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STELLINGEN '

1. Formulae for estimating hydraulic conductivity of a soil from its
textural properties are mainly based on a concept formulated by engineers
for oil bearing rock lavers that have a high level of entropy. However,
it has to be expected that such a concept does not apply to the soil in
the unsaturated zone that is far from a condition of maximum disorder and
where receipt and expenditure of pover and material result into "strue-
ture through fluctuations" (Prigogine and Stengers, 1985. Order out of
chaos, chapter 6).

Dit proefschrift.

2. Milieuvoorschriften die gekoppeld zijn aan een bepaalde grondwater-
stand (langjarig gemiddelde, gemiddeld hoogste, gemiddeld laagste e.d.)}
zijn niet eenduidig wanneer deze worden toegepast op gebieden met een
door de mens ingestelde en beheerste grondwaterstand (bijv. een polder};
al naar de inzichten veranderen, kan het streefpeil immers worden
verlaagd of verhoogd.

Richtlijn gecontroleerd storten. Uitvoeringsvoorschrift ¢ IV-5 afvalstof-
Fenwet. VROM, 1985. Uitg. Kon. Vermande BY, Lelystad.

3. Bij het nemen, verpakken, transporteren en bewerken van watermonsters
voor laboratoriumonderzoek wordt dikwijls onvoldoende aandacht besteed
aan het voorkémen van mogelijke verandering in de gehalten van de te
bepalen componenten tengevolge van andere atmosferische en fysische
omstandigheden in de verpakking, in het transportmiddel en in het
laboratorium dan die op de plaats waar werd bemonsterd.

4. Bij onderzoek naar verontreiniging van het grondwater moeten de
analyses, indien het grondwater bodemdeeltjes en/of organisch materiaal
bevat, zowel aan gefiltreerd als aan ongefiltreerd water plaats vinden.
Indien het onderzoek wordt beperkt tot gefiltreerd grondwater dan kan dit
een onvolledig beeld geven van de emissie van verontreinigende stoffen
door een vervuilingsbron.

D.BE.V. Raadgevend Ingenieursbureau in opdracht van Ministerie van VRO,
1986. Voorlopige Praktijk Richtlijnen voor bemonstering en analyse bij
bodemverontreinigingsonderzoek. S5.0.U., ‘s Gravenhage.

Overleggroep Kwaliteitsstandaard Bodemonderzoek, 1988. Aangepaste
voorlopige Praktijkrichtlijnen voor bemonstering en analyse bij bodem-
veroatreiniging. DHV Raadgevend Ingenieurshureau, Amersfoort.

5. Er dient in Nederland jaarlijks een balans te worden gemazakt van de
door verontreiniging definitief verloren gegane hoeveelheid en de nog
beschikbare hoeveelheid zoet grondwater naar analogie van bijvoorbeeld de
balans voor verbruikte en nog winbare aardgasvoorkomens.

6. Voor de besluitvorming inzake landinrichtingsprojecten voor gebieden
met bijzondere natuurwaarden waaronder eco-hydrolegische aspecten, Zou
milieu-effect-rapportage {(m.e.r.) verplicht gesteld moeten worden. Dit
omdat m.e.r. de voorbereiding van de besluitvorming verlangt over een
aantal uitvoeringsalternatieven die passen binnen de doelstelling van het
project,

7. Bij de karakterisering van het ontwikkelingspeil van landen over
langere tijd zouden de toestand van het milieu en het milieubeleid een
volwaardige plaats moeten krijgen naast de gebruikelijke sociaal-
economische indicatoren. Dit zou mede kunnen gebeuren dgor toepassing van
het principe van de milieubeleidslevenscyclus van Winsemius.,




World Commission on Environment and Development, 1987. Our common future.
Oxford University Press.

P. Winsemius, 1986. Gast in eigen huis, beschouwingen over milieumanage-
ment. Alphen aan de Rijn, Samsom H.D. Tjeenk Willink.

8. Bij de opstelling van het Besluit milieu-effect-rapportage (m.e.r.) is
er onvoldoende rekening mee gehouden dat m.e.r. voor onderdelen van
ruimtelijke plannen aan deze onderdelen een onevenredig groot gewicht kan
geven in vergelijking met de overige bestanddelen waarvoor geen m.e.r.
behoeft te worden uitgevoerd,

Besluit van 20 mei 1987, Stb. 278, houdende de uitvoering van de Wet
algemene bepalingen milieuhygiéne.

9, Het Veluwemassief bestaat uit los zand.

Jan A. van den Berg,

Variability of parameters for meodelling soil moisture conditions:
studies on leoamy to silty soils on marly bedrock in the Ardéche drainage
basin (France).

Wageningen, 24 oktober 1989.
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ABSTRACT

Van den Berg, J.A., 1989.

Variability of parameters for modelling soil molsture conditions (stu-
dies on loamy to silty soils on marly bedrock in the Ardéche drainage
basin). Doctoral thesis.

Agricultural University Wageningen, Wageningen, The Netherlands.

Field experiments and additional measurements on undisturbed soil
samples in the laboratory were done to investigate the variability of
the parameters used in modelling soil moisture conditions, The condi-~
tions of soil water control the amount of moisture availakle for the
plant cover, c¢rop production, transport of contamination in the unsa-
turated zone, and are thus of interest for the study of processes of
so0il erosion and mass movement and for lamd evaluation Attention was
paid to hydraulic soil characteristics as well as to plant-soil para-
meters for determining actual evapotranspiration, which is an essential
term of the soil moisture balance,

The research mainly concerned loamy and silty soils in the Ardéche
drainage basin Here, nine experimental sites were located where marly
bedrock cutcrops. As regards the hydraulic properties the textural
range found in these scoils was extended by including a loess scil from
the Netherlands and - for the sake of contrast - two sandy loam soils
in the Ardache basin

Soll moisture diffusivity was determined with the hot air method. First,
an algorithm was developed that enabled the diffusivity to be computed
unambiguously and quickly from the collected data.

Concepts about hydraulic soil properties and soil texture, usually
based on experiments with artifially packed soils, are discussed. A
theory is developed to explain how the change in saturated conductivity
urder subsequent, porded conditions is caused by local instability of
the macropore walls. This theory could be sustained by computations
with an electrical analogue {(RC modell.

The results obtained were compared with those reported in the litera-
ture. It appeared that even for intermediate moisture contents, when
most of the pores that still retain soil water are the primary ones,
soll texture alone cannot explain differences in soil moisture dif-
fugivity and that other physiographic features are also involved. For
example, a micromorphological analysis of the loess soil showed the
presence of many voids (vughs).

For high moisture contents and saturated conditions hydraulic proper-
ties were investigated on soil columns in situ Such large samples (0.2
m diameter and 0.3 to 0.55 m long) enable the effects of macropores to
be studied. The study of these effects was restricted to "closed" soils
in which macropores do not reach the soil surface and therefore cannot
be filled directly with water from the soil surface.

Under wet conditions the relationship between soil texture and hydrau-
lic properties became weak, because of the involvement of the secondary
pores. The impact of these pores could be demonstrated in a very pro-
nounced way by their effect on hydraulic conductivity at the transi-
tion from nearly saturated to fully saturated conditions., The conduc-
tivity decreases with increasing scoll depth. This appeared to cause
the capillary pressure head in the transmigsion zone to hecome posi-
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tive during ponded infiltration and the corresponding hydraulic conduc-
tivity to attain the value for saturated conditions. Consequently, the
infiltration capacity under ponded conditions can reach much higher
values than could be expected from the s¢il texture only.

The results demonstrate the need for models in which the variability of
the hydraulic characteristics can be reduced to basic parameters. For
land evaluation it is important for such parameters to be related to
physiographic properties that can be mapped easily.

For a pericd of mainly dry weather the main terms of the reduced water
balance (evapotranspiration and change in moisture storage) were deter-
mined at three sites. Application of the one-dimensional SWATRE model
to these data sets shows that the simulation of such a simplified
water balance provides valuable information about the extension of the
soil compartments of the system to be modelled.

23ditional index words: regionalization, Green & Ampt infiltration
parameters, capillary pressure head of the wetting front, non-rigid
soll, canopy or surface resistance to evapotranspiration, crusting of
bare soil.
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L Ardéche, aussi petite qu elle soit, est aussi grande,
a4 un autre point de vue, gue la terre entidre,

puisqu’ elle en reproduit, ou peu s’ en faut,

toutes les faces et tous les problémes;

elle a sa proportion de terres, d'eaux ....,

tout comme le glcbe lui-m8me: ¢f est un vrai microcosme.

Docteur Plancus
Voyvage le long de 1a riviédre & Ardéche
1828-1908

1. THE ARDECHE RESEARCH
Introduction

The water in the s¢il is an essential aspect of many environmental is-
sues. Corditions of soil molsture influence geomorphclogical processes
such as soil erosion, qullying and mass movement, and also the trans-
port of chemical constituents over and in the soil. Landuse is often
constrained by the amcunt of scil water that is available during the
growing season and, conversely, the soil meisture regime is affected by
the vegetation cover. However, the need for information about soil
molsture conditions has not given rise to the establishment of a global
network of measuring stations as has been done in meteorology.

For many years attempts have been made to simulate the flow and regime
of soil water using computaticnal models. Measured meteorological
variables are used as independent input. Each simulation model is based
on the continuity equation. The transport and storage of water through
and in the soil and the delivery of soil water to the vegetation or
directly to the atmcsphere are simulated by physical or mathematical
submodels (such as Darcy's law for laminar flow through the soil ma-
trix, expressions for the retention of water in the soil matrix with or
without hysteresis and a sink term for water extraction by roots). The
models can be extended with other subroutines such as a shrinkage
characteristic for modelling the swelling of the solid particles of a
non-rigid soil, or another sink tem for flow of water through macro-
pores (FEDDES et al. 1988).

At best, the meteorclogical data that are used as input represent
regional variability on a mesoscale. For modelling soil moisture, the
local variation in the behaviour of the water in the s0il and in the
related geomorpholegical and environmental processes can only be simu-
lated by varying the input data and the parameters and characteristics
in the submodels.

The principal aim of the research reported in this thesis was to study
the regionalization of the parameters in models for similating changes
in soil moisture. In this context regiconalization ie defined as the
process of attaching a value to a parameter at different points in
space, taking into account its spatial variahility. Therefore, most
effort was focused on the question of which field measurements have to
be done in order to achieve an adequate description of the model para-
meters., This part of the research was in principle restricted to soils
on marly bedrock with a loam, silt loam or silty clay loam texture. Its

15



results are discussed in Chapters 2,4, 6.

Chronologically, regionalization is the second of the three phases
which can be distinguished in modelling scil moisture. The first step
is the identification of the system or prototype. According to the
glossary of terms used in modelling hydrautic phenomena (ASCE Task
Committee 1982) a system or prototype is "the full-sized structure or
phenomenon being modelled”. The first phase was carried out in the
begimning of the research and is described in Chapter 2.

The third phase is the modification, calibration and verification of
the model and the simulation with the model. Whereas for a specific
problem the simulation of the moisture conditions is the most interest-
ing part, the third phase is beyond the scope of this study. Yet, for
two sites where the actual evapotranspiration was measured, an attempt
was made to simulate the change of so0il moisture and evapotranspiration
during the period of the field measurements with the SWATRE model
(FEDDES et al. 1978, BELMANS et al. 1983). Because SWATRE is spatially
an one-dimensional model, the simulation has to be considered as a
test of the simulation of the plant-sail properties of the system,
rather than as a test of the simulation of the gpatial variation in
soil moisture regime; the results are discussed in the last section of
this chapter.

150

8

Depth (mm)

50

Fig. 1. Mean monthly rainfall in the Ardéche (spatial mean of five stations) and in the

Netherlands (De Bilt).
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Chapter 7 is a synthesis of all regults cbtained from the measurements
aryl obeervations in the field and the data from the laboratory. The
remaining Chapters (3 and 5), and the appendices, deal with supplemen-
tary parts of the research. In Chapter 3 an algorithm is introduced for
objectively calculating an important soil physical parameter, soil
moisture diffusivity, at intermediate moisture contents. Chapter 5
reports about the results of experiments with a swelling loess soil
that was included in order to exterd the range of silt loam soils found
in the study areas A and B.

The mapping and field experiments were done during the period of 1980-
1985 with the assistance of ten students.

Materials and physiography of the study areas

To be relevant, the research must be done in an area where at least two
environmental problems related to soil moisture are topical viz. soil
erogion and limited available soil moisture during the growing season
The drainage basin of the Ardéche river meets these conditions. Here
ercdihle soils occur in combination with a submediterranean climate
that can be characterized by a warm and dry summer but high rainfall
and intensive rainstorms during spring and autunn (Fig. 1).

Bordeaux .
Vals-les-Bains

Marsellle

Villeneuve-
de-Berg

B Study area

Fig. 2. Location of the study areas within the Ardéche drainage basin, southern France.
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+++ railway
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— river,perennial
.- river,intarmittent
1-11 experimental sites | -

Fig. 3.2 Location of the experimental sites in the drainage basin of the Ardéche river
and its tributaries Auzon and Lande,

The experimental sites (nos 1 - 11) were in three study areas (A, B and
C) in the midstream part of the Ardéche basin, at an elevation between
150 and 300 m above M S. L. (Figs 2 and 3a). Here, as a consequence of
the uplift of the crystalline basement of the Cévennes mountaing during
the Alpine orogenesis the rock strata dip to the southeast and, there-
fore, the age of the outcropping strata increases from east to west.

18
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% marl and limestoneg
{lower Cretaceous)

£ Jrimestone Malm)
T Toulouse
11 Lavalete

& sample site
:rusttudv |afe)

T km

ORIy e =
alluvium 2 Conte Mangier U
E marl 3 Les Combettes
E limestone 4 Vi

{lower Cretaceous) incennes
[ timestone (Malm} 5 Les Plagnes
#—¢ fault

6 Les Costes

b c

Fig. 3. h Lithology of study area B and location of sites 2-6.
Fig. 3.c. Lithology of study area A and location of sites 7 and 11,

The Lower-Triassic sandstone at site 10 lies at a distance of 5 Xm east
from where the metamorphous, crystalline rock outcrops; the marly
bedrock found at sites 1-7, 9 and 11 is of Lower-Cretaceous age (Valan-
gien). The lithology of the three study areas is shown in Figs 3b, 3c
and 3d.
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On the marly bedrock brown calcareous soils are found (haploxerolls to
xerochrepts); their texture varies between loam, silt loam and silty
clay loam. The range of these loamy to silty soils was extended with a
loess soil. For the sake of contrast two sites with a sandy loam soil
were added: one on an alluvial deposit of the Ardéche river (site 8,
north of area B) and ancther on a deeply weathered sandstone (site 10
in area C).

#— fault

[:32] alluvium F—=1 limestone (Lias) BE3R dolomite

== <J calcareous

marl conglomerate coarse sandstone {cs)

3 limestone (Malm} -4 sandy limestone [ 3] fine sandstone

Fig 3.4 Lithology of study area C and location of site 10.
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The soils on marly bedrock largely consist of carbonates; on mass basis
the carbonate content varies hetween 30 and 55 per cent. The carbonates
have been found in considerable amounts in all size fractions and they
thus form an essential part of the entire soil matrix. This makes it

" difficult to classify these soils by texture in accordance with the
USDA classification in which carbonates are assumed to have been
removed from the soil samples before the percentages of clay, silt and
sand are determined In this study, therefore, the soils on marly
hedrock were classified inclusive the carbonates. This is discussed in
more detail in Appendix C.

The loess soil was sampled at a depth of 3.5 m in the "Belvédére" loess
pit near Maastricht in the southeast of the Netherlands (Chapter 5).
The soil depth of 3.5 m was chosen because we hoped to sample the
"pristine" C-horizon The loess contains akout 15% carbonates. These
were removed before the texture was determined.

The man-made terraces and the pediments, in many places intersected by
rills and gullies are characteristic landforms of the study areas (Fig.
4). The pediments are found in a ssw-nne orientated kelt in which
layers of marly and calcareous bedrock of Cretaceous age outcrop (see
also Chapter 4). Strictly speaking, this landform should probably be
named & glacis, because the flatter part was formed in the softer,
marly rock and the steeper part in the harder rock of Cretaceous limes-
tone (ZONNEVELD 1981) but in this study "pediment refers to landform
only, not to its genesis.

The Malm limestone west of the zone with pediments shows many karst
rhenomena. Along the transition of the Malm to the Cretaceous rock the
Ardéche river is deeply incised in places ("Gorges de 1’ Ardéche" ). Such
environments, with fertile scils on gentle slopes and many caves near a
river valley, provided an attractive habitat for hominids. Several ar-
chaeological sites have been found, proving that this area has been
gsettled and cultivated for many millennia (BOYER 1988, BOZON 1974). From
Roman times onwards, the farmers constructed terraces, an activity that
culminated in the middle of the nineteenth century (BLANC 1984). Since
then, many terraces have been abandoned and reverted te rangelands,
especially in the area underlain hy Cretaceous bedrock During the last
decade, however, the area of vineyards has been increasing again. On the
Triassic sandstone most terraces are still cultivated. Most of the ex-
perimental sites are situated in extensively grazed rangelards; sites 1
and 8 are in a vineyard and site 10 is urder forest.

From the foregoing it is clear that the settlement amd landuse in the
Ardéche can be held responsible for at least some land degradation
(BLATKIE & BROOKFIELD 1987). Furthermore, one should be cautious when
classifying an area into eroded or not eroded parts and, therefore, when
correlating hydraulic properties of soils on the same rock formation with
a single characteristic like soil texture (Chapters 4 to 7).

