this case, deficits and fluxes calculated for one particular month cannot be considered to be
independent of the value calculated for other months in the same year. However, when deficits and fluxes are
calculated as an average monthly value for a season, the values can be assumed to be independent.

Based on the monthly values for the period 1976 to 1982 an average monthly deficit was calculated for the
season from May until September for each year, For the months October until April no deficits occurred.
Average monthly fluxes were calculated for the season from April until September and for the season from
October until March. As a result, ANOVA of the deficits and of the two Auxes was carried out on values for
three sites, four methods, and seven seasonal repetitions. This yielded a total of 84 values for cach of the three
properties.

Use of a covariable offers the opportunity to account for effects of other factors than differences in methods
on simulated deficits and fluxes, Meteorological data strongly afiected the two simulated values, Therefore,
rainfall deficit was used as a covariable in this study. This covariable partly explained the variability of the
two simulated values. The remaining variability was assigned to differences between the four methods to
generate soil hydraulic functions. After elimination of meteorological infinences by using a covariable,
caiculated monthly deficits and fluxes could be used. As a result, ANOVA of the deficits was carried out on
the 420 values calculated for three sites, four methods, five months, and seven years. For the fluxes in the
months April until September, 504 values calculated for three sites, four methods, six months, and seven years
were analysed. Calculations started in March 1976, therefore, 504 minus the 24 values calculated for three
sites, four methods, and two months were analysed for the fluxes in the months October until March.

RESULTS AND DISCUSSION

Evapotranspiration deficits

Figure 3 shows monthly evapotranspiration deficits per method averaed over the period 1976-1982 and
averaged over the three sites. In Figure 4 the same evapotranspiration deficits are shown but now averaged
over only the dry years 1976 and 1982,

The figures indicate that evapatranspiration deficits do occur in the months May until September. Outside
this period actual cvapotranspiration equals potential evapotranspiration. The order of decrcase in
caiculated evapotranspiration deficits is in most cases from methods A to Cto B and to D,
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Figure 3. Monthly evapotranspiration deficits per method averaged over the period 1976 to 1982 and averaged over the three sites

The figures indicate that when calculation of the monthly evapotranspiration deficit is restricted to dry
years this deficit is about three times larger than when all data of the seven years are used. Differences in
evapotranspiration deficits calculated with methods A and D for the growing seasons (May-September) of
the dry years 1976 and 1982 are 92mm and 52mm respectively. Under Dutch conditions 1 mm
evapotranspiration deficit is equivalent to a net loss of $4 per hectare per year (van Boheemen, 1981).
Therefore, in a very dry year such as 1976 (with a probability of only 2 per cent of exceeding its rainfall deficit)
use of method A or D would make a difference of $368 per hectare per year. In 1982 (with a probability of 12
per cent of exceeding its rainfall deficit) using method A or D amounts to a difference of $208 per hectare per
year. These amounts are substantial. The user has to decide whether the difference is large encugh to justify
expensive measurements in situ (method A) which are the most reliable.

Evapotranspiration deficits were statistically analysed by using the 84 values of the average monthiy
deficits calculated for the season from May until September. When a covariable was used, the 420 values of
the months May until September were analysed.

Table II shows the results of the analysis without and with the usc of a covariable. The high variance ratio
for the covariable indicates that rainfall deficit strongly influences the calculated deficits. The variance ratio,
ot F-statistic, shows that differences among methods are not significant at an o = 0401 level when no
covariable is used. However, differences between methods are significant when rainfall deficit is used as a
covariable. In this case, the statistical analysis reveals also that deficits calculated with each method are
significantly different from deficts calculated with each of the other methods.

When comparing evapotranspiration deficits among sites, values are highest for site 2 followed by sites t
and 3. The deep water table of more than 3 m below soil surface at site 2, prevents water supply by capillary
rise and therefore evapotranspiration depends completely on the limited amount of available water in the
rootzone. The somewhat deeper ground water table in summer and the shallower rootzone of site 1 as
compared to site 3 make evapotranspiration deficits for site 1 higher than deficits for site 3.

Flux through a plane at 30 em depth

A similar procedure as for the evapotranspiration deficit was followed for the practical aspect: flux through
a plane at 30 cm below soil surface. Figure 5 shows monthly fluxes averaged per method over the period 1976
to 1982 and averaged over the three sites. Figure 6 shows the same fluxes but now averaged over only the dry
years 1976 and 1982. Negative fluxes indicate downward and positive indicate upward movement of water.
Figures 5 and 6 show that downward fluxes in winter months are not affected by using either data of the
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Figure 4. Monthly ¢cvapotranspiration deficits per method averaged over the years 1976 and 1982 and averaged over the three sites

Table II. Statistical analysis of evapotranspiration

deficits calculated with four methods for three sites

for the seasons May until Scptember of the years
1976 to 1982

Source of Degrees of Mean Variance
variation freedom squares ratio

Without covariable

Method 3 122 101

Site 2 4-36 362

Residual 78 1-21

With rainfall deficit as covariabl

Method 3 601 382*
Site 2 1981 1261*
Covariable 1 28972 184-45*
Residual 413 1.57

* Significant at an o = 01 Jevel
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Figure 5. Monthly Aluxes per method averaged over the period 1976 to 1982 and averaged aver the three sites

seven year period or of the two-year period. However, upward fluxes in summer months, differ by about a
factor two when the seven or the two year period is considered.

Figure 5 indicates that in the months April and July, the direction of the calculated flux is different for
different methods. Fluxes are downward for methods A, B, and C and upward for method D. However,
differences observed are small and of no practical significance. The order of increase in calculated 8uxes is in
mast cascs from method A to method C to method B and to method D. This sequence is the same as the order
of decrease in evapotranspiration deficits (compare Figures 6 and 4). This may be expected since a high
upward flux implies a relatively good water supply and, therefore, a relatively low evapotranspiration deficit.

Values for the rainfall deficit which are included in Figure 5, indicate that deficits in the winter months
January, March, and December, when actual evapotranspiration equals potential evapotranspiration,
virtually correspond with downward fluxes. In the summer months April until September, rainfall deficits are
highet than upward fluxes indicating that other sources such as changes in water storage of the upper 30 cm
of the soil contribute to water supply. At the same time, a water deficit might occur when upward fiuxes
together with change in water storage arc not sufficient to maintain actual evapotranspiration at the
potential ievel. In October and November, when the downward flux is less than the rainfall surplus, part of
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Figure 6. Monthly fuxes per method averaged ‘over the years 1976 and 1982 and averaged over the three sites

the surplus is used to wet the upper 30 cm of the soil. A higher downward flux as compared to rainfall surplus
in February is caused by draining of the originally satarated upper 30 cm.