The s0il erosion on rangelands in the Ardéche basin has heen described by
ROELS (1984) who studied ercsion processes on plots at site 11 in study
area A
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Methods and equipment

To identify the system to be modelled it was attempted to measure all
relevant variables of the soil moisture balance at three sites during
spring or autumn. These sites were at Sauveplantade (site 9), where a
preliminary investigation was done during the late summer and autumn of
1980, at Conte Mangier (site 2; spring 1983) and at Les Costes (site 6;
gpring 1985). Sites 6 and 9 were on a pediment. Site 2 was chosen because

Fig. S. Metecrological measurements for calculating the evapotranspiration; power
supply by battery and solar panel.

of two reasons: here deeper soil layers could be included in the measure-
ments and lateral flow - if any - was limited because the site was on the
slope of a single hill. The rainfall, certain meteorological variables
for determining actual evapotramspiration (Bowen ratio method) and poten-
tial evapotranspiration (methods of Priestly-Taylor and Perman-Monteith-
Rijtema) (see Fig. 5), moisture content in the soil (gravimetrically) and
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capillary pressure head in deeper layers of weathered marl (tensiometers;
at key area Conte Mangier only) were measured.

The "crust method* on soil columns in siftu was applied to determine
unsaturated conductivity at small, negative pressure heads and to find

- during porded infiltration - the saturated conductivity, the hydraulic
conductivity of the transmission zone and the pressure head at the wett-
ing front in an infiltration profile (Figs 6 and 7).

Fig. 6. Ponded infiltration experiment on a soil column in situ with an artificial
crust.

The soil moisture diffusivity at intermediate moisture contents was
obtained with the "hot air” method applied to urdisturbed soil cores of
0.1 m length and 0. 05 m diameter. The graphical procedure for calculating
the diffusivity from the measured moisture distribution that had been
generated in the sample appeared to ke time-consuming and subjective.
Therefore, first an algorithm was evolved, to enable the @iffusivity
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values to be computed reproducibly and rapidly. The algorithm is
described in Chapter 3. The computation can be achieved with the *"HOTAIR"
computer program; Appendix B contains a flow chart, a manual and a com-
plete listing of this programme.

At each site and at different depths soil samples were taken for deter-
mining the carbonate content and the texture and for X-ray analysis. The
microscopic structures of undisturbed loess samples were inspected micro-
morphologically by Dr Micher (University of Amsterdam). The retention
curves were determined on undisturbed scil samples (in fivefold on
sandbox and kaolin box) and on mixed samples (membrane pressure
apparatus). -

Volumetric moisture content

GI 90 ?sat.
! saturated zane 1
ZV [T Ctransition zene
depth) '
]
i transmission zone
1
[}
|
1
E wetting zone
]
------- wetting front
Fig. 7. The infiltration moisture profile in a uniform soil, after Bodman and Colman,

Results and conclusions

Topics A to F below have been arranged according to terms of the water
budget (infiltration and soil water flow, including the algorithm for the
determination of soil moisture diffusivity, and evapotranspiration) and
the degree to which the woids in the soil are filled with water. Each
topic starts with a short introduction in which the context is given.
{The full discussion can be found in the appropriate chapters. )

A The impact of the change of hydraulic properties with soil depth and
goil horizon on the infiltration process.

In 1944 BODMAN & COLMAN introduced an infiltration concept bhased on
experiments with infiltration in homogenecus soils under ponded condi-
tions. The soils used were a Yolo gilt loam and a Yolo sandy loam which
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kelong to the same texture classes as those that were investigated in
this study. A crucial difference is that Bodman and Colman examined the
soils in an artificial arrangement of the soil particles after careful
mixing, whereag the loess and Ardéche soils were kept in their natural
packing. In an initially dry, uniform soil Bodman and Colmen found the
well-known infiltration profile shown in Fig. 7. An important feature is
the transmission zone in which they found a constant hydraulic conduc-
tivity, kg, at a small, negative, capillary pressure head (hgp). For the
goil matrix (i.e. the soil without macropores of secondary origin) kg
equals the near-saturation value of the hydraulic conductivity.

The Ardeche experiments showed that during ponded infiltration on soil
columns in situ the pressure head in the transmission zone became slight-
ly positive because the permeability of the Ardéche soils decreases with
s0il depth. This resulted in a transmigsion zone that, de facto, hecame
an extended saturated zone in which kj equalled saturated conductivity
{Chapter 6). This means that macropcrosity can increase the infiltration
capacity to a rate that is many times higher than could be expected on
bagls of soil texture only. This proved to ke valid even for a "closed
goil" in which macropores do not reach the soil surface (cf. Table 1 of
Chapter 6).

B. Macroporogity and soil water f£low

Voids, of hiclegical origin and often of considerahle width and length,
form the macroporosity of the Ardéche soils; for the lcamy to silty scils
structural voids caused by shrinkage can also contribute. The effect of
macropores on soil water flow has been extensively reported in the
literature. For reviews see BEVEN & CERMANN (1982) and, especially for
throughflow, CGILMAN & NELSON (1980).

Most of the soils studied in the Ardéche, show a distinct discontinuity
between the hydraulic conductivity at a small, negative, capillary pres-
sure head (when macropores canngt be filled with water) and the saturated
corductivity, the latter being 5 to 80 times larger. GERMANN & BEVEN
(1981) found similar factors (4.3 and 18) for two large, undigturbed soil
samples.

The possible effect of macroporosity on the infiltration rate under
ponded conditions was described under A. During the short time between
the end of ponding arnd the development of a negative pressure head, scme
of the water in the s0il matrix drains to quickly emptying macropores.
Where air is encapsulated in the soil matrix near a wmacropore, the water
flow to this macropore can produce a seepage pressure that is large
enough to exceed the shear strength between the soil particles and to
cause local collapse of the pore wall. This process could explain why a
second ponded infiltration usually showed a lower infiltration rate and a
lower hydraulic conductivity even if the initial conditions were drier
than those at the first vonding (Chapter 6). The conditions under which
this process can occur and the procedure for calculating the local,
maximum hydraulic gradient have been briefly described in Appendix D. For
determining the unsaturated conductivity in a soll column in situ the
column was capped with a crust of a mixture of gypsum and fine sand.
Gypsum, dissolving from this crust may have physiceo-chemical influences
on the soil properties. In these soils in which calcium and sulphate are
prevalent ions such influence is not to be expected (2ppendix E).
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C. Variability of hydraulic characteristics of loamy to silty soils

The advanced facilities for a computerized simulation of the flow and
storage of water in the soil with a two- or three-dimensicnal, mumerical
model has emphasized the need for local values for the hydraulic
parameters at each nodal point of the grid used in the problem domain.
Algo, a one-dimensional simulation of the changes in the soil moisture
storage with time (e.g. the SWATRE model) requires realistic values of
the hydraulic parameters as a function of soil moisture content (9) or
capillary pressure head (h,). Therefore, many researchers have attempted
to correlate the retention curve (-h,, ©) and the characteristics of
hydraulic conductivity (k-8 or k-hy) or diffusivity (D-© or D-hy,) with
soil properties that are much easier to determine. In particular, they
have explored the relationship with soil texture, sometimes with addi-
tional information about porosity or bulk density and indices of the
pore size distribution such ag "air entry value", "residual water con-
tent" and "effective" ard "residual saturation" {Chapter 4).

In this study the D-© characteristic for intermediate moisture contents
was determined with the hot air method for samples from loamy to silty
soils at 1l sites in the Ardéche and from the loess near Maastricht.
Analysis of variance showed that samples of soils from different textural
clagsses in the range of loam, silt lcam and silty clay loam could be
clustered in three groups with significantly different D-& characteris-
tics. These groups, however, could not be related to differences in
texture (Chapters 4,5 and 7). Apparently, not only soil texture but cother
physiographic features such as micro structure of the soil, petrofabric
and particle orientation are also involved in the hydraulic properties of
these soils, It has to be emphasized that this result was found for
intermediate values of 8, when the water is retained in soil pores of
intermediate dimensions and where a correlation with soil texture would
be most likely.

For wet conditions, when the water in the larger pores comes into play,
the impact of soil texture on hydraulic properties becomes minimal be-
cause many of the pores now involved, are of secordary origin., This
conclusion for loamy to silty scils agrees with the findings of Viville
(VIVILLE 1985, VIVILIE et al. 1986) for sandy soils on granite (Vosges)
that the areal and vertical differsntiation of the saturated conductivity
is wvery weak because of the strong, local variation of this parameter.
Furthermore, Viville concluded that neither saturated corductivity nor
the retention curve could be correlated with particle size distribution.
It would be worth applying the concept of fractals (MANDELBROT 1983) and
the ideas of PRIGOGINE & STENGERS (1985) about structure arising from
disorder to these prohlems. Future research should investigate if the
occurrence and dimensions of large pores and especially ¢of macropores,
can be bhased on stochastic probability functions and whether these func-
tions can be related to factors like landuse, vegetation, clay fabric,
antecedent moisture conditions, etc. (Chapter 7).

D, The HOTAIR algorithm for computing D-© from hot air data

The procedure of the hot air method is fully descriked in Chapter 3. The
essential part is that rapid drying of the scil sample generates a typi-
cal moisture distribution which is established by quickly cutting the
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sample into thin slices. For each slice the molsture content (8) and the
distance {x) between its centre and the evaporating surface is deter-
mined. All pairs of (x,8) data together produce a discrate representation
of the moisture distribution 6(x). For computing the diffusivity D(©),
the derivative and the integral of &(x) have to be determined for dif-
ferent x. Therefore, a curve has to be fitted through the measured pairs
of (x,0).

The usual method consists of drawing a monotonically rising curve through
the plotted (x,8) points, followed by graphical differentiation and
integration. This procedure is laborious and its results are subjective
and not very reproducible (Chapter 3).

With the HOTAIR algorithm an algebraic expression for &(x) is fitted
through the (x,8) data. In fact, this expression has four degrees of
freedom; two of them are determined by the two boundary conditions that
are inherent in the hot air method (Chapter 3). The two remaining
parameters, n and b, are obtained by an optimization procedure from
NAGFLIB (1983). In this way, © can be expressed as a differentiable
function of the distance x, from which pairs of (D,8) can be computed for
all e < o;.

The variglnce resulting from both the hot air method and the algorithm
appeared to be less than 25% of the mean diffusivity (cf. Chapter 4).

If a set of (x,0) data contains one or more deviating values the &{x)
curve can easily be adapted so that most weight is given to the most
reliable data.

Cne of the houndary conditions is that the moisture content at the bottom
of the sample must remain unaffected during the evaporation induced by
blowing hot air over the top of the sample. In the algorithm the conse-
guence of this bourdary cordition is that €(x) tends asymptotically to
8. The real moisture content in the bottom part of the sample probably
varies in a similar way. Anyway, a small difference of the tangent in
this part of the 6(x) curve results in a large change of the derivative
of x with respect to 6. Hence, if © has been taken close to 8 in some
cases there is a risk that an unrealistic value is calculated for the
corresponding diffusivity.

Though the derivative of x(8) can be expressed as an analytical function
of x and the parameters ©;, €, n and b, a pure mathematical analysis by
varying n and b indeperndently from each other does not seem worthwhile,
because practice has shown only a restricted number of combinations of n
and b, It appears that an overestimation of D{©) is prevented by taking
(9;-9) = 0.02. Moreover, the range of moisture contents allowed is
restricted by the value of © that is cobtained by substituting the length
of the soil core for x in the equation of 6(x).

E. Soil moisture balance

Periods in which evapotramnspiration and decreasing storage of soil mois-
ture are the only substantial terms of the soil moisture balance, are
gsuitable for finding the depth to wiich plant roots may extract soil
moisture., This depth is needed so that the active strata of the system
and the lower boundary of the model can be formulated. In the Ardéche
research, the soil moisture content and the meteorclogical variables for
calculating the actual evapotranspiration were mostly measured during
such periods, i.e. late summer and early autumn 1980 at site 9, spring
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1983 at site 2 and spring 1985 at site 6.

The measurements done in 1980 were part of a preliminary study. They
showed that 50% or less of the evapotranspiration could be supplied from
the upper 0.2 m of the soll; apparently, the rest came from the subscil
that consists of alternating strata of weathered marl and limestone (VAN
DEN BERG 1983). At this site (no 9) two profile pits 0.5 and 0.7 m deep
respectively, were dug. They showed that the roots of herbs form a dense
system in the upper soil layer (between 0 and 0.2 to 0.3 m) and that the
subsoil is rocted to the depth of the first stony layer. The main roots
of shrubs often penetrate such a layer via joints and spread out in a
deeper stratum of weathered marl (cf. Fig. 3a of Chapter 2). From the
gravimetrically determined moisture content in combination with the
retention curve data it was found that the submediterranean vegetation
could dry the upper soil up to pF 5.

In 1983 a comparable study was done at site 2, but here measurements of
the pressure head of the moisture in the subsoil were added. In an ex-
posed face on a gully side and in a borehole several metres upslope,
tensiometers were placed in three strata of weathered marl that were
intercalated in limestone layers. From the initial, nearly saturated
conditions, the pressure head became increasingly more negative, espe-
cially when the potential evapotranspiration increased under the
influence of the mistral wirnd. The measurements also show that the desic-
cation took place from the top downwards (cf. Fig. 6 of Chapter 2).
Apparently, the moisture in these marly layers was clcsely related to the
moisture status of the plant cancpy. The pressure head showed a daily
variation that could bhe correlated with the diurnal change of atmospheric
water demand: in the afternoon the pressure head was usually more nega-
tive than early in the morning {(cf. Fig. 7 of Appendix A).

The actual evapotranspiration could be calculated for a few days only,
because of a malfunction of the datalogger, and therefore, a soil mois-
ture balance over a longer term could not be made. Nevertheless, the
other measurements are still useful for testing the SWATRE medel under
the prevailing conditions of scil and bedrock

The third series of measurements on the soil moisture balance was done at
site 6, which is located on a pediment. Soil moisture content was deter-
mined gravimetrically in the first 0.4 m of the soil. These data were
also applied to test the SWATRE model (cf. part F of results and con-
clusions in this chapter).

For all days for which the available data allowed the actual as well the
potential evapotranspiration to be calculated, the internal resistance of
the plant canopy (r.)} from the Pemman-Monteith-Rijtema equation was
computed (Chapter 7). Under conditions of potential evapotranspiration
the r, of the natural Arddche vegetation is about 60 s.m™ ! which is the
game as for grassland in the Netherlands (DE BRUIN 1982), When during
spring the available moisture content in the soil-rock layers becomes too
low for potential evapotranspiration, r, increased gradually to 150

s.m !, The r. values that were calculated for late summer and early
autumn at site 9 were within the range of x, values meagured in spring.
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In 1981 it was tried to examine the variahility of the actual evapotrans-
piration within and between two areas of about 5 hectares, one at site 2
and the other at site 11. It was intended to determine the potential
evapotranspiration from measurements at one permanent station at each
site, and the actual evapotranspiration during 3 to 4 days at 7 plots in
succession (4 in site 11 and 3 in site 2) urnder stable weather condi-
tions. Then the ratios between actual and potential evapotranspiration
were to be analysed in combination with the variation in local soil
moisture content.
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Fig. &. Measured values of the canopy or surface resistance r, as a function of the

ratio between actual and potential evapotranspiration

During the experiments, the constant weather type of the mistral con-
tinued for one week only. From then on the Ardéche spring of 1981 was
characterized by variable weather (very variable net daily radiation;
wind from variable directions resulting in problems with fetch) which
prevented us from obtaining suitable data. However, the data could be
used to calculate r, values for seven more plots, two of which had an
agricultural cancpy (cereals anpd hay land, both as part of crop rotation
on vineyards); the results are shown in Fig. 8.
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F. Simulation tests with the SWATRE model

The periods that have heen described as suitable for calculating the
simplified soil moisture budget were also appropriate for testing a one-
dimensional (z,t) model such as the SWATRE model.

For site 2 (Conte Mangier) five soil layers were defined in the SWATRE
model (cf Fig. 9).

Fig. 9. Schematic represemtation of the s¢il profile of site 2.

No. 1 is the soil up to the first limestone layer (at 0.4 m), no. 3
represents marl layers 1 plus 2 (0. 60-0, 80 m; the intervening fine lime-
gtone layer of 0.04 m was ignored) and no. 5 is marl laver 3
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(0.87-1.10 m); nos 2 and 4 are intercalated limestone layers. In Fig. 10
the simulated and measured moisture contents are shown for three weeks.
For this period SWATRE computed an actual evapotranspiration Ey = 72 mm
and a ratio of 0. 74 between actual and potential evapotranspiration. It
can be concluded that the SWATRE model can he calibrated reascnably well
for the local conditions and for a period of decreasing moisture content.
The model could only reproduce the soil moisture distribution closely if
the two intercalated limestone layers were represented as strata with a
very low hydraulic conductivity (between 10-9 and 10710 m.day'l, near
saturation) and a small storage capacity (cf. assumed moisture retention
curve of inset in Fig. 10).

Under wet conditions, when percolation of soil moisture ig important,
such a representation of a limestone layer will be insufficient because
the limestone is intensively jointed. These joints can produce a high
saturated permeability. In the model such a duality can probably realized
by assigning a conditional hydraulic conductivity to the limestone. When
the overlying soil layer is saturated then the conductivity of the limes-
tone should be high, but under all other moisture conditions it should be
as low as was assumed in this simulation.
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Fig. 10. Measured and computed soil moleture content in three goil layers at site 2 as a
function of time.
Inget: hypothetical moisture retention curve of a limestone layer {as used for
the simalation at eite 2).
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It alsc appeared that the capacity of roots for water uptake has to be
assumed to decrease with soil depth. If it is assumed to be constant with
soil depth, then the upper layer dries too slowly and, comsequently, the
lower layers too quickly.

The soil at site 6 (Les Costes) was simulated by a two-layer system. The
upper soil (0-0.25 m) is intensively rooted. The subsoil contains few
roots; its hydrauiic properties were assumed to be equal to those of the
marly layers of site 2.

A remarkable result of the simulation is that according to the SWATRE
model the subsoil should dry faster than it really did. There was prcbab-
ly still an unsaturated, lateral flow of soil moisture from the calca-
reous mountain ridge to the pediment plain. The one-dimensional SWATRE
model could closely simulate the molsture content in the subsoil by
assuming a positive seepage of 2 mm. day'l at the lower boundary, though
such an assumption is not realistic. In both cases the application of the
SWATRE model was useful. For site 2 it made clear how deeper rock layers
were involved in the moisture supply of the vegetation; for site 6 it
indicated that a term of the water balance was missing.
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2. TOWARDS REPRESENTING SOIL MOISTURE CONDITIONS OF CATCHMENTS

Jan A. van den Berg and Teunis Louters

Abstract

To be successful, a model of soil moisture must have a reliable struc-
ture ard valid soil parameters. Four ercodible catchments in the Ardéche
basin were investigated, to ascertain how the information recquired for
such models can be obtained.