Similar to evapotranspiration deficits, differences in fluxes calculated for the period 1976 to 1982 were
statistically analysed by using the 84 average monthly fluxes for the season from April until September
(which are dominantly upward) and by using the 84 average monthly fluxes for the season from October
until March which are downward only. When a covariable was used, the 504 values of the months April until
September and the 480 values of the months October until March were analysed.

Table IIT shows the results for fluxes of the months April until September without and with the use of a
covariable. As with the evapotranspiration deficit, the high variance ratio for the covariable indicates that
rainfall defici¢ strongly influences the calculated fluxes. The variance ratio shows that differences among
methods are not significant at an o = (-01 level when no covariable is used. However, differences between

67




EVALUATION OF 50IL HYDRAULIC FUNCTIONS

Tabie ElI. Statistical analysis of fluxes calculated with
four methods for three sites for the seasons April
until September of the years 1976 to 1982

Source of Degrees of Mean Variance
variation freedom squares ratio

Without covariable

Method 3 124 096
Site 2 342 253
Residual 7’ 1-30

With rainfall deficit as covariable

Method 3 7-56 3-80*
Site 2 20-53 10-33*
Covariable 1 213699 1074.96*
Residual 497 199

* Significant at an o = 001 level

methods are significant when rainfall deficit is used as a covariable. The statistical analysis reveals also that,
in this case, fluxes calculated with each method are signicantly different from fluxes calculated with each of
the other methods.

ANOVA of fluxes of the months October until March, without and with using rainfall deficit as a
covariable, shows in both cases no significant differences among methods for these winter months when
fluxes generally equal rainfall surplusses. This conclusion is of most practical significance because
downward fluxes occur in these winter periods and they may be associated with groundwater pollution if the
water carries pollutants that are not being adsorbed.

Differences in upward fluxes between sites are again a reflection of differences in ground water table (e.g.
site 1 and 3 shallow, site 2 deep).

SUMMARY AND CONCLUSIONS

Four different methods to generate soil hydraulic functions were evaluated in terms of their effect on
calculation of two practical aspects of soil behaviour: evapotranspiration deficit and flux through a plane at
30 cm depth. These two aspects cannot directly be measured and were therefore calculated with a validated
simulation model. Calculations were made for three sites for a seven-year period from 1976 to 1982,

Differences among the four methods to generate soil hydraulic functions in terms of calculated deficits and
fluxes were not significant. This result agrees with findings of the study by Wisten et al. (1989) in which the
same four methods were compared in terms of calculated water storages of the upper 50 cm of the same soil
profiles at the three sites. These calculations could be validated by measured water contents using neutron
probes.

Meteorological data strongly affect calculated evapotranspiration deficits and fluxes. An analysis of results
using rainfall deficit as a covariable, indicated that the four methods differ significantly. Largest differences in
evapotranspiration deficits are calculated when comparing results of method A and D, where method A
(measured on-site values) can be considered as a reference. These differences amount to a maximal financial
difference of $368 per hectare per year for the growing scason of the very dry year 1976. Also largest
differences in fluxes are calculated using method A and D, but these differences are difficult to express in
financial terms. The average monthly upward fiux calculated with method A for the month July of the dry
years 1976 and 1982 is 1-51 cm. Using method D an upward flux of 446 cm per month is calculted. However,
differences among fluxes for the wet period of the year (October to March) are not significant and this is
important because downward transport of pollutants occurs in this period.

The user has to decide which method to use when obtaining hydraulic functions. The short- and long-term
costs and benefits have to be balanced on the basis of the degree of accuracy required for the results. When
considering the important downward fluxes in the period October to March, methods yield comparable
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results. In this case, it would be advisable to make a major investment in a program that resuits in a national
standard series of hydraulic functions as described for method C. Once the standard series is available,
estimates can be made very rapidly for each new site.

This study demonstrates the magnitude of differences obtained when using methods A, B, C, and D to
calculate fluxes and deficits, while method A is taken as a reference. The user has to decide whether these
differences are large enough to justify making very expensive on-site measurements.
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USE OF SCALING TECHNIQUES TO QUANTIFY
VARIABILITY IN HYDRAULIC FUNCTIONS OF SOILS IN
THE NETHERLANDS

J.H.M. Wiisten

Quantification of variability in hydraulic functions of different soils allowed
calculation of the variability in output of models which use these functions as input.
Variability of an output variable defines the uncertainty of a particular calculation
and is therefore indispensable for applications which need a measure of accuracy.
Meaningful description of variability requires a minimum number of measured
hydraulic functions. Defined accuracies of calculated functional criteria which are
practical aspects of soil behavior, were used as references to classify soils, for which
insufficient hydraulic functions are known in larger soil groups. For the Netherlands
this classification resulted in three large soil groups; coarse-textured, medium-
textured and fine-textured, each comprising at least 30 measured functions. Scaling
was successfully used to reduce the variation in measured hydraulic functions into a
narrow band around the scaled mean hydraulic function for each soil group.
Distribution functions of scale factors were used to transform the scaled mean
hydraulic conductivity and moisture retention functions into 100 new hydraulic
functions for each soil group. Variability in measured and in newly generated
functions was compared on the basis of calculated functional criteria. Mean values of
functional criteria are close for the measured and newly generated sets of functions.
The percentage of variation in functional criteria explained by the newly generated
hydraulic functions varied from 15% to 26%. Although scaling is an attractive
technique to simplify description of the complex hydraulic heterogeneity of soils in
the Netherlands, it underestimates the variability.

1. INTRODUCTION

Soil water retention and hydraulic conductivity functions are crucial ingredients for the
estimation of rates of seoil water flow. During the past decade hydraulic functions have been
measured for a wide variety of soils in The Netherlands, The 197 measured functions were
classified into 20 different soil groups according to soil texture (as used by the former
Netherlands Soil Survey Institute), and type of horizon, being either topsoil (A horizon) or
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subsoil (B and C horizons). Tabulated forms of the geometrically averaged functions for the 20
soil groups were presented by Wosten et al. (1987). These average functions facilitate soil
physical interpretations of soil maps which are relevant for land evaluation and environmental
and hydrological studies that require soil physical information for the unsaturated zone of areas
of land (e.g. Wisten et al., 1985; Breeuwsma et al., 1986).

Individual functions within each of the 20 soil groups show considerable variability due to
differences in soil texture, organic matter content and bulk density. Similar variability in
hydraulic functions measured in the ficld is reported by other investigators (e.g. Nielsen et al.,
1973; Hopmans, 1987). Uniil now, existing variability in hydraulic functions of soil groups
distinguished in the Netherlands has not been quantified. Consequently model output, so far,
does not reflect the effects of this variability. Presentation of model output in the form of a mean
and variance becomes increasingly attractive because it reflects and quantifies the uncertainty of
a particular calculation. In order to provide this measure of accuracy of model output,
quantification of variability in hydraulic functions is a necessity ( e.g. Bresler and Dagan, 1979;
Van der Zee and Van Riemsdijk, 1987).

Quantification of variability in hydraulic functions of a soil group is only meaningful if a mini-
mum number of functions is measured for that particelar soil group. Warrick et al. (1977a)
showed that the accuracy of estimated mean soil water fluxes strongly increased with increasing
number of samples. If in turn a certain accuracy in calculated functional criteria is taken as a
reference, the number of samples can be determined. Seil groups containing insufficient sam-
ples are combined into larger, new groups.

Once sufficiently large soil groups are established, variability in hydraulic functions is quantified
with the scaling theory of similar media. The theory of scaling (Miller and Miller, 1955, 1956)
assumes that similar media differ only in the scale of their internal microscopic geometries, and
therefore have equal porosities. Scaling relates the hydraulic functions h(8) and K(8) for soils at
different locations to a representative mean through a single stochastic variable, the scale factor.
The complexity of variability in hydraulic functions is thus simplified to the description of
distribution functions of scale factors. Methods to determine scale factors are described by
Warrick et al. (1977b), Simmons et al. {1979) and Russo and Bresler (1980). Sharma and
Luxmoore (1979) and Clapp et al. (1983) used scaling techniques to investigate the practical
consequences of soil heterogeneity on water budget components in a watershed. Similar to
studies by Ahuja et al. (1984), and Hopmans and Stricker (1989), distribution functions of scale
factors are used, in this study, to generate a new set of hydraulic functions for each soil group,
Variability in measured and newly generated hydraulic functions is compared by comparing
¢alculated functional criteria which relate to practical applications.

The specific objectives of this study were hence (1) to form soil groups that contained sufficient
individual hydraulic functions to allow quantification of variability in these functions, {2) to
apply scaling as a technique for quantification of variability within each soil group, and (3) to
examine the effectiveness of scaling in describing variability in measured hydraulic data.
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2. MATERIALS AND METHODS

A total of 197 water retention and hydraulic conductivity functions were measured for differemt
soils in the Netherlands. The measured functions for the soils, which were classified in 20
different soil groups, form a unique data base covering a broad spectrum of soils.
Hydraulic conductivities were measured using a combination of the following five methods :
(I) The column method (e.g., Bouma, 1982) for the vertical saturated hydraulic
conductivity, K.
(2) The crust-test (Bouma et al., 1983) for unsaturated conductivities when the pressure
head, h, is between 0 and -50 cm.
(3) The sorptivity-method (Dirksen, 1979) for conductivities of coarse-textured soils when
h<-50cm.
(4) The hot-air method (Arya et al., 1975) for conductivities of medium- and fine-textured
s0ils when h < -50 cm.
(5) The evaporation method (Boels et al., 1978) for hydraulic conductivities when h is bet-
ween 0 and -800 cm.

Soil water retention functions were obtained by slow evaporation of wet, undisturbed samples in
the laboratory as reported by Boels et al. (1978) and Bouma et al. (1983). In this method,
pressure heads were periodically measured with transducer-tensiometers while at the same time
subsamples were taken 1o determine water contents, thus yielding points relating to h and 8.
Water contents corresponding with pressure heads lower than -800 cm of water were obtained by
conventional methods using air pressure (Richards, 1965). For relatively fine-textured soils, a
staining technique was applied to record the effects of horizontal cracks on the upward flux of
water from the water table to the rootzone (Bouma, 1984).

The measured water retention and hydrauolic conductivity functions were fitted in a previous
study (Wosten and Van Genuchien, 1988) with the following closed-form analytical expressions
of Van Genuchten (1980):

s=8:8 [ jay™ ™ M
8, - 6,
and
K(S) = K:S{1- (1 - stm)™]? @)

The parameter S is the degree of saturation. The subscripts r and s refer to residual and saturated
values of the volumetric water content 8. K is the saturated hydraulic conductivity and ¢, n, m
and 1 are parameters which determine the shape of the functions. A modified form of a nonlinear
least squares optimization program developed by van Genuchten (1978) was used to estimate the
unknown parameters (0, 85, a, n, 1 and K) simultaneously from measured water retention and
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hydraulic conductivity data. Following Wisten and Van Genuchten {1988), the parameter 6, was
fixed at zero and the parameters O and K were fixed at their independently measured values.
Consequently, only three unknown parameters (o, n and 1) were needed to fully describe the
individual functions. In this study the fitted hydraulic functions were used.

3. DATA ANALYSIS

The minimum number of functions required for a meaningful description of variability in each
soil group was estimated using the data of the largest of the presently distinguished 20 soil
groups. The selected soil group comprised 49 measured functions and had the following ranges
in soil properties: silt 1-9% ; organic matter 0.1-2% ; bulk density 1.4-1.8 g cm-3. The 49
functions were used to calculate three functional criteria which are practical aspects of soil
behavior that have immediate relevance to management-type applications (Wosten et al., 1986):
(1) Travel time (T) of water from the soil surface down to a water table assumed to be at a
depth (D) of 1 m. The travel time is approximated by T = 6D/qy, where qq is the
average daily vertical downward flux for Dutch winter conditions (0.14 cm d-1), and §
is the profile-averaged water content corresponding to a flux q4.8 is derived from the K-
6 function.
(2) Depth of water table (L} which can sustain a given upward flux of water to the soil sur-
face or to the bottom of the root zone, As shown by Gardner (1958), this depth may be
obtained by integrating Darcy's law to give:

h
J T+ qW/K(®) &

0
where h is the imposed soil water pressure head (arbitrarily taken as -500 cm) at the
bottom of the root zone, and q; is the steady-state upward water flux density, assumed
o be .2 cmd-1.

(3) Downward flux of water (F) corresponding to the minimum soil air content, 8, (taken to
be 5%) which is required to maintain adequate aeration in the root zone for maximum
root activity and crop growth (FAQ, 1985). Downward flux of water follows
immediately from the retention and conductivity function at a water content which is
0.05 cm3 cm-3 less than the saturated value.