For the compilation of the model structure, the water budeet of the
s0il and of the upper layers of bedrock (alternating layers of marl

and limestone) was measured. Changes in the moisture content of the
marl layers were ascertained by measuring the soll moisture tension
daily. Meteorological data were also collected so that potential and
actual evapotranspiration could be calculated according to the methods
of PRIESTLEY & TAYLOR arxdd of BOWEN. Data on soil parameters were
obtained from soil columns in situ, and supplemented by measurements on
undisturbed soil samples.

Where the soil is thin, the upper, weathered, marly layers appear to be
important to the soll moisture regime. Conseguently, the root-soil-rock
system should be modelled ag if it were a multi-layered scil. The
hydraulic properties of the soil determined from small undisturbed
samplies were very variable. Therefore, measurements from soil columns
seem to be preferable, as they deliver averaged values of nearly all
fundamental hydraulic properties of the soil, including parameters for
an infiltration equation that takes account of initial soil moisture
conditions.

Zusammenfassung
Ein Beitrag zur Ermittlung der Bodenfeuchte

Ein einsatzfihiges Bodenwassermcdell erfordert einen zuverlissigen
Modellaufbau und geeignete Bodenkennwerte. In vier Untersuchungsgebie-
ten im Einzugsgebied der Ardéche wurde iberpriift, wie die notwendigen
Informationen gewonnen werden kénnen.

Als Modellparameter wurden der Wasserhaushalt des Bedens und der ober-
sten Gesteinsschichten, die aus einer Wechsellage von Mergel und Kalk
bestehen, gemessen Die Feuchteinderungen der Mergelschichten wurden
als tigliche Wassersparnmungen erfapt. Meteorologische Werte wurden
erhcben, um die potentislle und tatsachliche Verdunstung nach PRIESTLEY
& TAYIOR und BOWEN zu berechnen. Die Bodenkennwerte wurden in situ und
aus ungestdrten Bodenproben ermittelt. Wenn die Bodenschicht wenig
michtig ist, kommt der obersten, verwitterten Mergelschicht eine grofe
Bedeutung fiir den Bodenwasserhaushalt zu. Diese Wurzelzone muf daher im
Modell wie ein mehrschichtiges Bodenkompartiment behandelt werden. Da
die hydaulischen Eigenschaften, die aus Bodenproben ermittelt werden,
unterschiedliche Werte annahmen, war es sinnvoller, die aus den Boden-
sdulen gewcrnnenen Werte zu verwenden Dadurch konnten die mittleren
hydraulischen Eigenschaften des Bodens besser erfafit werden Dies traf
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besorders fir die Parameter der Infiltratiomsgleichung zu, die die
anfinglichen Bodenfeuchteverhéltnisse beriicksichtigen

Réaumé
Essai de représentation de 1’ humidité du sol dans les bassins versants

Si on veut étudier efficacement les variations de ' humidité dans le
sol avec un modéle informatique, il convient & introduire dans ce
modéle des paramétres valables et une représentation fidéle de la
structure du sol &tudié. I étude de quatre sous-bassins du bhassin
versant de 1’ Ardéche présentant un risque d' érosion a permis de déter-
miner comment les éléments nécessaires & 1 établissement & un tel
modéle peuvent &tre obtenus.

Pour cela, on a mesuré chaque joure la rétention et ses variation dans
le sol et les couches supérieures de la roche-mére, formée d& alternan-
ces de calcaires et de marnes. Les donndes météorclogiques ont permis &
1’ aide des méthodes de PRIESTLEY & TAYLOR et de BOWEN de calculer les
évapotranspirations potenticlle et réelle. les paramétres du sol furent
déterminées par 1’ okeervation de colonnes de sol, in situ, completée
par des mesures effectuées en laboratoire sur des carottes de sol
intactes.

L3 oll le 50l est peu épais, le rdle des couches gsupérieures de marnes
déjd alterdes apparait comme jouvant un rBle essentiel dans le régime
hydrique du sol. Par conséquent, le systéme racines-sol-roche devrait
étre considéré comme un sol & strates multiples. Les propriétés hydrau-
liques du sol, déterminées & partir de petits échantillons de sols
intacts, se sons rélevées trés varlables et ont donné des régultats
trop peu fiables. De ce fait, les mesures d partir de colonnes de sol
faltes in situ apparaissent préférables parce qu elles fournissent les
valeurs moyennes de la quasi totalité des propriétés hydrauligques du
gol, y compris les paramétres de la formule & infiltration tenant
compte des corditions initiales & humddité.

(Revus de Géomorphologie Dynamique, XXXVI (2), pn 56-57, 1987)

2.1 Introduction

Modelling of soil molsture can be a valuable tool for prediction in
land evaluation studies or when mapping the risk of soil erosion. Al-
though several models and modelling techniques of differing sophistica-
tion are availahle, the utility of the output depends strongly upon the
validity of the model structure and of the physical parameters of the
soil.

Both the complexity of the model structure and the variability of the
physical parameters of the soil can be limiting factors, as they depend
upon the physiography of the catchment. Therefore, we investigated the
problems involved in formulating such a model for simulating the soil
moisture regime for the purpose of practical goals. The research was
done in a hilly region, where gernerally a thin soil is found on sedi-
mentary bedrock of alternating layers with differing hydraulic proper-
ties.
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The research can be subdivided into three phases:

- identification of the system that has to be modelled;

- determination of the main physical parameters of the soil, e.q.
the saturated and unsaturated hydraulic conductivity, soil
moisture diffusivity and infiltration capacity;

- adaptation of the model and simulation

The paper is concerned with the first two phases. The identification of

the system to be modelled was baged on in situ measurements of the

terme of the soil moisture budget. During a dry spell, terms other than
evaporation and changes in storage of scil moisture become negligible.

Thus the recuired measurements can be restricted to evapotranspiration

and soil moisture content. From previous studies it is known that the

spatial variahility of physical parameters of the soil is generally

large (NIELSEN et al. 1973, 1980 and 1983).

This variahility is probably enhanced when the parameters are ascer-

tained from undisturbed but small soil samples. Moreover, the presence

of chains of large pores such as burrows, cracks or other cavities

(e. 9. from decayed plant roots) may considerably change the value of

physical parameters of the soil, making the data from small soil

samples unreliahble,

Bordeaux
T Adéche Vals-les-Bains

Marseille

Fig. 2.1 Location of the study area within the Ardéche basin, southern France.

39



Therefore in this study, we relied mostly on results obtained from
columns of soil in situ (BOUMA et al. 1971, 1981). These columns have
much greater dimensions than ordinary scil samples arnd this should mean
that the values of the parameters obtained in this way more closely
approach the average. Moreover, in such columns the influence of macro-
pores can be studied separately.

2,2 Physiography of the catchments

The research was carried out in some small, low-ordered subcatchments
within the Ardéche basin (Fig. 2.1). Here the bedrock is banded and
consists of alternating layers of Cretaceous marl and limestone, dip-
ring slightly to the south-east. The thickness of the layers ranges
from several centimetres to some decimetres, and the rock composition
varies between predominantly marl and a sequence of thick layers of
limestone, intercalated with bands of marl. Along hill slopes, where
the marl predominates, pediments that are at least Pleistocene in age
are found (ARCHAMBAULT 1966, TRICART & USSELMANN 1968).

mrm/hour
100

[ 3] Ardéche{n=12years) i
Utrecht {n = 67 years)

a: T=100
h: T=10
¢ T=56

d T=2

24
Duration in hours (log)

Fig. 2.2 Frequency of rainfall rates at different return periods T for the Ardéche
bagin as compared with figures for The Netherlands.
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The Ardéche basin has a submediterrean climate; its precipitation
regime differs from the moderate, maritime climate of Western Europe,
having a much higher fregquency of high rainfall rates (Fig. 2.2),
especially during autumn and spring The mean annual rainfall amounts
to about 1200 mm, but the summer is warm and dry, resulting in sequen-
ces of a daily potential evapotranspiration of 6 mm/day or more (sec~
tion 2.7.2).

The natural vegetation is Quercus pubescens, which has to be considered
as the vegetational climax under the submediterranean climate. Man has
revealed his presence by clear-cutting to promote grazing and agricul-
ture. The deforestation reached its maximum (85 per cent} during the
first part of the nineteenth century. The simultaneous occurrence of a
number of disasters in agriculture in mid-nineteenth century triggered
off a rapid rural depopulation, resulting in the abandonment of fields,
many of which were terraced and had been intensively cultivated: from
thenceforth these were only used extensively as rangelands.

Given the rainfall regime and lithology, agriculture gave rise to fea-
tures of intensive soil erosion such as rills and gullies, the presence
of thin soils of the rendoll type and small-scale mass movements,
including shallow soil slips of the topmost, vegetated horizon Most
soils have a A-C profile in which the A horizon usually consists of a
silty loam with stones. Extended systems of deep gullies were formed
where the geomorphological and lithological conditions were favourable
i,e. in pediments and in deeply weathered marly rock.

2.3 Cholce of sample sites

Four sample sites were selected on lithological and geomcrphological
representativity and on practical considerations; all sites were lo-
cated on range lands.

Site 2, Conte Mangier: A rendoll soil (0.4 om thick) overlies bedrock
of alternating layers of limestone ard marl (Fig. 2.3a). The slope has
been terraced almost entirely (Ap/C profile). This site was chosen to
be the control site for the idemtification of the model structure,
because the soil moisture regime of the layered subsoil could be stu-
died here two-dimensionally in an exposed face on the gully side and in
a borehole some metres upslope.

In addition, the main soil moisture parameters were determined. At the
beginning of the research on spatial variation three sample sites whose
lithology closely resembled the control site were added. These three
sites were located where a thick layer of soil has been preserved but
where the erodibility of the soil is very evident from features of soil
erosion nearby.

Site 3, Les Combettes: a 0.8 m deep s0il on a bedrock of the same
chronostratigraphical stage as that at Conte Mangier. Incipient rills
and shallow soil slips provide evidence of the erodibility of this
soil.

Sites 4 and 5, Vincennes and Les Plagnes: both at the edge of an inter-
fluve (soil depth 1.2 m or more) within an extended gully system formed
in a pediment on marly bedrock
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Fig. 2.3.a Hypothetical vertical profile of a slope, schematized with respect to soil
modature
b. Verified modsl structure.

2.4 Methods and equipment

At the "Conte Mangier" site two important terms of the soil water
budget viz. the evapotranspiration (actual and potential) and the
decrease in moisture in the soil and in the upper layers of marl were
measured during a drying period in spring.

The actual evapotranspiration was calculated according to the Bowen-
ratio method. Net radiation, soil heat flux and the dry and wet bulb
temperatures at heights of 0.5 m and 1.5 m above displacement height
were measured every 20 seconds and the mean values Of every ten minutes
were stored on a cassette by means of a datalogger. The potential
evapotranspiration was calculated according to the equation of PRIEST-
LEY & TAYLOR (1972):
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A~Rnet
Ep=0——-— (2. 1)
(A+v). L

which needs only conventional meteorological data on sunshine, wind-
speed and temperature and humidity in a screen In accordance with
STRICKER (1981) o was assumed to be 1. 34.

Changes in soll moisture storage were determined gravimetrically (soll)
or from duplicate measurements of soil moisture tension obtained by
electronic pressure transducers, and from retention curves (4 upper
layers of marl). The sensor for moisture tension consists of a porous
cup; the tension is transduced into an electronic signal with a sen-
sitivity of 0.5 mbar.

The low suction part of the k-psi relationship as well as the para-
meters of ponded infiltration were calculated from in situ measure-
ments. Five columns of soil with a diameter of about 0.2 m and a height
of 0.4 m to 0.6 m were made by digging away the surrounding soil. Each
colum was fitted out with an infiltrometer ring and small cup-ten-
siometers at two or three depths; a constant head of infiltrating water
was maintained with an improved Mariotte bottle (photo 2.1).

Photo 2.1 Measurements during infiltration on two scil columns (Vincennes site).
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The infiltration rate wags read from the calibrated hottle and the
pressure head was recorded: from the latter both the initial moisture
suction and the time of the passage of the wetting front were obtained
A commonly used infiltration equation is that developed by PHILIP
(1969):

I=5./t+At (2. 2)

Parameters § (sorptivity) and A (gravity) can be optimized from the
measured infiltration data, but the disadvantage of this formula is
that S and A may vary in an unknown way with the initial soil moisture
content.

Therefore, we preferred to use the infiltration eguation according to
the conditions specified by Green and Ampt. This enables an equation
that is identical to equation 2 to be derived, as now

R o TV T Y (2. 3a)
2
and A =%k (2. 3p)

where &, and 6y are the initial and final moisture content and Uf is
the pressure head (soil moisture tension) at the wetting front (KOORE-
VAAR et al. 1983). However, this is an approximation which holds only
as long as the depth L of the wetting front is smaller than the ab-
solute value of Yy Therefore, this formula is only of use for soils
whose iy values are not teo small: these values appeared to ke very
small at the sample sites we investigated. Finally, we analysed the
infiltration data with the unapproximated equations for cumulative
infiltration I and time of infiltration t

I=L. (8 - 6y (2. 4a)

S - &n L- ¥
t =——‘k'6"— (L + wf. 1n (ﬂ)f——)) (2.4b)

The disadvantage that in this way the infiltration cannot be expressed
explicitly as a function of time can easily be overcome by using of a
calculator.

The moisture tension at the wetting front Uy was determined in two
different ways. Based on a graphic procedure developed by BROOKS &
COREY (1964) a method was applied as described by BRAKENSIEK (1977), by
which the Yy can be calculated with parameters from a double logarith-
mic plot of rearranged desorption curve data. As well, Vr was deter-
mined by fitting equations (2. 4a and 2. 4b) to the infiltration data by
trial and error with the minimization of the variance of parameter kg
as optimization criterion.

Both methods resulted in similar values for f, e.g =~ 3.3 and -3.5 to
-4, 0 mbar for Conte Mangier and -7.6 and -7.5 to -8. 0 mbar for Les
Combettes.

In this study kg is defined as the hydraulic conductivity of the soil
when all pores excluding macropores (¢ > 1 mm) are saturated. The
notion of kg follows the infiltration model of BODMAN & COLMAN (1944)
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in which a distinction is made between conductivity near saturation and
conductivity at saturation, represented by the symbols ky and kgt
respectively. Though this distinction was not proposed explicitly for
this purpose it nevertheless enabled us to distinguish between the
conductivity of a saturated soil matrix and that augmented by transport
through chains of macropores such as cracks, burrows or other cavities
{for example decayed roots) (BOUMA 1980). Indeed, except in the case
of inflow from a ponded surface, the moistening of macropores ard their
contribution to conductivity will be impeded as soon as the pressure
head of soil moigsture becomes negative. This will be illustrated by the
difference between kj and kg, as measured on the soil column at Les
Combettes (section 2. 7. 4).

Iikewise, adopting the assumptions of Green and Ampt, the following
equation holds for the depth L of the wetting front:

L. dbL = Yo = ¥n dat (2.5)
. kg . S -6 .
. 11’0 B lpn
with an effective diffusivity D = kg . o—— (2.6)
0 - ©n
Integration of eqguation (2.5) yields:
2 = 2Dt (2.7)

By monitoring the pressure head during the infiltration, the time of
passage of the wetting front could be read and the effective diffusi-
vity could be calculated (Fig. 2.4). As the values for Y and © of equa-
tion (2.6) were also known, Xp could be determined.

——— Elavation head

— s Hydraulic head

L/U  Lower/Uppertensiometar

N . " L "
3 4 3 éi 7 8 9 1;)
Tme(runy

Flg. 2.4 Course of the hydraulic head at two depths in a soil column during infiltra-

tion.
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Values of unsaturated conductivity at different moisture tensions were
obtained by creating different hydraulic resistances at the top of the
colums by means of capping them with crusts of different mixtures of
sand ard gypsum (BOUMA et al. 1971).

For intermediate moisture contents the k-psi relationship was deter-
mined in the lakoratory with the so-called hot air method, as used by
ARYA et al. (1975}, First, a space-invariant moisture content is es-
tablished in undisturbed soil samples 0.1 m long. By briefly drying
one side of the soil a distinct soil moisture distribution is achieved,
from which the relationship between diffusivity and content of soil
moisture (D - ©) can he calculated. To improve the comparability of the
regults from different soll samples, an algorithm for an unambiguous
degcription of the soil moisture distribution in the sample was intro-
duced (VAN DEN BERG & LOUTERS, in prep. ).

The acquired D-© relationship can simply be transformed into a k-psi
relationship by means of the desorption curve of the soil. This curve
was also determined in the laboratory as mean value of data from seve-
ral urdisturbed samples.

2.5 Accuracy

We attempted to ensure the accuracy of the meteorological data by
calibrating the sensors and by frequent sampling. However, the accuracy
of the calculated evaporation is not only determined by the reliability
of the measurements but also by the validity and the appropriateness of
the model.

For example, for the Bowen ratio method, the coefficients of turbulent
diffusion of sensible and latent heat varied according to the instabi-
lity of the boundary layer. The overall relative error was estimated to
be ca. 10 per cent.

Ts
120

Fig. 2.5 Variation in duplicate measurements of pressure head
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In equation (2.1) for the potential evapctranspiration according to
Priestley and Taylor, the value of the constant d in the literature
ranges from 1.26 (PRIESTLEY & TAYLOR 1972) to 1. 38 (BRUTSAERT 1982),
which in itself resuits in a margin of error of 10 per cent.

The goil moisture tensiometers were calibrated frequently during the
measurements. The duplicate measurements in the soil-rock profiles at
Conte Mangier clearly show that accurate data could be obtained (Fig.
2.3). The margin of error was 2 per cent.

The accuracy of the determination of infiltration parameters, conduc-
tivity, diffusivity and desorption curves of soil moisture in situ on a
soil column or on urdisturbed soil samples cannot yet be quantified,
because the variation in the measured data inherent in the method
camnct be separated from the variation caused by inhomogeneities of
soll and rock

2.6 Using the water budget to verify the modelling of soil
moisture

In order to find the relatiomship between the spatial variability of
s0il moisture parameters and the risk of soil erosion processes, the
simulation of the soil moisture regime has to produce the probability
of situations that are critical to soil erosion, for example local
saturation (concentrated throughflow) or positive pore water pressure
{decrease of shear strength).

The most suitable models are those that are physically based on the
differential equation for flow of soil moisturs, for instance the
SWATRE model that includes the effect of vegetation (FEDDES et al.
1978). The water hudget of such a model consists of infiltration as
input, with percolation, net throughflew and evaporation as output, and
transpiration as a sink term The differential equation for two-dimen-
sional flow can now be written as:

2o by, 3 g 3, |, 3k 28
x Ko 5 hgp) v =8 o (2.8)

or in discrete form:

I(z = 0) = Eg(z = 0) +2Zqeh net) (Xi+k i Xi-x) + Gplz) +
+E5 .0z +I7 . Az (2.9)

where § is the decrease of the volumetric moisture content per unit of
time as a comsequence of the moisture withdrawal by vegetation (Fig.

2. 3b). Congequently, the actual evapotranspiration E; equals the sum
of 5 and Ey (B being the evaporation from the soil); Eg is negligible
except during and shortly after rainfall. For the sake of completeness
it should be mentioned that the cited model does not include pipe flow,
which is generally accepted as one of the factors that can initiate
rili and gully formation. Indeed, a recomnaissance tracer study -
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simply performed by detecting the gpatial distribution of calcium
¢hloride from a point injection during a rainstorm also suggested that
in this study areas, as well as a downslope matrix flow there were,
during pericds with high moisture conditions, deviating preferential
pathways to a gully. '

However, the results reported here mainly concern matrix flow, as
modelling the occurrence of pipes from soil-rock parameters has not yet
succeeded.

2.7 Results
2.7.1 Compilation of system

During the late spring of 1983 the soll moisture regime was determined
at the sample site of Conte Mangier. The antecedent moisture conditions
were very wet, and over 20 mm of rain was recorded just before the
beginning of the measurements on 19 May,so that soil and rock were
nearly saturated. During the measuring period, which ended on 20 June,
the soil moisture fell continuously, because the weather became dry and
sunny and on 12 June the mistral wind started to blow.
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g 2.6 Actual course of the potential evapotransporation and the pressure head
{mean value of two tensiometers) in Qifferent marl layers in the borehole
(ar, b, o) and two-dimensionally in layer 3 (c and c' ).
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Figure 2.6 shows the course of the pressure head in the three upper
layers of marl in the horehole and also in layer no. 3 in the free
face. The measurements in the different layers in the borehole show
that even at the start of the experiment there were small differences
in pressure head and that these increased downwards from the top layer.
During the following period of depletion the differences in pressure
head increased gradually. This supports the assumptions made in rcot
zone modelling and laboratory experiments that plant roots desiccate
soil from the top to the hottom of the root zone (FEDDES 1981), The
cumulative potential evapotranspiration, which is also presented in
Figure 2.6, shows the intervals of low and high atmospheric water
demand.

Figure 2.6 shows the course of the pressure head at two places in the
same layer of marl (no. 3). Here, three intervals can be distinguished.
The interval between 380 and 520 hours shows a difference between both
pressure heads equal to the difference in elevation head. Consequently,
the difference in hydraulic head is zero, which means no flow of soil
moisture. Before this interval the difference in hydraulic head between
the borehole and the free face is positive, which means a small down-
ward flow of about 1 mm/day. From time 540 hours the pressure head at
the free face decreased much faster than that in the borehole, probably
because there was less available moisture in the thinner soil at the
free face site.

At the increased hydraulic gradient at 640 hours the flow of

molsture was reduced to about 0.4 mm/day.

For the periocd June 1 to 10, when the hydraulic gradient was negligible
in all of the three upper layers of marl, equation (2.9} of the sail
moisture budget is very simple:

5%
Ey = Eg (z = 0) +Z5y bz o= Xz (2. 10)

For the upper three layers of marl at the borehole site the decrease in
moisture content was 2. 2%, 2.0% and 1. 0%, which confirms that desicca-
tion proceeds down the soil profile. Figure 2.7 shows the contribution
of the goil and the four upper layers of marl to the evapotranspira-
tion. The actual evapctranspiration on the 12 and 13 June (6. 4 mm/day)
was very similar to the potential evapotranspiration (6.7 and 6.1
mm/day), and thersfore the actual and potential evapotranspiration were
assumed to have been equal kbefore that date.

This assumption was justified by the data on daily energy budget of the
soil surface as shown in figure 2. 8: nearly all available energy dis-
sipated as latent heat.

From the analysis of the data on the simplified soil moisture budget it
can be concluded that several upper layers of marl play an important
role in the goil moisture regime; consequently the root-soil-rock
system has to be modelled as a multi-layered soil.
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Fig. 2.7 Cumlative course of potential evapotranspiration and of moisture withdrawal
from soil and four upper layers of marl.
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2.7.2 Physical properties of the soil

The mean and variance of bulk demsity, porosity, saturated conductivity
and difference in pore water content between saturation and soil mois-
ture tension of pF 2.7 (water-conducting pores) for the four sample
sites are shown in table 2. 1. For most properties the laboriousness of
the measurements has so far prevented us from obtaining a sufficient
number of replicates per site for a valid statistical analysis.
However, the number of data on porosity and density are assumed to be
sufficient (n = 25 and 22 replicates) to aliow a tentative analysis.
This analysis shows that the frequency distributions of these two
parameters have negative skewness which cammot be eliminated by one of
the standard transformations.

Nevertheless, analysis of variance was applied to the data of corres-
ponding shallow soil layers between 0.15 m and 0.4 m depth.

The analysis indicated that porosity at the four sites belongs to the
same population; the bulk density at Conte Mangier should be signifi-
cantly smaller than at the other three sample sites.

2.7.3 Porded infiltration

Ponded infiltration was measured on soil columns on which no artificial
hydraulic resistance had been introduced by means of a crust. As soon
as the pressure head in the column and the infiltration rate had become
constant, the saturated hydraulic conductivity kyay, was calculated.
Ksat amounted to 2.9 m/day for Conte Mangier {and 1.2 m/day on another
columa in 1982), 2-4 m/day for Les Combettes, and 0.4 m/day for Vincen-
nes.

A first estimate of the hydraulic conductivity near saturation ky was
tried to obtain by applying equations {2.4a and 2. 4b) to the data on
infiltrated water versus time. Such an analysis of an experiment start-
ing with an initial saturation rate of 80 to 90 per cent yielded a kg
of 3.1 m/day for Conte Mangier, of 3.6 m/day for Les Combettes and 0. 4
m/day for Vincennes. The correspondence of these kg values with those
Of kgar will be discussed bhelow.

From the recorded course of the pressure head at different depths in a
soil column the effective diffusivity D and a second estimate of kg
{equation 2. 6) were calculated These results are also discussed below.

Table 2.2 Hydrawlic conductivity in m/day near and at saturation as determined by
different methods. The figures in brackets relate to the equation applied

Sample site Kopecki Porded infiltration

(mean)

(2.4a + 2. 4b) (2. 6) (=0}

kgat kgat ¥ kg Kunsat
Conte Mangier 2.5 29 31 2B Q. 65
Les Combettes 0.5 2-4 3.6 2-3 0.24
Vincennes 0.3 0.4 0.4 - -
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preseure head for soil and rock at three sites.

Relationship between soil moisture content and diffusivity, conductivity ang
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The results of the different methods of determining kg, and kg are
surmarized in table 2. 2. The figures for Les Conbettes are particularly
instructive: the factor of ten between lyn.a¢ at ¥ = 0 and kg, at this
site c¢learly illustrates why conductivity near saturation had to be
differentiated from conductivity at saturation.

When the soil column was dissected at the end of the fieldwork, an
earthworm burrow was found to be running through nearly the entire
length of the soil column. Such a chain of macropores could drain
rapidly during saturation and ponded infiltration. Hence, determination
of ky from the infiltration data (eq. 2.4a and 2. 4b) or based on the
wetting front method (eq. 2.6) is not applicable to experiments with
ponded infiltration without an artificial hydraulic resistance as in
this way both metheds deliver values of ky that approximate to kgar.
However, the infiltration experiment under application of a crust with
low resistance generates a very small molsture tension (U = Q) that
impedes soll water from entering macropores. The pertaining value of
Xungat Seems a good estimation of k.

The data on kg.+ (table 2.2, column 2) agree with the corresponding
values obtained on Kopecki rings (column 1), if one keeps in mind that
extreme (high) values of conductivity from Kopecki rings are unlikely,
as any burrows or plant roots are avoided during sampling.

2.7. 4 Parameters of soil water flow

In figures 2. 9a/d the desorption curves and the relationships between
diffusivity and between hydraulic conductivity and soil moisture con-
tent are shown for three sample sites. Each retention curve represents
the arithmetic mean of 4 or more samples.

For intermediate moisture contents the D-théta relationship is repre-
sented by the median of the values calculated with the hot air method.
The median was taken because the different samples from the same soil
layer often gave diffusivity values whose extremes varied by a factor
of 2 to 4. The corresponding k-théta values were obtained by multiply-
ing the D values by the slope of the desorption curve. For pressure
heads between 0 and ~30 mbar the provedure was precisely the opposite:
measurements con a soil column capped by crusts of different hydraulic
resistance gave different values of k at different pressure heads.
Dividing the k values by the slope of the desorption curve yielded the
corresponding diffusivity values. The data obtained from soil columnsg
were considered to be smoothed, as the measurements had been cbtained
from a much larger scoil sample than in the case of the hot air method
and the desorption curves.

The parts of the D-théta and k-théta relationships near saturation were
obtained from measurements of ponded infiltration on soil columns, i.e.
the effective diffusivity D and kj (section 2. 7. 3).

2.8 Conclusions, evaluation ard applications

- For the modelling of soil moisture, the model structure of a
physiographic unit can be identified from the soil moisture
budget, During a pericd with no flow of soil moisture, measure-
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ments can be restricted to actual evapotranspiration and changes
in content or tension of moisture in soil or rock layers with
storage capacity.

Where relatively thin soils are found on rock that consists of
alternating layers, e.g. of solid limestone and weathered marl,
the upper lavers of marl play a very active role in the soil
moisture regime (VAN DEN BERG 1983). Such a soil-rock system has
to ke modelled analogously to multi-layered soils.

Our results indicate that desiccation of a root-scoil-rock system
takes place from the top downwards; this supports practice in root
zone modelling.

If the general infiltration equation (2.4a and 2. 4b) is to he ap-
plied according to the Green & Ampt assumptions, the moisture
tension Yy at the wetting front must be known. The method de-
scribed by BRAKENSIEK (1977) and that of fitting egquation (2. 4a
and 2. 4b) to measured infiltration data yleld V¢ values, that
closely correspond. When Y is known, equations (2. 4a and 2. 4b)
give an infiltration forrmila that takes account of the initial
soil moisture condition

Measurements from a scoil column in situ can provide nearly all the
fundamental hydraulic properties of the soil:

during ponded infiltration:

- three different ways of determining saturated hydraulic
corductivity: according to Darcy' 8 law, the measured in-
filtration data {eq. 2.4a and 2. 4b) and the observations of
the movement of the wetting front {eq. 2.6);

during infiltration, controlled by an artificial crust:

- hydraulic conductivity near saturation kg i.e. kKypgar at a
negative pressure head close to zero by use of a low, ar-
tificial hydraulic resistance;

- the wet part of the k-psi and D-psi relationships, which
can he supplemented by results for intermediate moisture
contents from the hot air method.

When macropores are present, kga+ and kg according to eg 2. 4a and
2.4b or to eq. 2.6 will differ congiderably from Joaar 8t ¥~ 0.
For the measurement of soil moisture tension, small cup tensio-
meters with an electronic pressure transducer appear to be a
cheap but quick and reliable tool, as long as moisture tension
does not fall below - 500 mbar.

At several places, even near the top of slopes, shallow soil slips
were found. Such slips were probably caused by temporarily posi-
tive pore water pressure such as had been measured at the equi-
librium stage during an infiltration experiment on a scil column
(Fig. 2.4). According to Coulomd’' s law for shear strength, when
pore water pressure is positive the shear strength of clayey amd
silty soils decreases considerably, thereby affecting slope sta-
bility. Where this more or less coincides with an abrupt decrease
in root density and consequently with a decrease in cchesive soil
strength by roots (GRAY & MEGAHAN 1981) shallow soil slips may
regult.
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LIST OF SYMBOLS

symbol description dimension
D diffusivity of soil moisture 12/
) effective diffusivity 12/
E; actual evapotranspiration 1/t
Ey potential evapotranspiration 1/t
Eg actual evaporation from the soil 1/t
I flux density of moisture at the scil surface 1/t
L latent heat of evaporation E/m
L depth of the wetting front 1
k hydraulic conductivity of unsaturated soil 1/t
.4 saturated conductivity excluding large pores 14
ksat saturated corkuctivity 1/t
n nmumber of items in a sample -
P goil porcsity -
I flux density of percclation or capillary rise 1/t
Qth flux density of throughflow 1/t
Rpet net radiation E/12.t
8 standard deviation -
sorptivity 1/c
s volume of water taken up by plant roots per unit
bulk volume of soil in unit time 1/t
t time
X, 2 coordinates of space 1
empirical constant -
Y paychrometer constant p/T
A slope of the temperature-saturation vapour
pressure curve p/T
e volumetric soil moisture content -
Y head; without index pressure head 1(p)
p bulk density of soil m/13
indices
o) saturated
n initial
£ wetting front
H hydraulic
net net value
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ABSTRACT

Van den Berg, J. A, and Louters, T., 1986. An algorithm for computing the relationship
between diffusivity and soil moisture content from the hot air method. J. Hydrol,,
83: 149—159,

The hot air method proposed by Arva et al. to determine the relationship between
diffusivity and soil moisture content uses a graphical procedure which is time-consuming
and subjective. The results ohtained by different observers vary greatly.

In this paper, an algorithm is proposed by which the diffusivity values can be com-
puted reproducibly. An empirical function with four parameters is used. Two of them
are ascertained by the boundary conditions, the other two have been optimized by a
standard procedure. The computation is rapid and unambiguous.

The algorithm also enables an analytical expression for the evaporation that is gener-
ated by the drying of a sample by hot air and in this way it gives a reliable judgement
of the appropriateness of the data obtained.

The method has been tested on samples obtained from residual, silty soils from the
Ardéche Basin, France.

INTRODUCTION

dy
da
symbols). The relationship between I} and 8 is widely used in models simu-
lating the soil moisture regime. The hot air method (Arya et al, 1975)
enables us to determine part of this relationship on undisturbed soil samples.
Although this method requires only simple laboratory equipment, the
graphical method of transforming the measured data into a D-0 relationship
is laborious and its results vary considerably between investigators. Therefore
this method should be standardized in order to eliminate this subjective
variation. Then the remaining natural variance, which is still considerable
{e.g., Nielsen et al.,, 1973; Bouma et al., 1979), would become suitable for
further analysis.

Soil moisture diffusivity is defined as D(#) =% - {see the list of
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In this paper we propose an algorithm to find the D-8 relationship from
the moisture content distribution generated in the soil sample.

The algorithm is easily programmable. Results from forty samples of
weathered marl and silty-loam soils in the Ardeche Basin are discussed.

THEORY

According to Bruce and Klute (1956) the diffusivity of soil moisture
D(8) during moistening of a semi-infinite column can be obtained from:

a;
1 dx
D®) = 5 (de) Bf xdo (1)
x
where 8 is the volumetric moisture content and ¢ is time of moisture diffu-
sion. The index i refers to the initial value of # which has to be constant
throughout the soil at the beginning: 6 = @, att = 0 and all x > 0.

Gardner (1959) developed a slightly different analysis and applied it to
the process of evaporation.

Arya et al. (1975) applied this solution to the desiccation of a cylindrical
soil sample of short length. By briefly drying one side of the soil sample a
distinct distribution of soil moisture @(x) is achieved as a function of the
distance x from the evaporating surface (Fig. 1).

Arya formulated as second boundary condition: § =8, at x = 0 and
t > 0, which means that the surface of the soil sample dries immediately
to the air-dry value of 8,. As egn. (1) is only vahd for a semi-infinite soil
column, the drying has to be stopped before the initial soil moisture content
starts to decline near the base of the soil sample.

volumetric moisture content {em3/cm3)

VT (5%

X x{distance from evaporating surface} {cm}
@ measured

Fig. 1. Schematic distribution of soil moisture after brief drying. The dotted line repre-
sents the tangent on the distribution curve at x;, the shaded area represents the integral
of x(f) from @(x;) to 8, The insert shows the relationship between cumulative evapor-
ation and the square root of drying time,
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As Bruce and Klute used the Boltzmann transformation, a linear
relationship is implied between the cumulative evaporation E and the square
root of the drying time £ in the case of horizontal flow:

E = pJ/T+q (2)

A similar relationship should also be a sufficient approximation for the
vertical flow that occurs while the hot air method is being carried out, as
this method is applied at moisture contents where the contribution of
gravity to flow is negligible.

PROCEDURE FOLLOWED FOR THE HOT AIR METHOD

After an initial soil moisture content has been achieved by putting the
soil cores on a sandbox with a moisture suction between pF 1.7 and 2.0,
a distinct moisture distribution is attained by blowing hot air over one side
of the core for a short time ¢. Conduction of heat through the surrounding
steel cylinder is minimized by means of a water-cooled heat shield around its
top (Fig. 2). More details about the laboratory procedure are given by Arya
et al. (1975).