In this study emphasis was placed on the accuracy of predicting new values of the functional cri-
teria rather than on the accuracy of predicting mean values. Accuracy of predicting new values,
as expressed by the Standard Error of Prediction (SEP), depends on the standard deviation (sd)
of the functional criterion and the sample size (n), according to:

SEP=sd¥1+ I/

SEP (Montgomery and Peck, 1982) values are nsed to establish the relation between the width of
the 90% prediction interval and sample size. This width indicates that new values of the functio-
nal criteria are with 90% certainty within the limits indicated by the width. In turn, the relation
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between width and sample size can be used to determine the minimum number of samples re-
quired to obtain a defined accuracy.
Combination of soil groups containing insufficient hydraulic functions is based on an evaluation
of the discriminative power of the two soil properties; "soil texture and type of horizon”
presently used to classify the 20 soil groups. Only the most discriminative soil property {e.g. soil
texture or type of horizon) was used to re-classify the insufficiently large soil groups into larger,
new groups.
Variability in hydraulic functions of the sufficiently large soil groups was quantified with scal-
ing. According to scaling theory the dimensionless scale factor, ar, is defined as the ratio of the
microscopic characteristic length 1; of a seil at location r and the characteristic length 1y, of a
reference soil:

ar=1s/ 1y (5)

If a reference soil water pressure head b, and conductivity Ky, together with the scale factors
are known, the water pressure head (hy) and hydraulic conductivity (K;) at given water contents
at any location r is calculated according to:

hy=hm/ar Gy
and

K, = Kmae? M
Because soils do not have identical porosities, h and K are written as functions of the effective
saturation S (Eq. 1) rather than functions of the volumetric water content 8. The saturated
hydraulic conductivity Ky is not included in the scaling procedure because it is often controlled
by flow in macropores, whereas the unsaturated hydraulic conductivity is controlled by the entire
continuumn of pore sizes (Jury et al., 1987a). Specific scaling methods differ according to how
the reference hp,(S) and K(8) functions are determined. Hopmans (1987) concluded from a
comparison of five different scaling methods that the method described by Warrick et al.
(1977b) was the most promising, Therefore, only the latter scaling method was used in this
study.
After establishing the distribution function of the calculated scale factors for each soil group, this
distribution function was used, in turn, to generate randomly a set of 100 new scale factors.
Next, the new scale factors were used to transform the or reference soil water retention and
hydraulic conductivity functions into 100 new hydraulic functions according to Egns. (6) and
(7). Variability in these newly generated hydraulic functions was analysed on the basis of the
variability of the calculated functional criteria described earlier. Comparison of the means and
variances of functional criteria calculated from the newly generated and the measured hydraulic
functions allowed an evaluation of the effectiveness of scaling in describing variability in soil
hydraulic data.
When functional criteria and scale factors were normally distributed, the mean (m,) and variance
(sd;2) of these criteria and factors were estimated using untransformed data according to:
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m1=;11-z X (8)

i=1

and

1
sdf = ——1 (x;-mp )2 &)

rpA-

In these equations x; is the ith observation and n is the sample size. However, if these same
criteria were lognormally distributed, then their mean (mj) and variance (sd22) was estimated
using transformed data according to:

my = exp(iL + 6/2) (10)
and
sd3 = expu+o?)[exp(c?)-1] (11)
where
n=1% tnixy (12)
nia
and
o =L (nx) - a3)
i=1

The coéfficient of variation (CV) was calculated by dividing the standard deviation (sd) by the
mean {m}.

4. RESULTS AND DISCUSSION

Relations between half widths of 90% prediction intervals for three functional criteria and
sample sizes are shown in Figure 1 for the soil group comprising 49 measured functions. The
figure indicates that the accuracy of prediciing the functional criteria, as expressed by the half
width of the 90% prediction interval, increases with increasing sample size. In this study a
difference of 5% between the half width of the 90% prediction interval and the true half width
(where SEP — sd when n — oo) is used as a reference. Figure 1 indicates that, in order 1o meet
this requirement, soil groups should cornprise about 30 functions.

Linear regression of calculated functional criteria versus soil texture and type of horizon, for all
197 individual functions, showed that the discriminative power of the soil property; "soil textu-
re” is large compared to the discriminative power of the soil property; "type of horizon”. This
resuit of the regression analysis combined with a required sample size of at least 30 functions led
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Figure 1. Half width of the 90% prediction interval as a function of the

sample size for the functional criteria: a) travel time, b) depth of water table and
¢) downward flux of water. For the calculation of these data the used soil group
comprised 49 measured functions which had the following ranges in soil properties:
silt 1-9%; organic matter 0.1-2%; bulk density 1 4-1.8 g em=3
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to consolidation of the original, distinguished 20 soil groups into 3 new, sufficiently large
groups; coarse-textured, medium-textured and fine-textured soils. The number of functions and
ranges in soil texture, organic matter content, bulk density and median of the sand fraction
(M50) for each of the three new soil groups are presented in Table 1.

Table 1. Number of individual functions, ranges in soil texture, crganic matter content, bulk
density and M350 for three, newly generated soil groups.

soil group number silt, clay, organic bulk M50D
of 2-50 pm >2um matter  density
functions (%) (%) (%) (g/cm3) (Um)
coarse-textured 105 4-49 0.1-13 1.1.-1.8 130-180
medium-textured 43 9-22 0.2-6 1.2-1.7
fine-textured 49 26-77 0.1-15 09-1.7

1) median sand fraction

Figures 2, 3 and 4 show the unscaled and scaled water retention data and hydraulic conductivity
data for the coarse-textured, medium-textured and fine-textured soils, respectively. Scaled data
resemble the characteristic shapes of hydraulic functions normally measured for sandy, loamy
and clay type soils. Percentage reductions in the Sum of Squares (88) of deviations between
scaled mean hydraulic function and individual hydraulic data for each soil group, before and
after scaling, are presented in Table 2. A high reduction in S8 indicates that scaling was success-
ful. Table 2 and Figures 2, 3 and 4 illustrate that scaling was indeed effective in reducing the
scatter of the original data points into a narrow band around the mean scaled functions. Effec-
tiveness was greater for water retention as compared to conductivity data. Because K; was not
included in the scaling procedure, its variation did not decrease after scaling.

The fact that scaling is more effective in reducing variability of the moisture retention function
as compared to the hydraulic conductivity function agrees with findings of Warrick et al.
(1977b) and Hopmans (1987). This result is attributed to the fact that changes in the degree of
saturation (S) have usually a greater effect on K than on h, as well as (o the fact that measure-
ment of h is less complicated and therefore more reliable than measurement of K.

The assumption that the three soil groups could be considered as similar media was tested by
comparing the scale factors calcutated from h data, i.e. ap(h}, with those calculated from K data,
i.e. ar(K), for all three soil groups together. Because individual soil groups are quite variable in
soil texture (Table 1), and because no distinction is made between type of horizon it can not be
expected that the two sets of scale factors follow exacily the 1:1 line. However, the two sets of
scale factors were correlated significantly with RZ equals 0.74 (R is the correlation coefficient).
The slope of the regression line, emanating from the origin was calculated to be 1.02. These
results agree with those reported by Warrick et al. (1977b), Simmons et al. (1979), Russo and
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Table 2. Percent reduction in sum of squares (S5) of deviations between scaled mean hydrautic
functions and individual hydraulic data points before and after scaling, for three soil groups.

soil group reduction in 8S (%)
h-values k-values
coarse-textured 80 53
medium-textured 93 35
fine-texutred 90 27

Bresler (1980) and Hopmans (1987). Lack of correlation between the two sets of scale factors
reported by Rao et al. (1983) is probably due to the fact that they used soils that were classified
by the same taxonomic name, but consisted of distinctly different horizons, consisting of sand
and clay in the same profile. Based on the results of this study, diswribution functions of scale
factors calculated from h data can be used to describe variability of water retention as well as
variability of hydraulic conductivity.

Scale factors were lognormally distributed which agrees with findings of Nielsen et al. (1973),
Warrick et al. (1977b), Russo and Bresler (1980) and Hopmans (1987). Table 3 presents the
mean, variance and coefficient of variation of scale factors calculated from h data for each soil
group. The coefficients of variation are within the range reported by Warrick et al. (1977b),
Russo and Bresler (1980) and Hopmans (1987). Jury et al. (1987a) and Hopmans (1987)
reported spatial correlations for both hydraulic conductivity and water retention over distances in
the order of about 10 m. This implies that in the analysis of scale factors of nearby

Table 3. Mean (m3), variance (sd32) and coefficient of variation of scale factors calculated from
moisture retention data.

soil group mean variance coefficient of
variation
coarse-tectured 1.00 0.56 0.75
medium-textured 1.02 0.37 0.60
fine-textured 1.04 1.07 0.99

measurements spatial correlations of these scale factors should be taken into account (Jury et al.,
1987h). However, because the hydraulic functions used in this study were measured ai locations
all over the Netherlands, it was assumed that scale factors were uncorrelated and statistically
independent.

Distribution functions of scale factors (Table 3) were used to generate 100 new hydraulic
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functions for each soil group, The three functional criteria which were described earlier, were
calculated for these new functions. This procedure is comparable 1o studies ( e.g. Clapp et al.
1983) which use Monte Carlo simulations to calculate the distribution of soil moisture using
scale factors as random variablies. However, rather than assuming a certain distribution of scale
factors the actually calculated distribution (Table 3) is used in this study. Functional criteria
calculated on the basis of newly generated hydraulic functions, and on the basis of measured
hydraulic functions are summarized in Table 4. Comparison among the three soil groups shows
that all functional criteria are different, indicating differences in soil hydraulic functions of the
three soil groups. Mean values of functional criteria using unscaled and scaled hydraulic
functions are fairly close. However, the functional criteria show smaller variations, as expressed
by standard deviations, for scaled hydraulic functions as compared to unscaled hydraulic
functions. This is especially true for Depth of water table (L) and Downward flux of water (F).
Ranges in the percentage variation in functional criteria of unscaled hydraulic functions which
would be explained by variation in functional criteria of scaled hydraulic functions are from 96%
for Travel time (T) in the fine-textured soil group to 15% for Downward flux of water (F) in the
coarse-textured soil group. The ranges in percentage explained variation for different functional
criteria within the same soil group was due to the fact that effectiveness of scaling in reducing
scatter of the original data differed for different h- and K values along the h(S)- and K(8)
functionline (Figures 2, 3 and 4). Since different functional criteria use different h(S)- and K(8)
values, the percentage of explained variation differs.

Although scaling is clearly an attractive procedure to describe variability in hydraulic functions
in the form of a single random variable, it underestimates at the same time the variation in
functional criteria. Explained variation in functional criteria is maximal 100% only when scaling
is 100% effective and scaled hydraulic functions would coincide completely with scaled mean
hydraulic functions.

Table 4. Mean (m), standard deviation (sd) and percentage variation (pv) of the functional
criteria explained by the scaled hydraulic functions.

soil group number travel time depth of water table downward flux
of (d) (cra) of water
functions {cm.d-1)
m sd pv m sd pv m sd pv
coarse-textured
unscaled 105 1187 623 1464 523 386 1636
scaled 100 123.5 403 65 1475 283 54 31.1 248 15
medium-textured
unscaled 43 2374 36.7 905 360 1.4 35
scaled 100 2343 336 92 889 65 18 0.9 1.5 43
fine-textured
unscaled 49 1395 669 447 253 10 10.7
scaled 100 3358 639 96 505 94 37 0.7 2.7 25
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5. CONCLUSIONS

Scaling was successfully used to reduce variation in measured hydraulic functions into a narrow
band around the scaled mean hydraulic functions of a large data base containing water retention
and hydraulic conductivity data of soils in the Netherlands. In order to be successful, soils have
to be grouped in sufficient large groups. Scaling proved to be an attractive technique to simplify
the description of variability in soil hydraulic functions'in the form of scaled mean hydraulic
functions and distribution functions of scale factors. However, at the same time scaling under-
estimates existing variability. Results obtained for the three soil groups can be used to estimate
the minimal variability in model output. Expansion of the data base with new experimental
hydraulic functions will facilitate the distinction of different subgroups within the three soil
groups distinguished in this study.
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ABSTRACT

Wosten, JHM. and Bouma, J., 1985. Using simulation io define moisture availability
and trafficability for a heavy clay soil in The Netherlands. Geoderma, 35: 187—106.

Computer simulation was used in assessing moisture availability and trafficabillity
of a heavy clay soil in grass. Calculations were made of the soil-moisture regime over
a period of 30 years using measured meteorological and water-table data. Soil-physical
input data consisted of moistureretention and hydraulic-conductivity data, which were
determined on large, undisturbed soil columns. The effect of vertical and horizontal
soil cracks was assesgsed by independent guantitative measurements. Results of the cal-
culations were expressed in terms of the probability of occurrence of: (1) precipitation
deficits, (2) moisture deficits considering the calculated soil-moisture regime, and (3}
adequate traffieability. Results referred to successive 10-day periods during the year.
The magnitude of the moisture deficit was also expressed in terms of its yearly prob-
ability. Simulation models are essential tools for a flexible characterization of land
qualities in terms of probability estimates which are useful for planning purposes.

INTRODUCTION

Moisture availability and trafficability are two important land qualities
for modern grassland management. Soil survey organizations of different
countries use different approaches in estimating these and other land quali-
ties from soil survey information (e.g. McKeague et al.,, 1984). Though
useful, these interpretations do not include probability estimates for
the occurrence of moisture deficits or inadequate trafficability. Such prob-
ability estimates would provide a basis for rational decisions on agricultural
management practices, This study focused on using computer simulation
for obtaining probability estimates for moisture availability and traffica-
bility in a heavy clay soil for which water-table data were available for
30 years.
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MATERIALS AND METHODS

Soil

The soil type being characterized was a very fine clayey, mixed, mesic
Typic Fluvaquent (Soil Survey Staff, 1975) with the following major char-
acteristics (De Bakker, 1979): Alg, 0—8 cm: dark greyish brown mottled
clay; moderate, medium, compound prisms parting to strong fine, sub-
angular blocky peds; Blg, 8—25 c¢m: dark-grey mottled clay; structure
intermediate between adjacent horizons; B21g, 25—50 cm: dark-grey mot-
tled clay; strong, coarse, compound prisms parting to strong, medium,
angular blocky peds; Allb, 50—64 cm: dark-grey clay (old surface layer);
B22bg, 64—94 cm: dark-grey clay; strong very coarse smooth prisms; A12b,
94—106 cm: buried surface horizon; B23bg, 106120 cm: grey mottled
clay with a compound prismatic structure parting to strong, fine angular
blocky peds.