The moisture distribution generated is determined by measuring the
moisture content within the thin slices into which the soil core is divided.
These data are plotted and a monotonously rising curve is drawn through
the measured data (Fig. 1). Then the tangent and the area between the 6,

Fig. 2. A distinet distribution of soil moisture is generated in a cylindrical soil sample
by blowing hot air over one side of the sample. A water-cooled shield arcund the top of
the cylinder prevents conduction of heat along the steel jacket.
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Fig. 3. Measured and computed distribution of soil moisture throughout a sample of
weathered marl. Insert: Cumulative evaporation as a function of the square root of
drying time.

asymptote and the curve until §(x) are determined graphically for points
(x, 6) of the distribution curve at regular increments of §. Inserting these
data, together with the drying time ¢, into eqn. (1), the diffusivity can be
calculated as a function of the moisture content for all 8, <8 <#@,.

The relationship of eqn. (2) is applied as a check for the drying procedure.
While the soil is being dried, its decrease in weight is measured 4—5 times
and plotted as a function of the square root of f. In practice, the linear
relationship is found from about 2 min on (Figs. 1 and 3).

In our experiments forty soil cores 100 mm long and with a diameter
of 50 mm were taken from silty loam, rendoll-type soils on layered marl
or alternating marl and limestone in the Ardeche catchment. On a sand
box, the samples were brought at pF 2 and subsequently dried with a
blower at an air temperature of 180°C near their surface (Fig. 2). The
drying time varied between 12 and 15 min. Figure 3 shows the measured
moisture distribution in one of the samples as well as the measured increase
of evaporated moisture during drying. For ¢ > 2 min, the latter closely obeys
eqn. (2).

PROBLEMS ARISING IN PRACTICE

Two parts of the graphical procedure, i.e. drawing the best-fitting curve
through the measured points of the moisture distribution and calculating
the tangent and the area between 8; and the curve, make the hot air method
laborious and subjective. Graphical differentiation especially introduces
inaccuracies. As a consequence, the results obtained by different investi-
gators are very difficult to compare.

Therefore, we have developed a standardized algorithm for calculating
the diffusivity from the measured moisture distribution, observed after a
certain drying time ¢.
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ALGORITHM

Because the main source of errors lies in the graphical differentiation
and integration (and mainly in the former), we propose to fit an empirical
function to the data. The requirements for such a function are: (1} a mono-
tonous increase of # with x; (2) forx =0, ¢ = 6, (i.e. the first boundary
condition; 8, is air dry moisture content); (3) for x > o=, § =6, (i.e. the
second boundary condition); and {4) allowing easy differentiation and
integration.

The following four-parameter function has been chosen:

c
6 a x+ o)y | (3)
Substituting the boundary conditions, two parameters can be eliminated
and eqn. (3) can be written as:

(8" 60)'bn r 6:' 60
= e = —_—_— 4
g Bl ( b)" or X b ’1 Gi ) b ( a,b)

For positive values of b and n, it fulfills all the requirements mentioned
above. An alternative form of eqn. (4a), using the relative moisture deficit
© (being zero for soil at pF 2 and unity for air-dry soil), is:

_ 3,— — 8 _ b n

© =% %, #(x+b) (4e)
The tangent and the area needed in eqn. (1) are:
% _ (x + b}n+1 (5)
do n(f; —8y)-b"
and

8;

_ ben ¥
deﬂ = ;_—l(ﬂf—ﬂo)-(a —b(8; —8) (6)
] )
Substituting eqns. (5) and (6) into (1) yields:
_ 1 nx+b (@x+b)tt

D) 2t nrn—1) b" ® (7

Parameter b represents a translation; it has the dimension of length and is
expressed in the same unit as x. Parameter n is dimensionless; it influences
the deflecting rate of the curve. Both parameters are not constant as they
depend on the drying time ¢. D must depend on A = x - £ V2 only (“Boltz-
mann similarity’”), but egn. (7) does not show this relation unless n and b
change with time, probably in a quite complicated way.

Moreover, the amount of evaporated water can be expressed as a function
of the parameters by substituting § = 8, into eqn. (6):
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B = 2 (0= 0) (8)

which should equal the measured evaporation after the blowing of hot air
has been stopped. Hence, eqn. (8) can be used to check the appropriateness
of data obtained for & (x).

DETERMINING THE PARAMETERS

Measurements on a sample that had not been air-dried indicated that
#; was reproducible for the Ardéche soils: The standard error of the mean
initial moisture content throughout a whole core was 0.0015. However,
in replicates that had been treated by hot air, the moisture content near the
base of each sample usually showed greater variability. For practical reasons
the value of #; was obtained as the average of the moisture content belonging
to all m slices for which the distance x to the evaporating surface exceeds a
given threshold value €:

- 13
0 = L) (&2

For the silty soils and drying times used, a threshold € = 25 mm appeared to
be appropriate; then for each sample, the relative dispersion of measured
moisture contents 8 (x > €) remained less than five per cent:

s[(x = e)]
0; — 8y

where s(#) is the standard deviation.

A value of 0.02 seems appropriate for the air-dry value, 8, of the mois-
ture content. The sensitivity of the algorithm to §, was tested for a com-
puted soil moisture distribution with realistic parameters (6; = 0.331,
n=4.161; b =16.1mm and = 15min). The value assigned to &, does
not have much influence on the results of the diffusivity computation,
except for moisture contents within the range of 0.8 6; to ¢; (Fig. 4).

With these values for 8; and 6,, the parameters n and b in eqns. (4) are
optimized by means of the least squares method., The sum of squares S of
the deviations between the logarithm of the measured values (8, ) and the
computed ones (8,) can be expressed as:

S = (In®, —In6,)?

0;,—0 0,—0 b \"
@ = i m d@ — 3 L4 =
where &, ——*Gi ~ o, and O, 0, -0, ( )

=< 0.05

Therefore:

2
S =Y |In@,-0) ~In@®, —0,) +n-ln (x+ b)] (9)
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Fig. 4. Relative sensitivity of the algorithm to the value assigned to the air-dry moisture
content f; is expressed as ratio between the diffusivity calculated with 8, = 0.00 (1),
0.01 (2) or 0.03 (3) and that with 8, = 0.02.

Basically, S is minimized by equalizing the first partial derivatives of S to
zero, but in practice, parameters n and b are calculated by a subroutine
consisting of a quasi-Newton algorithm for finding the minimum of S,
subject to fixed upper and lower limits to n and & (NAGFLIB, 1983). The
lower limits are chosen as n=>0.5 and b= 0. The upper limits are arbi-
trarily fixed as n << 24.0 and b < 24.0.

TESTING THE VALIDITY OF THE ALGORITHM

The algorithm has been tested on forty samples of weathered marl and
silty-loam soils from the Ardéche Basin as part of a research on how the
variability of soil physical parameters has to be incorporated in the modelling
of the soil moisture regime (Van den Berg and Louters, 1985). Two stoney
samples showed an unsuitable soil moisture distribution. Statistical analysis
of the data from the remaining 38 samples showed close agreement between
the measured and calculated evaporation. The null hypothesis that the
differences between the measured and calculated evaporation come from a
population with mean (median) of zero was not rejected either by Student’s
test or by the rank correlation test.

The algorithm-based computation was compared with the graphical
computation (with increments of @ equal to 0.02), taking into consideration
the ratio between the resulting diffusivities at different moisture contents.
Seven investigators were provided with the same data set on the moisture
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Fig. 5. Ratio between the diffusivity computed graphically and that computed using the
algorithm.

distribution of two samples: A real one (Test 1) and one computed according
to eqn. (4a), with fictitious but common values for ¢, 8, b and n (Test 2).
The results for Test 1 are shown in Fig. 5, where the ratio between the
individually calculated diffusivity and that computed according to the
standardized calculation is plotted. Test 2 gave a comparable picture.

Figure 5.shows that the diffusivity can vary by a factor 2 or 3 as a result
of subjective interpretation. Such a variation will considerably reduce the
comparability of the results obtained by different investigators. In order
to quantify the results of both tests, the median (M) as well as the half of
the interquartile range (K) were calculated and plofted in Fig. 6. It seems
that the variance between individually calculated diffusivities decreases with
increasing regularity of the moisture distribution data, which are evidently
optimal in Test 2; the mean of all halves of interquartile ranges of Test 2
is 0,047 against 0.094 for Test 1.

APPLICATION: THE D-6 RELATIONSHIP FOR SOILS IN THE ARDECHE BASIN

Using the algorithm, diffusivity values were obtained for (-values below
about 0.30—0.35 (pF over 2.0). For higher moisture contents (corresponding
to pF < 2.0) the hot air method is unsuitable. Instead, use was made of the
“crust method’ as described by Bouma et al. (1971). A combination of
these two methods leads to diffusivity values over the entire range. In
combination with the - curve (desorption curve) the unsaturated
hydraulic conductivity, k, can be obtained by using the definition of D.
As an illustration, Fig. 7 gives these relationships for a typical sample from
the Ardéche Basin (Van den Berg and Louters, 1985).
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Fig. 6. Median, first quartile (= median M minus half of interquartile range K) and third
quartile (M + K} of the ratio between the diffusivity computed graphically and that
computed using the algorithm. The graphical caleulation was performed independently
by seven individuals (n = 7). Test 1 {A) used measured data from a sample of weathered
marl; Test 2 (B) used a computed moisture distribution.

SYNOPSIS

{1) The hot air method, although a suitable tool for obtaining the diffu-
sivity at moisture contents for pF 2 and upwards, is rather time-consuming
with regard to the determination of the tangent and area factors in the basic
eqn. (1).

(2) Graphical interpretation of a given moisture distribution by different
investigators results in diffusivity values that may differ greatly from each
other. This variation increases with the irregularity of the measured moisture
distribution data.

{3) The proposed algorithm enables reproducible diffusivity values that are
suitable for further analysis, such as statistical analysis on spatial variability.
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Fig. 7. Relationship between soil moisture content and diffusivity, conductivity and
pressure head for a silty loam soil. The diffusivity and conductivity curves result from a
combination of two methods: The hot air method (part 1) for the lower moisture con-
tents and the crust method (part 2} for the higher moisture contents.

{4) From the algorithm an expression is derived by which the total evap-
oration at the end of the drying time can be calculated. By comparing this
result to the measured total evaporation the appropriateness of the obtained
data can be checked.

(5) As the algorithm is easily programmable, the hot air method also
becomes less cumbersome. A programme in FORTRAN 77 is available upon
request.
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7] parameter of moisture distribution curve

D(8) diffusivity of soil moisture Li7!

E depth of evaporated moisture L

k hydraulic conductivity LT
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parameter of moisture distribution curve

standard deviation

sum of squares of residuals

time of moisture diffusion

distance from the evaporating surface
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Boltzmann parameter LT
pressure head (negative in unsaturated soil) L
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initial condition
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ABSTRACT

Van den Berg, J.A. and Louters, T., 1988. The variahility of soil moisture diffusivity of loamy to
silty soils on marl, determined by the hot air method. J. Hydrol., 97: 235-250.

Various attempts have been made to estimate hydraulic characteristics from textural soil
properties, often by testing models on materials with artificial packing. The latter approach
prevented soil structure and the arrangement and orientation of soil particles from being taken
into account,

In this paper the moisture diffusivity (in short “diffusivity’) characteristics of loamy to silty
soils with intermediate soil moisture contents are examined. The relationship between diffusivity
and soil moisture content was determined by the hot air method on undistributed soil cores from
eight different sites in the Ardeche Basin, France.

Our objectives were: (1) to obtain reproducible diffusivity values; (2) to distinguish between the
natural and procedural variability; (3) to examine the spatial variability; and (4) to discuss whether
soil texture can be used to distinguish between the diffusivities of different loamy soils.

As for problems of regionalization, it was found that the diffusivity of these soils can be related
to the physiographic diversity of the area, rather than to soil texture.

INTRODUCTION

Loamy to silty soils have drawn man’s attention because of their fertility and
good storage capacity for available soil water as well as because of their
erodibility and vulnerability to human activity. Simulation of the moisture
regime by means of a computer model would be a valuable tool for gaining a
comprehensive view of the suitability and erodibility of these soils with regard
to their use for agriculture or as nature reserves under the prevailing, local
conditions (e.g. climate and slope).

The reliability of the numerical modelling of soil water largely depends on
the validity of the hydraulic relations employed. Among these, the relatlonshlp
between soil moisture and diffusivity is of special importance.

* Present address: Ministry of Transport and Public Works, Tidal Waters Division, Van Alkemade-
laan 400, 2500 EX Den Haag (The Netherlands).
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NOTATION
Symbol Description Dimension
b parameter of moisture distribution curve L
Do diffusivity of soil maisture L7t
E total evaporation L
h pressure head L
n parameter of moisture distribution curve —
g — 6r . .
S = ( ) relative saturation —
(Bs — B1)
t time of moisture diffusion T
x distance from the evaporating surface L
7} volumetric moisture content per unit —
valume of soil
indices
i initial condition
a air-dry value
r residual value
s saturated value

The following brief review of the literature shows that different efforts have
been made to estimate unsaturated hydraulic conductivity and other hydraulic
characteristics from textural soil properties, The first step was sixty yvears ago,
when the relationship between intrinsic saturated permeability and particle
gize was investigated; Kozeny’s formula is an example of this development.
Later, Childs and Collis-George (1950) and Marshall (1958) related permeability
to the pore-size distribution. This relation became usable in practice after a
pore-size distribution index which could be related to the measured soil-mois-
ture retention curve was introduced (Brooks and Corey, 1964; Brutsaert, 1966).
The development of techniques enabling -the soil moisture regime to be
simulated with the help of the computer led to a proliferation of similar
concepts e.g.: Hillel (1971), Campbell (1974), Mualem (1976), Haverkamp et al.
(1977), Clapp and Hornberger (1978), D’Hollander {1979), Van Genuchten (1980)
and Rawls et al. (1983).

Some authors classified the parameters according to the textural triangle of
the U.S. Department of Agriculture (Clapp and Hornberger, 1978; Rawls et al.,
1983). This provoked a trend to relate all physical and hydraulic properties to
soil texture (Clapp and Hornberger, 1978; Brakensiek et al., 1981; McCuen et
al.,, 1981; Rawls et al., 1983). Grismer (1986) assessed the dependence of infiltra-
tion rate on changes in pore-size distribution of soils. The determination of the
soil moisture characteristic from soil texture and bulk density received
particular attention (Hillel, 1971; Gupta and Larson, 1979; Ghosh, 1980; Arya
and Paris, 1981). Soil moisture diffusivity, defined by Childs and Collis-George
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(1950) as the product of hydraulic conductivity and the slope of the moisture
characteristic, was approximated by mathematical formulae (e.g., Ahuja and
Schwartzendruber, 1972; Murali et al., 1979; Vauclin and Haverkamp, 1985), or
calculated from mathematical or differentiable expressions for conductivity
and moisture retention, e.g. Van Genuchten (1980). Various authors put
forward methods for measuring diffusivity on soil in-situ or on soil cores, e.g.
Gardner (1960), Bruce and Klute (1956), Arya et al. (1975).

In this paper, attention is focused on the regionalization of the diffusivity
characteristic of loamy to silty soils (loam, silty loam or silty clay-loam) for
intermediate soil moisture contents. In this range of moisture contents, the
diffusivity can be determined by the hot air method introduced by Arya (Arya
et al., 1975). With respect to the boundary conditions that have to be fulfilled
for the hot air method (Van Grinsven et al., 1985) loamy soils are more suitable
than other soils. The parameters of soil water flow were studied on several sites
with loamy soils on marly bedrock in the Ardeche Basin.

Our objectives were fourfold: (1) to obtain reproducible diffusivity values
with an algorithm for the hot air method (Van den Berg and Louters, 1986a);
(2) to distinguish between the natural variability and the variability resulting
from the hot air method; (3) to examine the spatial variability of the diffusivity
characteristics (Nielsen et al., 1973); and (4) to question whether soil texture
can be accepted as discriminatory for the diffusivity of different loamy soils.

PROBLEMS OF CONCEPTUALIZATION

In general, the approaches cited above are based on the assumption that the
soil particles and pores can be described by their radii and that pore space is
distributed randomly. This scant regard for the arrangement of pores and soil
structure means that neither heterogeneity nor anisoiropy can be taken into
account. An X-ray analysis of the soils studied, indicated the presence of
13-20% of clay minerals, of which 50-60% were smectites. The concept of soil
water flow through compound pores between spherical soil particles is
inadequate to describe the water movement between clay platelets. Moreover,
lamellar particles are also supposed to occur in the silt fraction of soils, e.g.
because of the ion-exchange capacity of these particles (Wiklander, 1965;
Ruellan and Delétange, 1967). Some authors have indeed stipulated that their
model should be restricted to sandy soils: “For a nonshrinking material such
as sand, the pore-size distribution may be derived satisfactorily from the
moisture characteristic” (Childs and Collis-George, 1950. p. 396); “With porous
media that are stable in the presence of water, permeability is a function of the
geometry of the media” (Brooks and Corey, 1964, V). Marshail (1958, p. 1 and
2} also applied his concept to sand only. Most authors tested their model on
artificially packed cores of soil or even of synthetic materials. Artificial
packing of natural s0il material results in the loss of information about soil
structure and the original arrangement and orientation of soil particles.

As for the hot air method, the comparability of the results obtained by
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different authors is questionable, because the graphical computation of the
diffusivity obtained by this method is subjective (Van den Berg and Louters,
1986a). The use of 501l texture or pore-size distribution for modelling hydraulic
parameters only yields indirect information about their variability. If the hot
air method is correctly applied to undisturbed soil cores, then whether the
variability within one texture class or within a group of associated textures is
due to natural variability or to the procedures followed, remains an important
guestion. Procedural variability can be caused by sampling (e.g. compressing
or fissuring the soil), treatment in the laboratory (Van Grinsven et al., 1985),
and the interpretation of the moisture distribution in the cores after superficial
drying. The latter source of variability may be minimized by using a suitable
algorithm. As the variability in the results obtained from the hot air method
cannot be subdivided into a natural and a procedural part, fifteen replicates
from an apparently homogeneous soil (a loam at sample site 1, Fig. 1) were
taken in our research, in order to minimize the natural variability. The results
were compared with 45 samples from ten other sites or horizons of soils
classified as loam, silt loam or silty clay-loam. For the sake of contrast four
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Fig. 1. Location of the eight sample sites within the Ardéche Basin, southern France. Details and
lithology of the dotted areas are given in Figs. 2a and b.
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samples from a sandy loam (Ardeche alluvium, site 8) were included in the
analysis (Table 1).