Methods

The simulation model being used was proposed by De Laat (1980). It
calculates a water balance for successive 10-day periods, using effective
rainfall and potential evapotranspiration data to define the upper-boundary
condition and water-tables for the lower-boundary condition.

Calculations were made for the period 1954 to 1983, using water-tables
measured every fortnight at an experimental farm (Fig, 1). Precipitation
and evaporation from a free water surface (Eg) were derived from the
De Bilt meteorological station. Potential evapotranspiration (Epot) for
the soil under grass cover is estimated as: E,,, = 0.8 Eg for the growing
season and E, ; = 0.3 Eg for the winter period with transitional values
for spring ancr fall. The soil is schematized into a rootzone and a subsoil,
which are separated by the effective rooting depth. The latter, which has
a value of 20 cm, in this soil, is defined as the depth above which 80%
of the roots occur. Moisture supply from the rootzone decreases linearly
with increasing log-h values beyond a critical value of log-h = 2.7. Moisture-
retention data (h—f) are needed for the rootzone and the subsoil, and the
hydraulic conductivity (K—h) is needed for the subscil only. The symbol
h g]esc:;ibes the pressure head (m) and # = volumetric moisture content
(m*m™?).

Physical procedures included the column method, the crust test and
the hot-air method for measuring the K—h relation (see Bouma, 1983).
A staining technique was applied to record the effects of horizontal cracks
on the upward flux of water from the water-table to the rootzone (K, or0)-
K, iero Characterizes K for the peds (Bouma and De Laat, 1981).

Values for bypass-flow (earlier called: “short circuiting”} were derived
from meteorological data on the frequency of heavy and very heavy rains
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and from direct measurement. Bypass-flow refers to the vertical movement
of free water along macropores through an unsaturated soil matrix (Bouma,
1984). Bypass-flow was assumed to be 10% of rainfall in April and Sep-
tember and 20% in the months of May to August. No bypass-flow was
assumed to occur in the other months (Bouma and De Laat, 1981; Bouma
et al., 1981). Effective rainfall for the summer period was defined as actual
rainfall minus bypass-flow.

years
‘64 ‘56 ‘68 ‘60 '82 64 ‘66 ‘68 70 ‘72 ‘74 76 ‘78 ‘80

D L 1 n ] n Il L 1 L 1 s L 1, L L 1 n 1 1 1 L 0
204 20
1 HIGHEST LEVEL

404 -0
60 t 60
- LOWEST LEVEL [ a0
100 r 100
12(j -120
¢m below surface crm

Fig. 1. Highest and lowest water-tables in a heavy clay soil during a 27 -year period.

Moisture-retention data were measured using a series of tensiometer
readings in a large, drying soil sample in the laboratory and corresponding
gravimetric moisture samples (e.g. Bouma et al., 1983). Measurements
of penetrometer resistance as a function of the pressure head in the surface
soil (0—10 cm)} were made during several seasons. Observation of corre-
sponding compaction patterns resulted in the distinction of a critical
pressure head of -90 c¢m (Bouma, 1981), which was reduced to kA = -100
cm in this study to include a small safety margin. Thomasson (1982)
reported lower critical pressure heads for comparable soils, when consid-
ering soil tillage practices.

RESULTS
Physical measurements and precipitation deficits

Results of the K—h measurement are presented in Fig. 2 and show a
strong effect of horizontal cracks on K, ., for the upward flux, as ex-
pressed by Kmaero. The moisture-retention curves for the root-zone and
the subsoil were not different (Fig. 8). The occurrence of a precipitation
deficit, which is equal to the excess of evapotranspiration over precipi-
tation, is presented as a probability graph in Fig. 4. This graph indicates
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the probability of occurrence of a precipitation deficit for any 10-day
period over 30 years considering only rainfall and evapotranspiration
data. For example, the probability of having a precipitation deficit in
the period May 1 to May 10 inclusive is 77% with 90% and 75% as upper
and lower 95% confidence limits. The graph does not allow an estimate
of the magnitude of the deficit.

K {em d-1)
162

191

104+

19-5

4
log ~#
Fig. 2. K-curve for the subsoil (20 em below surface to water-table). X, , ., applies
to the peds and X _ . defines the upward flux from the water-table to the rootzone,
which is reduced by horizontal eracks.

A0 20 30 40 50
5 tm3m-3)

Fig. 3. Moisture-retention curve for the rootzone (0—20 em) and the subsoil.
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Fig. 4. Probability of occurrence of precipitation deficits, which sre the differences
between evapotranspiration and precipitation, for every 10-day period.

Validation of the model

Field measurements and simulation calculations of h and # are, as an
example, presented in Table I for five selected dates during the growing
season of 1979. Only simulation results which incorporated both K, .0vo
and bypass-flow corresponded well with field measurements. Both aspects,
reflecting the effects of horizontal and vertical cracks, should therefore
be considered when simulating water movement in a clay soil (e.g. Bouma
and De Laat, 1981).

TABLE I
Validation of the simulation model comparing measured field data at a depth of 20 cm

below surface with calculated data for the same depth. Calculations reflect the effects
of soil cracking as explained in the text

Date Simulation Field measurement
(1979)

h [} h 8

(cm) {em’em™%) {(cm) (ecm?® cm™3)
June 25 -120  0.50 -100 0.50
July 19 -2400 0.43 -8000 041
August 1 =16 000 0.38 -10000 0.40
August 13 -2000 0.43 -2000 0.43
August 30 -2600 0.43 -2 000 0.43
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Results of the runs with the simulation model are shown in four ways:
(1) as a diagram showing the yearly moisture deficits (Fig. 5); (2) as prob-
abilities of occurrence of yearly moisture deficits, using classes of 30 mm
(Table II); (3) as a graph showing the occurrence of a moisture deficit
for every 10-day period, without noting its magnitude (Fig. 6) and (4)

Moisture availability

moisture deficit

320

280

240

r 200

60

120
80
40

{mm)

years

Fig. 5. Yearly moisture deficits for the heavy clay soil being studied (the average value

is 90 mm).

‘70 ‘72 ‘74 76 ‘78 ‘80 ‘82

‘54 ‘66 ‘58 '60 62 ‘64 '66 63

{mm}
320
280
240
200
160
120

‘82 years

—
‘80

72
Fig. 6. Periods with moisture deficits during 30 years. Day zerc corresponds with

January 1.
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as a graph indicating the probability of the occurrence of a moisture deficit
for every 10-day period (Fig. 7}.