EDAPHIC AND GEOMORPHOLOGICAL PROPERTIES OF THE SAMPLE SITES

The bedrock of the sample sites 1-7 (Fig. 2) consists of Lower Cretaceous
marl, dipping slightly southeast (12-18°), The marl is banded and irregularly
intercalated with limestone layers that vary in thickness from a few millime-
tres to several decimetres. Where gullies have been formed, a layer of fresh
limestone acts as a local base level of erosion. Most of the sample sites (Fig. 2,
sites 4-7) were on the gently concave lower section of west-facing slopes on
marly bedrock with a slope angle of about 6° at the foot of a steeper ridge of
limestone. These slopes can be classified as cryopediments, a periglacial
analogue of the pediments or glacis of arid and semiarid regions (Czudek and
Demek, 1973; Washburn, 1979). Cryopediments have a slope angle between 3
and 10° and are considered to be denudation surfaces developed by slope
processes under periglacial conditions (Czudek and Demek, 1973; French,
1973).
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Fig. 2. (a) Lithology and lacation of sample sites 2-6. (b} Lithology and location of sample site 7.
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All sample sites show evidence of former agricultural use, but nowadays
sites 2-7 are only extensively grazed; sites 1 and 8 are uged for viticulture. Their
geological structure and the long period that they have been settled and used
for agriculture (evidence of Palaeolithic man has been found in the Ardeche
Basin; Bozon, 1974) fostered the erosion of the pediments, which are now
intersected by gullies. In the past, terraces were built for erosion control
(Blanc, 1984}, Mass movements have occurred, for instance at sample site 7.
Remnants of slope deposits have been found in only one sample site, in the key
area 1 (Fig. 1) beside the Auzon River. Here, the apparently homogeneous
deposits of a mudflow are present between two debris flows, all of them
probably of Pleistocene origin and undercut by the Auzon River. The surround-
'ings of sample site 3 (Fig. 2a) have been dissected by deep gullies cut in
weathered marl. The drainage of the second-order subcatchment of Conte
Mangier (site 2) is predominantly joint-controlled, The wvalley has been
terraced almost completely. Sample site 2 ia located on the terraced valley slope
of this subcatchment. The nature of soils and deposits at the sample sites seems
to be related to the lithology of the subsoil and past agricultural practices.
According to the USDA Soil Taxonomy classification (Soil Survey Staff, 1975),
the marly, loamy soils, which are mostly poorly developed, can be classified as
haploxerolls to xerochrepts; the texture varies between loam, silt loam and
silty clay-loam (Fig. 3). Table 1 gives certain physical characteristics of the soil
of the sample sites, such as the mean and variance of bulk density and of
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Fig. 3. Soil texture of all plots according to USDA classification.
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porosity, and the difference in pore water content between soil moisture
tensions of 3.1 kPa and 1554 kPa.

THEORY AND PRACTICE OF THE HOT AIR METHOD

The hot air method can be considered as the desorption equivalent of the
Bruce and Klute (1956) method for measuring D-theta during adsorption:

&
1 dx

D) = o =5 | xdo (1)

o

where D(f) is the soil moisture diffusivity (LZT '), x is the distance from the
evaporating surface (L), # is the volumetric moisture content and ¢ is total
drying time (T). The index i refers to the initial boundary conditions of 8, which
has to be constant throughout the soil at the beginning: # = 8, at¢t = 0 and all
x = 0. To solve eqn. (1) a second boundary condition is formulated: § = 6, at
x = 0 and t = 0. This implies that the surface of the soil sample dries imm-
ediately to the air-dry value 6. If the 8-x profile 1s known, the right-hand site
of eqn. (1) can be calculated numerically.

As recently proposed by the authors (Van den Berg and Louters, 1986a) the
x—0 profile obtained experimentally can be described by:

o _ g O 6 | @
{(x + &)

where b represents a translation and n influences the deflecting rate of the
curve. Parameter b has the dimension of length and n is dimensionless. Both
parameters, which can be obtained by the least squares method, are not
constant, because they depend on the drying time ¢.

Calculating the tangent to and the area under eqn. (2), and substituting them
in eqn. (1} yields:

1 {nx + b)(x + b)

by = 2t nin — 1)

3

If the parameters » and & are computed, the measured total evaporation can be
checked, because egqn. (2) enables the total evaporation E (L) to be calculated
according to:

b

E - m(ei —8,) 4)

All soil samples were prewetted by saturating them and then putting them on

a sandbox at a suction between 3.9 (Ardéche alluvium) and 9.8 kPa for at least
one week, during which the water was allowed to equilibrate in the sample.
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Then one side of the soil core was heated by a forced hot air stream for a short
time ¢ in order to evaporate water from the surface of the core. The air
temperature near the evaporating surface was 180°C,

) Conduction of heat through the surrounding steel cylinder was minimized
by means of a water-cooled heat shield around its top. The drying time in our
64 experiments varied between 12 and 20 min. Loss of weight of the core during
evaporation was determined by repeatedly weighing the soil core; the
cumulative evaporation appeared to be proportional to the square root of time
(Fig. 4). After the drying had been stopped, the moisture distribution was
ascertained by measuring the moisture content within the thin slices into
which the soil core was divided. Using the algorithm, a monotonously rising
curve was calculated through the measured data by optimizing the parameters
n and b from eqn. (2) (Fig. 4). This curve was plotted, to check the measured
data; unreliable data were discarded. In cases where the optimized curve
systematically differed from the x— profile, the n and b parameters from eqn.
(1) were adjusted slightly. Values of 0.0 to 0.02 were used for the air-dry value
a,.

EXPERIMENTAL PROCEDURE AND DATA SELECTION

In this study, soil cores were sampled from eight sites (Figs. 1, 2a and b),
seven of which were located in loamy to silty soils developed from marls and
one in an alluvial sandy loam. Sites 2, 4 and 7 were subdivided into various
plots. At site 2, the soil as well as three underlying layers of weathered marl
were sampled; at sites 4 and 7 two adjacent plots were selected (Table 1).

The data on each core were screened to ascertain if there was a regular
increase in the moisture content as the distance from the evaporating surface
increased (x—6 curve) and if the initial moisture content at the end of this curve
was well approximated. An irregular increase of moisture content was usually
caused by stones in the soil matrix. Though the HOTAIR algorithm (Van den
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Fig. 4. Measured and computed moisture distribution in a core of loamy soil (site 1) after 12min
of drying time. Insert: cumulative evaporation as a function of the square root of drying time.
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Berg and Louters, 1986b) is able to correct for this, it is only meaningful to do
so if the stones are small. Large stones may influence the moisture distribution
too much. Samples where the moisture content at the bottom of the core did not
reach the initial value were also discarded; these cores had probably been
heated for too long.

After this screening, the diffusivities for each of the remaining 64 cores were
calculated with the HOTAIR algorithm for a range of volumetric moisture
contents between 0.1 and 0.3. For the loamy to silty soils this range corresponds
with relative saturations of about 24-72%. Three plots (2a, 3 and 4) proved to
contain a core whose calculated diffusivities for the whole range of moisture
contents had to be considered as outliers. Furthermore, in one core from plot
1, significant deviation was only found at moisture contents above (.26 (Kolmo-
gorov-Smirnov test). Such outliers disturb analysis of variance, and the data
on these four cores were therefore discarded.

As the diffusivities calculated for the cores from sites 5 and 6 matched well,
the data on these sites were combined, except for the test on the relationship
with texture.

RESULTS AND DISCUSSION

After this selection, we were left with 60 cores from the twelve different
plots. The mean, standard error of the mean and the variation coefficient of the
calculated diffusivities of these cores are shown in Table 2 for eleven moisture
contents between 0.1 and 0.3.

Comparing variability of the diffusivity within each plot, the Auzon site
(plot 1) shows the lowest standard error of the mean for each moisture content
within the range under consideration. The combined data of Plagnes (plot 5)
and Costes (plot 6) also have a low standard error and variation coefficient,
which corresponds with the fact that in the field both sites were judged as being
rather homogeneous.

The coefficient of variation can only be examined in the five plots with six
or more replicates (1, 2b, 3, 4a and 5 + 6}, because this coeflicient is not a
reliable criterion in plots with fewer replicates. The mudflow at plot 1 (Table
2) shows the lowest variability, as well as a very constant coefficient of
variation of 25%. Assuming that there is some natural variability, it may be
concluded that the procedural variability inherent in the hot air method and
in the HOTAIR algorithm amounts to less than 25% of the mean diffusivity.

Four plots have a high standard error of the mean: plots 2b, 3, 4c and 7a. If
the standard error is considered to be an index of nonuniformity (Druyan et al.,
1986), the high standard error in three of them can be explained by hetero-
geneity of soil and rock: plot 2b contains soil cores from three consecutive
layers of weathered marl that showed different hydraulic behaviour under
saturated conditions; at plots 3 and 7a, the soil was formed in a marl that was
locally intercalated by platy layers with a higher carbonate content.

The spatial variability of diffusivity was examined by analysis of variance
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between plots for eleven different moisture contents (Table 3). According to
this analysis, plots 1, 2a, 4a, 4b, 5 + 6, and 7a (Table 2) can be considered as one
group (Group 1) the means of which do not differ significantly for moisture
contents from 0.16 upwards. If plot 4a is deleted from this group, the F values
for the whole range of 8 are low (below unity) and the critical value at the 5%
value is 2.74. Plots 2b, 3, 4a, 4c and 7b act as another population (Group 2) for
moisture contents up to 0.26, and without plot 4a for the whole range of 4.
Group 3 consists of the data on the sandy loam of site 8 (Fig. 5).

What features do each of these groups have in common? The soils sampled
in the plots of the first group are all in-situ or have been undisturbed for some
time. Plot 1 is on a mudflow of Pleistocene age, and plot 2 has not been
cultivated for over fifty years (Van den Berg and Louters, 1985). Site 4 indicates
the impact of vegetation. In one location (Vincennes 1, plots 4a and 4b) a
substantial decrease in root density occurred at a soil depth between 0.35 and
0.4m. This may explain the position of plot 4b in group 1 and of plot 4a
somewhere in between both groups. In the other location, (Vincennes 2, plot 4c¢,
Group 2) roots penetrated below 0.4m.

As for group 2, note that the diffusivities of most plots have a higher
standard error of the mean than in group 1. For plot 2b, the higher level of the
diffusivity may be explained by anisotropy, because the soil cores were sampled
parallel to the stratification of the marl and particle orientation. Plot 7b was
located where evidence of recent mass movement could be found. At plot 4¢ a
loose s0il structure was found to a depth of more than 0.4 m; this might be the
result of a superficial landslip (Van den Berg and Louters, 1985),

Within the limited range of loamy to silty soils we studied, neither texture

Diffusivity {104 m¥day)

228

af] 0.1 Q2 03
Volumetric moisture content

Fig. 5. Soil moisture diffusivity characteristics for the three groups of sample plots distinguished

by the analysis of variance. Groups 1 and 2 cover the same textural range of loamy to silty soils;
group 3 comprises the sandy loam.
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Fig. 6. Correlation between diffusivity (at § = 0.20) and silt content (a) and clay content (b) for the
loamy to silty soils of sites 1-7.

nor bulk density was found to be correlated with diffusivity. For texture, this
noncorrelation is shown in Fig. 6 for diffusivities at a moisture content of 0.2.
When the soils were grouped into textural categories according to the USDA
classification (Fig. 3), the Scheffé test of contrasts (Scheffé, 1959; Dawkins,
1968) gave no significant relationship between diffusivity and texture. It can be
concluded that within the range from loam to silt loam and silty clay loam,
texture is not discriminating for diffusivity.

Our findings indicate that for regionalization within areas with loamy to
silty soils, areal variability of diffusivity should be related to physiographic
diversity such as slope instability and heterogeneity of petrofabric and soil
structure, Curves 1 and 2 depicted in Fig. 5, cover the same textural range of
loamy to silty soils but were distinguished by the analysis of variance. The
ratio between both group means of diffusivity increases from 1.5 at § = 0.1 to
about 3.0 at 6 = 0.3.

Curve 1 seems an appropriate diffusivity characteristic of loamy to silty soils
in a physiographically homogeneous area, and curve 2 seems to be ditto for
heterogeneous sites (1.e. group 1 and 2, respectively, in Table 4). Texture is still
a differentiating factor between the diffusivities of the loamy to silty soils and
a sandy loam of site 8 (Fig 5).

TABLE 4

Mean diffusivity (m*d-! x 10*) of loamy to silty soils grouped according to physiographic diver-
sity of the sample plot

Group  Volumetric soil moisture content

0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30

1 16.5 17.7 15.0 20.4 22.1 24.0 26.2 28.0 32.4 36.9 44.1
2 271 29.4 32.0 35.0 38.7 43.2 488 56.5 67.6 85.9 127
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8. WATER RETENTION AND WATER MOVEMENT IN A LOESS SCOIL SUBJECT TO
VOLUME CHANGE

Abstract

The determination of the water retention capacity and the soll water
diffusivity of a loess soil is complicated, because loess acts as a
non-rigid soil. This paper shows how the relationship between diffusi-
vity and hydraulic conductivity for ridgid soils can also be used for
swelling soils by taking into account the change in total volume caused
by change in pressure head (egns. 5.1, 5.2 and 5.3). In order to apply
thig relationship the retention and shrinkage characteristics must be
known - both as functions of the moisture ratio. The computation can
be done more simply if a differentiable relationship can be found
between vertical expansion and pressure head (egqns. 5.8 ard 5. 9).

The variable bulk volume alsc has to be taken into account for the
caleculation of the moisture distribution gensrated with the hot air
method. The diffusivity for intermediate moisture contents was deter-
mined using this method. It appeared to be almost as high as that of a
sandy loam. Because the diffusivity of loesas is relatively high, on
loess soils the hot air method has to be applied within a narrow range
of test conditions. The high diffusivity also confirms that soil mois-
ture diffusivity should not he related to soil texture only.

5.1 Introduction

The present study arose from an attempt to check if the procedure of
relating soil moisture diffusivity solely to zoil texture could be
applied to lacmy and silty soils, This procedure is frequently advo-
cated in the literature and has recently been discussed by VAN DEN BERG
& LOUTERS (1988). In order to enlarge the range of soils studied, an
almost completely silty soil obtained by sampling a loess deposit, was
exardned.

The diffusivity of soil moisture for the intermediate range of soil
molsture content was determined by applying the hot air method and the
HOTAIR algorithm according to Arya (ARYA et al. 1975) and to VAN DEN
BERG & LOUTERS (1986a). Some problems arise when calculating the un-
saturated conductivity from the diffusivity and the derivative of the
retention curve, because the loess is a swelling soil. (Here, the
adjective "swelling" implies "subject to volume change if water is
added or removed". )

This chapter establishes how the derivative of the soil moisture pres-
sure head with respect to the volumetric moisture content can be calcu-
lated from the suction head - molsture ratio curve and the shrinkage
characteristic, The diffusivity and unsaturated conductivity of loess
at intermediate moisture content are also reported
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5.2 Theory

In a swelling soil, water intake is accompanied by an increase in bulk
volume. In cores sampled for laboratory experiments swelling is re-
strained laterally hy the steel jacket and is permitted in one direc-
tion only (ie. wertically, if the soil cores have been taken in this
way). In a soll core the vertical expamnsion is restricted in a dif-
ferent way than in a natural mass of soil: side friction, which may
reach large values in long columns, attenuates volume change in soil
cores (DOLEZAL 1976). For non-rigid porous materials self-weight and/or
surface loading causes a normal stress that constrains vertical expan-
sion (STIRK 1954). Strictly speaking the void ratio e (volume of voids,
Vp/volume of solid, Vg) depends on the moisture ratio ¢ (volume of
liquid v /volume of solid) as well as on the normal stress, but the
effect of normal stress is restricted and negligible for soil cores
{PEILIP 1971). Under conditiong of normal shrinkage the nocrmal stress
also produces the overburden component in the soil moisture pressure
head; in small soil cores, however, this component is negligible
(SMILES & ROSENTHAL 1968, PHILIF 1969 and 1970).

As SMILES (1976b) explains: "though the behaviour of clay/silt-water
systems is fundamentally a result of the consequences of the physical
chemistry of the interaction of electrolyte-colloid systems we attempt
to treat the system, in the first instance, purely in terms of per—
ceived macroscopic interactions between liquid and soilid, i.e we
assume for initial simplicity that the void ratio also parameterises
the consequences of the physical chemistry of the system”. The moisture
retention curve of a swelling soil should be represented by the pres-
sure head h or the suction head H ag a function of the moisture

ratic 4, rather than as a function of the volumetric mosture content ©
(volume of liguid/total volume Vi) (see also SMILES & ROSENTHAL 1968,
PHILIP 1971). The reciprocal of the derivative of H with respect to ©
can be written as

é®e 1 dan v 4V

&V @ W% @ - (5-1)
For rigid media the last term of eqn. (5. 1) equals zero, Using the void
ratio e egqnn (5.1) can be written as

de _ ad

1 3 de
W el @ el @ 5-2)

Egqn. (5.2) is applicable if a differentiable regression equation bet-
ween s¢0il expansion and suction head can be found. Using the chain rule
for differentiation eqn (5. 2) can be written as

g 1 as_ 1. de a
o "er1- ad - o) - a5 @ (5.3)

Having measured the retention curve H-¢ and the shrinkage characteris-
tic e-9 the derivative of © to H can be calculated for each value of @
as
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3= (e+rl)O (5. 43

CHILDS & COLLIS-GBORGE (1950) defined soil moisture diffusivity
D(L* T 1) by

= - 8o
D= -k @ (5. 5)
so that
= ae
k = -D (5. 6}

where k(LT™ 1} is the unsaturated conductivity. If the diffusivity is
determined k can he computed from the H(3) and e(#) curves with egns.
{5.3) and (5.6) or with (5.2) and (5 6) from H(¢#) and e(H).