The diagrams for each of the 30 years (Fig. 5) show very large differences
between years, ranging from a moisture deficit of 320 mm in 1959 to
0 mm in 1965. Average values of moisture deficits (here 90 mm) are there-
fore of little practical significance. The expression in terms of a probability
of a certain moisture deficit is more relevant. The data in Table II indicate
that moisture deficits (in classes of 30 mm) up to 150 mm have an average
probability of occurrence of approximately 17% for each class. Deficits
higher than 150 mm have a much lower probability. It is not only the
magnitude of the yearly deficit that is important but also the time of oc-

% %
100 - ( 100
1 N -——— 95% confidence timits |

HO 4
w-
40
20
o T T T T T T T T T T T T T T T T T 1 Lo
4 Ll 80 120 160 200 240 280 320 360
| | | | | days
Jan. t March 1 May 1 July t Sept. 1 Nowv. 1

Fig. 7. Prohability of occurrence of moisture deficits for every 10-day period.

TABLE 1I

Probability of occurrence of a yearly moisture deficit

Yearly moisture deficit Probability of occurrence with 95% confidence
{mm) limits (%)

0— 30 23.3 (10—43)
30— 60 16.7 ( 5—-35)
60— 90 13.3 ( 4—31)
90—120 20.0 ( 8—39)

120—150 13.3 ( 4~31)

150—180 3.3 ( 0—17)

180—210 3.3 ( 0~17)

210—240 0 (0-12)

240—270 0 (0-12)

270—300 3.3 { 0—17)

300—330 3.3 { 0—17)
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currence. Figs. 6 and 7 indicate that the months of June and July (days
150 to 210) have the highest probabilities for the occurrence of a moisture
deficit (approximately 70%). The average graphs from Figs. 4 and 7 are
combined in Fig. 8. The difference indicates the soil confribution to water
being supplied to the grass crop. For example, the probability of having
a moisture deficit in the period of May 1 to May 10 is 33%. This percentage
is lower than the 77% probability of a precipitation deficit. The difference
is therefore due to moisture supplied by water in the rootzone (0—20 cm)
and by water flowing from the water-table to the rootzone.

100 r 100
80 @ I 80
4 1 -
60 I 80

2
a0+ - 40
20 20
0 T T T T T T T T T T T T T T T T T 1 -0
0 40 80 1720 160 200 240 280 320 360
| | | | | | days
Jan. 1 March 1 May 1 July 1 Sept. 1 Nov. 1

Fig. 8. Probability of occurrence of precipitation (1) and moisture (2) deficits, com-
bining average graphs from Figs. 4 and 7.
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Fig. 9. Periods of adequate and inadequate trafficability during 30 years.
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Trafficability

The pressure head in the 20 c¢m thick rootzone is produced as ocutput
by the model, If the critical value of h = -100 cm is chosen, the pressure
head for each 10-day period can be classified easily in terms of adequate
or inadequate trafficability, Results for every 10-day period of the 30
years are shown in Fig. 9. These results demonstrate the large variability
of data among the various years, which makes definition of “average’ values
less relevant. A probability graph, as shown in Fig. 10, was therefore devel-
oped indicating the probability for trafficability to be adequate for any
10-day period during the year. For example, this probability is approxi-
mately 80% for the period of May 1—10.

% %
100 . r 100
P -——— 95% confidence limits
4 .,
80 L a0
60+ L &0
40 - 40
20 - 20
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0- T T T T T T F T T T T T T T -0
o 40 80 120 180 2bo 240 280 320 280
| | [ I I i days
Jan. 1 March 1 May 1 Juiy 1 Sept. 1 Nov, 1

Fig. 10. Probability of adequate trafficability for every 10-day period.

DISCUSSION

Definition of land qualities in terms of probability of occurrence provides
more relevant criteria for land and water management than definitions
in terms of a fixed value for each soil which is based on somewhat arbitrarily
defined conditions (e.g. McKeague et al.,, 1984). The user is, in general,
confronted with a wide choice of possible management scenarios. Having
the possibility of predicting the probable consequences associated with
each of them is attractive in principle.

The simulation model being used is relatively simple and its application
involves little expense. Simple models need relatively simple input data,
but even these are not always available. Also, the model shouid not be
more specific than the available data or than allowed by the spatial vari-
ability of the soils being considered. For example, water-tables in this
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study were measured only once every fortnight. Thus, there is no point
in running a simulation model that requires daily input data. Use of rela-
tively simple simulation models, such as the one used in this study, is there-
fore recommended for land evaluation studies because basic data either
are often lacking or they have been obtained infrequently. In addition,
one should realize that simulation models for soil-moisture regimes are
based on soil-physical theory for stable, non-swelling soils. Use in clay
soils imposes drastic changes due to the effects of soil cracking, as discus-
sed in this paper and elsewhere. Rather than defining more detailed “sand”
models, emphasis should be on the development of models which can
properly characterize heterogeneous and anisotropic soils in the field (e.g.
Bouma, 1984).
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10. CONCLUDING REMARKS

Simulation of water movement in soils has many environmental and agricultural
applications. For example, movement of potentially harmful substances can be
predicted and water management can be optimized. These simulations require a
variety of input data. In this context, it is important to critically review each
specific source of input data separately as well as in relation to the other sources.
In doing this, a number of questions arise. For example, what is the most
appropriate scale of the soil map needed to address a specific problem? Should it
be a detailed soil map at a scale of 1 : 10 000 or is a more general soil map at
a scale of 1 : 50 000 better? What sort of simulation model should be used: a
model that simulates unsaturated flow of water by solving Richard’s equation or
a simple budget model? Are estimates of water tables in classes appropriate or are
daily measured values needed? At what detail must the hydraulic functions be
known? Can previously collected functions be used or do they have to be measured
again on-site? To be able to answer these questions we must first identify the
detail required in the answers to the problems posed.

For example, if a general answer is sufficient it can be concluded that the soil
map at a scale of 1 : 50 000 is a good starting point to derive hydraulic functions
for areas of land. Water tables measured in classes and previously collected
hydraulic functions can be assumed to be adequate. Having made these choices
there is no point in running a complex simulation model that would, for instance,
require daily values for the water tables. In such cases, identification of the detail
required in the answer provides the information that enables a decision to be made
about the most appropriate approach. Only in this way can an optimal allocation
of available limited resources be assured.

Fortunately, soil maps have proved to be a good starting point to derive
hydraulic functions for areas of land. As a consequence, arcas of land are not black
boxes that should be analysed purely stochastically in order to derive their
hydraulic functions. Therefore, use of the soil map is a form of sample
stratification that limits the number of samples that have to be measured.