By its definition it will be clear that the dry volumetric bulk density
py (mass of solid/total volume) of a swelling soil is not constant but
depends on the moisture content. The actual value of Py can be computed

Py = 0g » [==rl (5.7)

vwhere pg is demsity of solid

In the hot air method for determining D-8, 9, is used for calculating
the generated moisture distribution 6-x from the slices into which te
soil core was cut. The distance x from the begimning of the soil core
to the centroid of a slice, and the moisture content © of that slice
should be calculated using a variable Py according to ean. (5. 7).

5.3 Material and methods

To determine the moisture retention characteristic and the dependence
of s0il water diffusivity upon soil moisture content, scil cores (100
and 200 mi volume, height 50 and 100 mm, 9 and 20 replicates, respec-
tively) were collected at a depth between 3.3 and 3.5 m in the "Bel-
vedére" loess pit near Maastricht in the southeast of the Netherlands.
The soil cores did not include macropores.

The loess has been dated to be of Late Weichgelian age (17,500 years)
by the thermoluminescence dating method (HUXTABLE & ATTKEN 1985). It
was found to contain 15% carbonate and hardly any organic matter

(0. 3%); it is rich in silt (2 - 53 pm: 70. 5%), medium in clay (< 2 pm
16. 6%) and low in fine sand (9. 8%). The results of X-ray analysis agree
well with these data, giving the following composition: carbonate
10-15%, gquartz 65%, clay 15%; as to the particles < 2 pm the analysis
shows that over 50% of the clay consists of smectites. Dr. H. J. Micher
(University of Amsterdam) who has studied the macro- ard micromorpholo-
gy of loess deposits (MOCHER 1986) examined thin sectiorns of two undis-
turbed soil samples for micromorphological phenomena. In both samples
he found vertical craze planes (diameter bstween 50 and 1300 pm), many
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horizontal, lenticular voids (i.e. wvughs; diameter between 10 anmd

650 um), argillaceous laminae (locally wavy or ag silty cappings deve-
loped), biopores with or without excrement, redistrilution of carbo-
nates with accumuilation around voids (i.e. neocalcitans) and crystals
of biogenetic carbonates (Fig. 5.1). The cappings and the wavy or
broken laminae indicate that after its primary, aeclian deposition the
loess was affected by redeposition and freeze-thaw cycles. This was
followed by soil formation (hiological activity and redistribution of
carbonates ).

Fig. 5.1,  Photomicrogreph in crossed polarized light, showing a craze plane (right),
vughs, a channel with excrement (central part), an argillacecus lamina
(central part, above the chanmel with excrement) and a neocalcitan (bottom
right).

Cores were taken carefully, so that structure was not visibly changed
by cracks or horizontal hreaks. All cores were prewettted by capil-
larity for four weeks to a suction head (H) of 0.01 m (pF 0) for the
H-© cores ard of 0.025 m (pF 0.4} for the D-8© cores. The higher suc-
tion head used for the D-© cores should prevent reorientation of the
particles (SMILES & ROSENTHAL 1968, SMILES 1976a, 1976b). The latter
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phenomenon is supposed to have more effect on moisture transport than
on moisture capacity. Then, for the determination of the retention
curve, the 100 ml soil cores were drained to bring them to equilibrium
at a range of suction heads: six points were determined on the sand box
{(up to 1 m, i.e. pF 2), three points on the kaolin box (suction head
between 2 and 5m, i.e. pF 2,3 and 2. 7 respectively) and three other
points with the membrane pressure apparatus (suction head between 25
and 160 m, i.,e pF 3.4 and 4.2 respectively). Volume change of the
s0il was also measured during desorption at suction heads of 0.01 m
("saturated*), 0.17, 0.32, 1.1, 2.0, 3.2 and 5.0 m

During the hot alr experiment one side of the soll core is dried by
hlowing hot air on it and then it is cut into 16 slices to determine
the water content distributicn ©-x. Details of the laboratory proce-
dure for determining the diffusivity are described by e.g. ARYA et al.
(1975) and VAN DEN BERG & LOUTERS (1986a).

5.4 Results and discussion

Figure 5.2 shows the e{d) and H(®) functions of the loess; the almost

horizontal part of the retention curve for .38 < ¢ < .60 may be noticed

as typical for a well-graded soil of fine texture. It means that for
>.2 (i.e. ¢ > .38) high values of D(6) can be expected.

The following regraession equation was found between vertical expansion

arxl suction head H (in m)

La - Ig
Lsat - I
with a correlation coefficient r = 0.98, where L is length of soil core

(a = actual, d = dried at 105°C and sat = saturated, i.e. at a moisture
content belonging to H = 0. 01 m).

1 - 0. 3291og(H) (5. 8)

Using eqn. (5. 8) the differential quotient de/dH in eqn (5.2) can be
calculated analytically as

ge Allgat - Lg)
T -0. 143 . _VS-—H-— (5. 9)

where A ig the area of a crosg-section of the soil core.

In the search for optimal conditions the hot air procedure was per-
formed for different combinations of initial moisture content 8, air
temperature T (measured at the surface of the scil core) and drying
time t (see table 5.1).

The 6-x data of each core were screened and a replicate was discarded

if one of the following two cases occurred:

a. the bourdary comdition of 8 = 65 at x = 0 and t > 0 could not be
realized in time because the surface remained partly wet;

b. Aduring the test the initial water content €; could not be main-
tained unchanged at the bottom of the soll core.
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Four of the 20 samples were logt: one because of technical failure
during the experiment, one because of cracking at the surface of the
soil core, and two because of a discontinuity in the moisture content
distribution, probably caused by a rupture.

Experience has shown that for the hot air experiment on losss it is
essential to find the most suitable test conditions with regard to
initial moisture content 6;, air temperature T and drying time t. In
the literature hydraulic properties and their test conditions are
mostly related to soll texture only (i.e. VAN GRINSVEN et al 1985).
However, this may insufficiently characterize the moisture diffusivity
of an urdistubed soil (VAN DEN BERG & LOUTERS 1988), As the test condi~
tions for loess were not known beforehand, only 9 of the 16 samples
appeared to be of use for calculating the D - © relationship. Most of
the selected samples appeared in the lower left-hand corner of

Table 5. 1.

Table 5.1 Ratio of salected to treated samples for different conditions of the hot aiJ.j
method
indtial air
molsture  temp. drying time t (8)

content T

g (-) ("c) 360 390 420 480 600
0. 41 180 - - - - 0.0; a+b
0, 41 210 - 0.0; a+b - - -
0. 41 260 0.0; a+b - - 0.0; a+b -
0. 32 210 - 1.0 1.0 - -
0. 27 210 1.0 0.3% b 0.5 b - -

a the boundary conditions of © = €, at x = 0 and t > 0 could not be realized in time
because the surface remained partly wet

b during the test the initial water content € could not be maintained unchanged at the
bottom of the soll core

For these samples the magnitude of D seems independent of the experi-
mental conditions, as it should be.

Figure 5.3 shows that the diffusivity of loess is almost as high as
that of a sandy loam and much higher than that of a group of loamy to
silty solls. This emphasizes the conclusion of earlier research that
soil texture is insufficient to discriminate for diffusivity (VAN DEN
BERG & LOUTERS 1988). Besides, the high diffusivity accounts for the
small range of conditions permitted if using the hot air method on
loess samples.

For 0.1 < © < . 30 the unsaturated hydraulic conductivity k was computed
with egqn. (5. 6) using the diffusivity as determined with the hot air
method (Fig. 5.3). Between 6 = . 28 and saturation D was estimated from
an assumed increase in k to saturated conductivity which was measured
as 0.11 m/day (broken lines).
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Fig. S.3.
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LIST QF SYMBOLS

symbol description dimension

A area of a crogs-section of a soil core L2
D diffusivity of soil moisture L2t!
e void ratio VP/VS -

h capillary pressure head (potential per unit of
weight of soil water) L
H capillary suction head (H = -h) L
hydraulic conductivity L1
L length of a soil core with indices L
a actual
4a dried at 105°C
sat "saturated": equilibrium with a pressure head of
-0.01 m
n volume of liquid L3
Vp volume of voids L3
Vs volume of solid L3
Vi total or bulk volume L3
x distance from the drying surface of a soil core L
9 moisture ratio Vp/Vg -
5] volumetric moisture conten Vi /Vi -
o initial value of © -
=T air dry value of © -
Pg density of soil solids mr,~3
Py dry bulk density mi 3
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6.2 Theoretical considerations

Infiltration concept

BODMAN & COLMAN (1944) schematized the soil moisture profile during
ponded infiltration in a way that is still widely wsed. The five fea-
tures identified for a uniform soil are the saturated zone, the transi-
ticn zone, the transmission zone, the wetting zone and the wetting
front. These zones were also observed by BOND & COLLIS-GEORGE (198la
and b) in experiments on fine sand from which silt and clay had been
removed. According to this concept there are two characteristic ‘conduc-
tivities during infiltration: kya+ for the saturated zone and ko for
the transmission zone.

If there is a difference between the conductivity of two consecutive
scil layers e.g. between two soil horizons or between the surface crust
and the soil below, it is the effective value of the comductivity that
is in fact measuved (k;). In the case of a series circuit, kg can be
expressed as a function of the components k; and k; and the geometry of
the percolated soil (Fig. 6.1).

ki. k3 (@1 + dy)

(6. 1)
ki.dg + kp.d,

ponded
infiltration

Fig. 1. Schematic representation of a series circult of two soil layers of different
depth (d; and d;) and with different conductivity (k; and Xk3); kg is the effec-
tive conductivity of both layexs.

In the same way the value of kg depends on the hydraulic conductivity
of the scil layers that the transmission zone has penetrated. If a soil
profile can be subdivided into three zones (e.g. zone 1: A-horizon,
zone 2: rooted zone and zone 3: subecil), each with a different but
constant value of kg {ky,k; and k3 in Fig. 6. 2a) the effective value,
kg, changes continuously with soil depth in zones 2 and 3 (solid line
in Fig. 6.2b). In the case of ponded infiltration, the hydraulic con-
ductivity in the transmission zone, k;, will change with time as scon
as the wetting front has passed zone 1 (solid line in Fig. 6. 2c).
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Whereas in the case of Fig. 6.2 the ky value decreased with increaging
depth of the soil zone, infiltration into a soil overlain by a thin
crust of low cormductivity leads to the reverse situation, in which it
is the upper zone that has the lowest conductivity. Such a situation
gives rise to an unstable wetting front. Therefore, the impact of
natural crusts on the infiltration into a bare, crusted soil was deter-
mined by measuring the steady-state flux through scil samples.

Infiltration equations of Green and Ampt

For uniform soils with a narrow wetting front and with a constant
effective capillary head at this front, ponded infiltration can be
described in a simple way (GREEN & AMPT 1911, KOOREVAAR et al. 1983)
by

I=L(g - &) (6. 2a)

€ - 6 L -hy
t=—k?“—-'[L+hf {1n( Thy

where I is cumulative infiltration expressed as a depth of water, ©; is
the initial volumetric moisture content, €y is the moisture content in
the transmission zone, L is the depth of the wetting front, t is time
since ponded infiltration started, kg is the hydraulic conductivity of
the soil in the transmission zone and he is the effective capillary
pressure head at the wetting front.

Complications arise if the wetting front is diffuse, if successive soil
layers have different values for the infiltration parameters kg and he
and if these parameters vary with time. Ponded infiltration into a
milti-layered scil has been described by several authors such as COIMAN
& BODMAN (1945), TAKAGI (1960), BOUWER (1969; 1976), CHILDS & BYBORDI
(1969), BYBORDI {1973) AND HACHUM & ALFARD (1980).

11] (6. 2b)

Complications by macropores

Ponded infiltration can be strongly influenced by structural macropores
such as cracks, or biopores like worm holes and channels of decayed
roots, even in "closed soils" (CHAMBERLIN 1972), in which these voids
do not come to the soil surface. If the hydraulic conductivity decrea-
ses with depth, it is possible for the capillary pressure head to
become positive in the transmission zone. For the schematization of
Bodman and Colman this means that the saturated zone is extended to the
transmission zone. In that case, infilirating water can enter a hole as
socn as the wetting zone has passed the top of the macropore. This
process contributes considerably to the conductivity of the transmis-
sion zone. The complicated influence of holes and channels of macro-
pores on the hydraulic conductivity was approached by a simple analysis
using eqns. 6. 2a ard 6. 2b. The results are shown in Figs 6. 2a,b arxd ¢
in which a vertical macropore has raised the saturated conductivity of
the zones 1 to 3 (kj, kb ard ks in Fig. 6.2a and the broken lines in
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Figs. 6,2b and c). Moreover, such a water-filled channel causes an
irregularity in the wetting front (Fig. 6. 3).

-a b [ d
=" T

= I = |Tm

Sy = T

L

---- Wetting frant

Fig. 3. Infiltration into a scil with a vertical macropore.

a The wetting front has passed the top of the macropore that still acts as a bhar-
rier.

b. The bottom of the transmission zone (hp>0) reaches the top of the macropore,
which starts to fill with water

c. The water-filled macropore has started to emit a wetting front in all direec-
tions.

a The perturbed wetting front attains the lower tensiometer (Ty) before the
middle one (Ty).

The parameters kp and he

For a given soil layer, kg and he can be determined from the series of
measured values of I and t during an experiment with ponded infiltra-
tion For different values of hy, a value of kg can be caleulated for
each pair of I and t data. Optimized values of kg and hg can then be
obtained: these latter values have the smallest standard deviation of
kp (VAN DEN BERG & LOUTERS 1985). Also, hg¢ can be inferred from reten-
tion curve data, for example by using the methods of BROOKS & COREY
(1964) and BRAKENSIEK (1977).

The parameters in eq. 6. 23 amd 6. 2b, kg and hg, vary with physiographic
factors such as soil texture and soil structure. Many authors have
reported values of hy as a function of texture and soil horizon {MEIN
& FARRELL 1974, BRAKENSIEK 1977, BRAKENSIEK et al. 1981, CLAPP & HORN-
BERGER 1978, McCUEN et al. 1981, BAWLS et al. 1983, RUSSO 1988). The
literature suggests that there is a temdency for hr to increase with
the content of fine soil particles. However, in soils containing many
macropores the absolute value of hy is expected to be small. Tt is
usually assumed that he is proportional to the air entry value (BOUWER
1966, 1969, WHISLER & BOUWER 1970, BRAKENSIEEK 1977) which is likewise
small in such soils. CLAPP & HORNBERGER (1978) found that most soils,
particularly medium- and fine-textured ones, show a gradual air entry
near saturation. If all the soil layers involved contain macropores, he
may be expected to hardly vary with soil texture and soil depth.
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Variance of kg with time

For the loamy to silty soils under consideration the hydraulic conduc-
tivity at a given moisture content cannot be conmsidered as time-in-
variant. In the umsaturated zone a continuously changing system of
voids exists, in which the cracks are especially subject to change.
Most of the processes that cause conductivity to change with time are
well-known but there is one feature that needs soms explanation

When water flows through the voids of a soil, the total head is dis-
sipated as viscous friction that produces frictional drag on the soil
particles in the direction of the flow. The force corresponding to the
energy transfer from the water to the soil particles is called the
seepage force. The seepage force per unit of volume is called seepage
"pressure" and has been defined as

j=-Py. 9. 5 (6. 3)

in which py, is the density of water, h is total head and s the coor-
dinate in the flow direction. The effective j is obtained by multiply-
ing j by the distance to the level of the saturated soil; the resulting
value is a pressure in the physical sense. When during ponded infiltra-
tion the capillary pressure head in the transmission zone has become
positive so that macropores can contribute to the hydraulic conduc-
tivity, it is worth analysing the effect of the seepage pressure on the
stability of the wall of a macropore during the time that the macro-
pores are active.

While a macropore is being filled with water during infiltration the
effect of the seepage pressure is negligible, because the gradient of h
is small. Then, water from the deeper part of the filled macrcpore may
infiltrate laterally and vertically into the surrounding soil matrix;
here the seepage pressure has a stabilizing effect on the wall of the
macropore. After the ponding has ceased and the macropore has drained,
the gradient of the head and, subsequently, the flow direction reverse
again; the flow of soil water out of the pore wall has a destabilizing
effect. At the moment that the macropore has drained, the total head in
the soil matrix remains still nearly unchanged, which causes a finite
value of Ah over a small As in the wall of the macropore. Where encap-
sulated air is present in the soil matrix around the macropore, the
resulting elasticity permits the soil water to flow nearly instanta-
neously towards the macropore. According te eq. (6. 3) this produces a
momentary rise of the seepage pressure that can be large enough to
result in the macropore collapsing locally.

6.3 Methods and materials

Methods and instrumentation

For the study of hydraulic properties under wet conditions it is pre-
ferable to do experiments on soil columns in situ, because for model-
ling, many of the phenomena that occur in natural soils are difficult
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to reproduce in the laboratory or to envisage beforehand. Small samples
of undisturbed soil give spurious results, because their dimensions are
less than the scale of biopores and structural voids. The "crust
method" as introduced by HILLEL & GARDNER (1969 and 1970 a,b) and
modified by BOUMA et al. (1971, 1972) was used for the experiments
described below.

Soil water flow and capillary pressure head were measured during pond-
ing infiltration on soil cclumns which had been carved out of the soil
in situ with a diameter of about 0.2 m and a height of 0.30 to 0.55 m
Grasses and herbs were cut off and for each experiment the top surface
was provided with an artificial crust of a different hydraulic resis-
tance or, finally, with no crust. The columns were not encased, but
macropores ending in the wall of a column were sealed off with a mix-
ture of bentonite and soil material. The advantage of an unencased
column is that lateral air escape is unimpeded, which approximates
natural conditions.

Each column was provided with an infiltrometer ring and two or three
cup-tensiometers at different depths. The tensicmeters consisted of a
small, porous ceramic cup and an electronic pressure transducer; they
are usahle for pressure heads in the range of 0 - 500 cm ard have a
sensitivity of 0.5 cm (VAN DEN BERG & LOUTERS 1984). A constant head
between 10 and 30 mm was maintained with an improved Mariotte bottle
{ADAMS et al., 1957), able to provide a head constant within 3 mm

The artificial crusts were made from different mixtures of very fine
sand ("Blokzijlzand") and gypsum ((CaS0y).Hy0). Because calcium and
sulphate ions are common in soils on marl and limestone, adding this
electroiyte to the soil sclution was assumed not to modify soil proper-
ties.