Many years of soil survey work have resulted in numerous soil maps and in an
extensive body of basic soil data. Now that Geographical Information Systems
(GIS) are rcadily available this information has become even more valuable because
it can be stored, handled and manipulated. As a consequence, it is becoming
increasingly attractive to focus on the hydraulic interpretation of the individual
borings rather than on the interpretation of the "representative profile” identified for
cach mapping unit. Using the information from each boring means that the
simulation of a specific aspect of soil behaviour is no longer restricted to the mean
behaviour of the mapping unit; instead, information on the variability of the
behaviour within the mapping unit can also be provided.

In generating soil hydraulic functions for areas of land it is important to realize
that there is no single best method. Rather than attempting to give "the" method
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it is more attractive to be able to offer a variety of possible methods, cach with
particular advantages. An indication of the accuracy and costs of each method
provides the potential user with information to make the choice most appropriate
for his particular problem.
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11. SAMENVATTING

Gebruik van gekarteerde bodemkenmerken om de berekening van watertransport in
gronden te verbeteren.

De laatste jaren groeit het besef dat de kwaliteit van bodem en water verslechtert
door tal van landbouwkundige en industriéle activitciten. In cen poging deze
sitnatic allereerst t¢ beschrijven en vervolgens ook te veranderem, hebben
wetenschappers computermodellen ontwikkeld. Doordat de kennis van de
verschillende fysische, chemische en biologische processen in de onverzadigde zone
van de bodem toeneemt, worden deze modellen steeds complexer. Er is nu een
punt bereikt dat vooruitgang vooral afhankelijk is van de mogelijkheid om goede
invoergegevens voor deze modellen te verzamelen en minder van de modellen zeif,
Voor de berekening van het watertransport in de onverzadigde zone moeten
nauwkeurige waterretentie- en doorlatendheidskarakteristicken beschikbaar zijn.
Tegelijkertijd moeten we erkennen dat het vaak niet mogelijk en misschien ook wel
niet noodzakelijk is om ons volledig te concentreren op het verzamelen van steeds
nauwkeuriger invoergegevens. Het probleem dat realistische voorspellingen moeten
worden gedaan maar dat hiermee niet kan worden gewacht totdat alle onbekende
grootheden nauwkeurig zijn gemeten, vormt ecn interessant onderwerp van studie.
In Hoofdstuk 2 van dit procfschrift wordt aangetoond dat het belangrijk is om
zich bewust te zijn van het generalisatic-niveau waarop de modeluitkomsten moeten
worden tocgepast. Voor globale tocpassingen kunnen we met cen minder
gedetailleerde en daardoor ook minder kostbare aanpak volstaan dan voor cen
specificke vraagsielling. De bodemkaart dic door de schaal van de kaart
overeenstemt met een bepaald generalisatic-miveau is  hierbij gebruikt als
uitgangspunt voor het verkrijgen van bodemfysische karakteristicken van gebieden.
In Hoofdstuk 3 is de gevolgde procedure beschreven. Van de bodemhorizonten
die tiJdens de kartering zijn onderscheiden, zijn waterretentie- en doorla-
tendheidskarakteristicken gemeten. Het bleek dat niet alle bodemhorizonten zich ook
in bodemfysisch opzicht verschillend gedroegen. Hierdoor kon een beperkt aantal
"bodemfysische bouwstenen” ofwel horizonten met duidelijk verschillende
bodemfysische karakteristicken, worden onderscheiden. D¢ koppeling van
bodemhorizont met "bodemfysische bouwsteen” vormt de sleutel waarmee
vervolgens de bodemkaart is omgezet in een kaart met bodemfysische eecnheden.
Het meten van bodemfysische karakteristicken is tijdrovend en kostbaar. Door
in verschillende projecten bodemfysische metingen te verrichten, is evenwel in de
loop der jaren een waardevol bestand aan gemeten karakteristiecken opgebouwd.
Uitgaande van dit bestand was hct aantrekkelijk om te onderzocken of relatics
konden worden opgesteld tussen deze gemeten karakteristicken en bodemkenmerken
waarop wordt gekarteerd. In Hoofdstuk 4 is beschreven hoe "bodemkundige vertaal-
functies” zijn opgesteld waarmee op eenvoudige en goedkope wijze, bodemfysische
karakteristicken kunnen worden afgeleid uit bijvoorbeeld de percentages leem,
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lutum en organische stof, de dichtheid van de grond en de mediaan van de
zandfractie.

De bodemfysische karakteristieken zijn geen docl op zich maar dienen als
invoergegevens in modelberekeningen. Evaluatiec van de verschillen tussen
bodemfysische karakteristicken kan daarom nodig zijn. Het is daarbij beter de
praktische bodemkenmerken die met deze karakteristicken zijn berckend te
vergelijken, dan een statistische vergelijking te maken van de karakteristicken zelf.

In Hoofdstuk 5 zijn berekende kritieke grondwaterstand, verblijftijd en kriticke
flux gebruikt om de bodemfysische karakteristicken van verschillende bodem-
horizonten te vergelifken. In de Hoofdstukken 6 en 7 zijn de berckende
vochtinhouden van de bovenste 50 cm van drie bodemprofielen, verdampings-
tekorten en fluxen door een vlak op 30 cm beneden maaiveld van dezelfde drie bo-
demprofielen gehanicerd als praktische bodemkenmerken. Door deze laatsie
kenmerken met elkaar t¢ vergelijken, was cen vergelijking mogelijk van vier
verschillende methoden om bodemfysische karakteristicken tc generen. Deze
methoden waren: (A) directe meting ter plekke, (B) meting van bodemhorizonten
in het gebied, (C) gebruik van het Nederlandse bestand aan gemeten
karakteristicken en (D) gebruik van vertaalfuncties.

Modeluitkomsten zijn gevoelig voor variabiliteit in bodemfysische ka-
rakteristicken en ock voor variabiliteit in metcorologische gegevens en
grondwaterstanden. In Hoofdstuk 8 is beschreven hoe de ruimtelijke variabiliteit in
bodemfysische karakteristieken kan worden gekwantificeerd door gebruik te maken
van de schaleringstechniek. Met deze techniek wordt de ruimtelijke variabiliteit op
een handzame wijze beschreven door een gemiddelde en door een spreiding van
schaalfactoren. Deze waarden zijn vervolgens gebruikt om nieuwe bodemfysische
karakieristicken te generen. Hierbij bleek echter dat de spreiding in
modeluitkomsten geringer was indien nieuw gegenereerde karakteristicken werden
gebruikt in plaats van de oorspronkelijke, niet-geschalecrde karakteristicken. Het
effect van temporele variabiliteit in meteorologische gegevens en grondwaterstanden
op modeluitkomsten kon worden nagegaan door een periode van 30 jaar door te
rekencn. De variabiliteit in berekende vochtiekorten en bewerkbaarheden is
weergegeven in grafieken die laten zien wat de kans is dat in een bepaalde periode
een vochitekort voorkomt en wat de kans is dat in een bepaalde periode de grond
bewerkt kan worden.
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