During one experiment on ponding infiltration, the dowrsard movement of
the wetting front was observed on the cutside of the soil column. The
position of the wetting front is sharply defined by a colour change,
which was marked by putting pins along four vertical lines at fixed
time intervals.

The effective capillary pressure head, hg, at the wetting front was
determined from the desorption curve by a graphical procedure as
described by BRAKENSIEK (1977) and BROOKS & COREY (1964). Furthermore,
in a homogenecus soil layer, hy was optimized with eqns. 6.2a and 6. 2b
by searching for the lowest variance of the conductivity.

The saturated conductivity of the natural crust of bare soil was calcu-
lated from measuring stationary flow through undisturhed samples
(diameter and height Q.05 m). Using a constant head permeameter the
saturated conductivity was measured on samples of the crusted soil (kg)
and on samples from which the crust had been carefully scraped off
(kz). The conductivity of the crust, kj, could be calculated from eqn
(6.1) as

. .58 kS dy
1" ky (Ap+ds) - ke 4>

(6. 4)
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Because ki depends on the conductivity of the soil, kj, which may have
a large spatial variahility, a more stable and dimensionless expression
was derived by considering both ky and ky relative to ki

k2 f (1 - kE/kz) + 1
— = (6.5)
L31 kg /Ko ,

in which the ratio £ = d3/d; can be considered as a parameter. For f=10
and f=24 the relaticnship between ks/k) and ky/k, has been plotted in
Fig. 6. 4. As to the measurements on natural crusts, data from samples
that contained macropores such as worm holes below the crust, were
discarded. Any openings between soil and cylinder jacket were carefully
sealed with bentonite and all samples were prewetted.

300
200F

7?'??
Pa

100

Fig. 4. The relationship between the ratio of both constituent conductivities of a
crusted soil (k; ard ko) and their effective value (ky) relative to the conduc-
tivity of the underlying scil (k;) for two ratios of the depth of the crust
(d;) to that of the soll balow (d3); f£=d3/d;.

The dry bulk density of the soil was determined by sampling a known
volume of soil; the volume of the soil crusts was determined with the
paraffin method. The porosity (n) of the soil and the soil crust was
calculated from the measured Py and the density of the solid matter pg.
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0
n=1-2 (6. 6)
pS

For 0z a value of 2600 kg. m~3 was taken, because the organic matter
content of the crust and soil was about 3%.

Experimental sites and experimental degign

The field experiments on soil columns were done at seven sites (2 to 8)
vwhich were selected in three study areas A, B and C in the Ardéche
Basin according to erodibility, bedrock and soil type (Fig. 6.5). At
all sites environmental evidence of erodibility could be found, but
they had not yet been eroded. The lithological information was obtained
from geological maps (Bureau de Recherche Géologique et Miniéres 1966,
1967 and 1974) and augmented by field mapping. All sites are on Meso-
zoic rock: Cretaceous marl with limestone (2 to 7) or Triassic sand-
stone (8); lithological maps and the detailed location of sites nos 2-7
have been given elsewhere., Sites 4 to 7 are on the gentle slope of a
wegt-facing cryopediment; sites 2 and 8 are located on a terraced
valley slope.

Bordeaux

-

Q_ km B Study area

Fig., 5. Location of the study areas within the Ardéche drainage baesin, southern France,
The exact locations can be agcertained from the author (cf. Fig. 1..3.c. ).
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Al]l experimental sites show evidence of former agricultural use but
nowadays they are only extensively grazed (1 to 7) or under forest (8).
Sites 2 to 7 were selected because of similarities in lithology and
landuse; they correspond to the plots where scil cores were sampled
for the determination of the hydraulic properties for intermediate
moisture contents.

On the marly bedrock a brown calcarecus soil or pararendzina of mode-
rate to shallow depth is found (haploxeroll to xerochrept); its texture
varies between silt loam and silty clay loam On the deeply weathered
sandstone an argillic brown soil has develcoped (ustult), which has been
influenced during the past by the building of terraces. Here the top-
soil has a texture of loamy sand and the texture of the subsoil is a
sandy loam.

An X-ray analysis indicated the presence of 13 to 20% clay minerals
(50~-60% of which were smectites) in the soils on marly bedrock, and the
presence of 5% clay (40% of which were smectites) in the scil on sand-
stone.

In total, ten columns were carved out at sites 2 to 7 in loam, silt
loam or silty clay loam soils on marl. For the sake of contrast, two
other columns in the loamy sand on sandstone {(site 8) were included in
the analysis. At sites 4 and 8 the measurements were done in duplicate
simultanecusly on two soil colums (4a and 4b, and 8a ard 8b, respec-
tively) and at sites 2 and 3 the measurements were repeated on ancther
column in a subsequent year (2a and 2b, and 3a and 3b, respectively).
The soil properties of all the twelve columns have been summarized in
Table 6. 1.

Each column was carved out where the soil was of the closed type (CHAM-
BERLIN 1972). At site 5 the uppermost soil layer (0.15 m deep) was
removed from the soil column; here the subsoil contained hardly any
Macropores.

In general, the same sequence of experiments was conducted on each
column, by first measuring unsaturated conductivity in a series of
decreasing resistances of the artificial crust, and then measuring the
saturated conductivity.

For the ponding experiments, only the data obtained before the trans-
mission zone had penctrated to the bottom of the column were analysed.
This time was too short to measure any significant effects on conduc-
tivity resulting from the swelling of smectites. For thres columns an
unsaturated conductivity test was repeated after ponded infiltration
experiments.

The porosity ardl saturated conductivity of natural crusts on bare soil
were investigated on five plots (a to e) within study area A. Flots a
to d were on marly bedrock, with plot a at site 7; plot e was located
on an alluvial deposit of the Auzon river. The texture of the crust and
of the urderlying soil is silt loam at all plots. All the plots, with
the exception of plot a, were sampled two or three times; after unreli-
able samples had been discarded, between 4 and 13 samples remained per
plot from each sampling.
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6. 4 Results

The caplllary pressure head in the transmission zone during ponded
infiltration

The tensiometers in the soil columns showed that the capillary pressure
head in the transmission zone mostly increased to a small positive
value of 2 to 5 cm during ponded infiltration (Fig. 6.6). & final posi-
tive pressure head was found both in the silt loam and in the sandy
loam soil.

This small positive pressure head in the transmission zone was just
sufficient to enable the infiltrating water to enter macropores inside
a clcsed scil. Support for this contention can be derived from the data
on h,-t from soil column 3b, which are shown in Fig. 6.7. Here, the
wetting front encountered the tensiometer at 0. 40 m depth before the
one at 0,22 m (see arrgws in Fig. 6, 7). This can be explained by short-
circuiting via a worm hole that was found to run through the column
when at the end of the infiltration experiments the column was inspec-
ted for irregularaties in soil structure. Fig. 6.3 gives a schematic
picture of thig case. Nevertheless, water movement out of the scil
along the sides of a column remained negligible as long as the trans-
mission zone had not yet reached the bottom of the soil column Ob-
vicusly, the outermost scil mantle of the column started with a lower
initial moisture content than the rest, and local satuwration was retar-
ded in this outermost mantle.

Length of the wetting zone

During the ponding experiments the tensiometers showed the progress of
the wetting front. If the transition from the tramsmission zone to the
wetting zone is considered to be where the capillary pressure head be-
comes positive, the progress of the back of the wetting front can also
be shown (Fig. 6.6). In this example, at t=800 s the wetting front had
passed the middle tensiometer at 0.235 m depth and the transmission
zone had just penetrated to the upper tensiometer at 0. 075 m depth.
Profiles of hp with depth at a given time reveal that the length of the
watting zone was 0. 10 0 0.15 m in the topsoil, increasing with depth.
BOND & COLLIS-GEORGE {1981 a) also found a length of 0.15 m in fine
sand.

The shape of the wetting front

The results of marking the advance of the wetting front in column 4a
are shown in Fig. 6.8, in which the velocity of the wetting front is
plotted against its depth as measured at the end of each time interval.
The displacement of the wetting front along the outside of the column
shows a general retardation with depth but also a spatial and temporal
variability caused by macropores inside the column. However, the com-
parable data measured inside the column with the tensiometers seem to
be a good average of the four lines and correspond quite well with
those of line 2.
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Fig. 6. Curves of the capillary pressure head at three depthe in the scll matrix during
porded infiltration (2nd experiment on column 4a).
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Fig. 7.

Curves of the capillary pressure head at three depths in a scil matrix with a
vertical macropore during ponded infiltration (ist experimént on scil column
3b).
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Velocity of the wetting front
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Fig. 8. Velocity of the wetting front ingide (fine line) and along four vertical lines

on the cutside of soil column 4a.

The wetting front pressure head

The pressure head at the wetting front was determined from the desorp-
tion curve data and from eq. 6.2a and 6.2b by smallest variance of kg.
The results are summarized in Table 6.2 and show a fair correspondence.

Tahle 6. 2 Wetting front pressure head from desorption curve data (I) and from egns. la, 1b
and 4 by smallest variance of Ky in a homogeneous soil layer (II)

ke Column rumber

{cm) 2a/b 3a/b 4a/b 5 [ Ta ki 8a/b
I =35 -6, 5 -4 -23 -7 -6 -5 -13
I1 -3.5 -5 -4 20 -4 -4 -4 -6

Variation of kpy with time during ponded infiltration

For columns da, 2b and 3b the value of ky as calculated from egns. 6. 2a
and 6. 2b were plotted against ponding time (Fig. 6.9). Because in each
case the pressure head in the transmission zone was pogitive, the
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effective value of the saturated conductivity is measured in this way.
Curves a, b and ¢ resemble the solid line of Fig. 6.2c, i.e. a rela-
tionship in which k; decreases asymptotically with time as a conse-
quence of the variation of kg5 with soil depth. The higher level of
curve ¢ (site 2, note change of scale) can be explained by this soil
having a crumb structure and containing many large pores between the
peds throughout the profile. At site 4 (Fig. 6.9 curves a and b) the
subsoil has less structure. Curve d of Fig. 6.9 belongs to column 3b,
in which a worm hole was found (as shown in Fig. 6.3). The way kg
changes with time in this column is similar to the broken line of Fig.
6. 2¢ and clearly illustrates the effect of such macropores on saturated

conductivity.
ko {m/day) ko (m/day)

7 initial hp 18 -
s 56
b -178
8 c -100 h .
d .
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Fig 9. Change of with ponding time for two different initial moisture conditicms (a
g and Ix mgoandsmpomnqexpenmantsmcolmda)mﬂfordiffemmadl

gtructure (c: 18t exp. on column 2b; & 1st exp. on colum 3b).

Variation of kg (kg) with antecedent conditions

The effect of antecedent moisture conditions is illustrated by the
curves a and b of Fig. 6.9, The experiment plotted as curve b was
carried out five days after that of curve a, hut started with a more
negative pressure head (- 178 cm) than that of curve a (- 56 cm). In
this case, soil structure changed with time between the two ponding
experiments because shrinkage caused fine cracks and fissures to form,
which contributed to the saturated conductivity.

In most experiments, however, a secord ponded infiltration showed a kg
lower than the kg at the end of the first experiment (Fig. 6. 10).
Unsaturated infiltration tests done before and after the ponding ex-
periments showed unchanged values for kynaat-
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Saturated and unsaturated conductivity

The results of the infiltration tests on soil columns are summarized in
Table 6. 3. Most of the experimental sites show a distinct discontinuity
bhetween the hydraulic conductivity at a small negative capillary pres-

sure head, , and the saturated conductivity kg, the latter being 5

to BO times larger.

The effective hydraulic resistance of the artificial crust could not he
adjusted beforehand on the basis of the mixture of gypsum and sand
Therefore, capillary pressure heads at which the unsaturated conduc-
tivity was measured, vary unsystematically.

Conductivity of natural crusts of bare soil

The porosity and saturated conductivity of natural crusts on bare, silt
loam soils were compared with the same properties of the underlying
soil. The mean porogity of the crust and of the underlying soil has
been plotted in Fig. 6. 11 for each sample. Analysis of variance shows a
very significant difference between the mean porosity of the crusts

(0. 30) and that of the soil below (0. 45).

The data concerning the saturated conductivity were analysed with eqns.
6.1, 6.4 and 6.5; the terminology used is as shown in Fig. 6. 1. The
conductivity of the sulsoil, k,, showed a considerable spatial variabi-
lity, and therefore the ratios of kj/k; (or of ky/ki) and kz/ky were
used, so that the results from different plots could be analysed to-
gether. The relationship between these ratios given by eqn. 6.5 has
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been plotted in Fig. 6.4. From this figure the range of ky/kq can be
found for the range of variation of the mean value of the ratio ky/ky
(alsc plotted in Fig. 6.4) and for the best value of f=4,/d,. Most
crusts were 4 to 5 mm thick, which agrees with laboratory experiments
done by LE BISSONNALS (1988) on a silt loam soil. Given the size of the
sample, the ratio between the thickness of the underlying soil, dp, ard
that of the crust, dj, then becomes f » 10 and consequently ki/k;
varies between 8 ard 20; on average, %X| is a twelfth of kj.

Because of the way the samples used for the data analysis were selsc-
ted, the results of this part of the research apply to the soil matrix
only.

n {Porosity}
05

|:| subsurface seil

surface crust

Fig. 11, Porosity of the crust and the subsoll of bare, silt loam soils.

6.5 Discussion and conclusions

The measurements obtained during ponded infiltration on twelve soil
colums suggest that water can be conducted through macropores even in
a closed soil in which holes do not reach the soll surface. This con-
tention is corroborated directly by measurements of the capillary
pressure head in the transmission zone and indirectly by the large
difference between the hydraulic conductivity during porded infiltra-
tion and that when a small negative pressure head is maintained by
means of an artificial crust (Table 6. 3).

Only in the uniform, unstructured soil of column 5 in which hardly any
macropores were found, did the final capillary head remain negative
{between -1 and -3 cm). BODMAN & COLMAN (1944) found that water did
not move sideways out of the soil during their infiltration experiments
on columns of homogeneous soll of Yolo silt loam or Yolo sandy loam,
From this they concluded that the infiltration could not move into the
macropores inside the soil, but they did not measure the capillary
head.

In their experiments with infiltration into layered soils, COOLMAN &
BODMAN (1945} found a positive pressure head in the whole upper scil
layer if a coarse-textured soil (Yolo sandy loam) overlay a fine-tex-
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tured one (Yolo silt lcam). For most soils considered here, the texture
remained the same but the structure generally weakened with depth or
became platy, causing conductivity to decrease with soil depth. It thus
seems that the capillary pressure head in the transmission zone of a
closed, homogeneous soil without cracks or holes remains negative - as
stated by BODMAN & COLMAN (1944) - but that decreasing hydraulic con-
ductivity allows the pressure head to attain a positive value in the
wetting zone.

A positive pressure head enables macropores to contribute to the con-
ductivity of the transmission zone. For open soils in which macropores
are gpen to the soil surface, the effect of short-circuiting by macro-
pores on saturated conductivity has been discussed by many authors,
such as EDWARDS et al. (1979}, BEVEN (1981), BEVEN & GERMANN (1982),
BOUMA (1982), BOUMA et al. (1982), DAVIDSON (1984, 1985, 1987), BEVEN
& CLARKE (1986), GERMAMNN & BEVEN (1981) and SMETTEM (1986). For closed
s0ils, however, it has generally been assumed that macropores do not
contribute to the transmission of soil moisture. Yet, from Table 6.3 it
can be concluded that for high moisture contents corresponding to a

> -20 cm, the hydraulic conductivity of loamy to silty soils depends
mainly on the secondary pores that are created by soil fauna, soil
structure and shrinkage. With regard to saturated conductivity, macro-
pores are dominant. The increase in conductivity that occurred when the
moigsture content incressed from nearly saturated to completely satura-
ted conditions must have been caused by the presence of macropores that
can transmit soil water even through a closed soll as soon as the hp
has become slightly positive.

No such difference between saturated and unsaturated conductivity was
found by BODMAN & COLMAN (1944) or BOND & COLLIS-GEORGE (198la and b)
because they used homogenecus soil material with artificial packing.
The measurements at site 5, where the conductivity during ponding in
the non-structured silt lcam subsoil remained small (Table 6.3), are in
line with this. Here, the pressure head in the transmission zone remai-
ned negative. These data also agree with the sample mean of the satu-
rated conductivity (kp) of the soil matrix just below the so0il crust;
this mean was J.ntheranqeof025t0065m.day , with a total mean
of 0.42 m day™!, which agrees well with the values of K nca+ a8 mea-
sured on the scil columns when ~ 0.

Table 6.2 shows the values for pressure head at the wetting front
(hg), as calculated from the desorption curve (first row) or computed
with eqns. 6.2a and 6.2b from the infiltration €@ata (second row). The
values of ~20 and -23 em for site 5 are remarkable; here, the subsoil
seams to be homogeneous because it has little structure and contains
hardly any macropores. The he-values of this soll are close to the
value of -28 cm found by BODMAN & COLMAN (1944) for a Yolo silt loam
without macropores, but are still half of the wvalue of -50 om given by
STROOSNIJDER (1976) for a Dutch silt loam The effect of macropores
obviously lowers the absolute value of hy. The values given by BRAKEN-
SIEK {1977) for a silt loam are similar to the walues of ~3.5 to -5 cm
in Table 6.2, but for a sandy loam he found -20 to -25 cm.
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Bepeated ponded infiltration mostly showed that the effective value of
kg (kg) fell between the end of the first and subsequent experiments
with ponded infiltration Three mechanisms could be responsible for

this:

Decreasing conductivity of cracks as a result of the swelling of
colloidal soil particles. However, this mechanism does not explain
why a subsequent ponding experiment could show a reduced kg after
a dry interval of up to several days when the initial moisture
contents in the column were the same or even lower. Neither does
it explain why the same phenomenon was also found in the loamy
sand with hardly any smectites.

Mechanical blocking by movement of the finest particles of non-ce-
mented materials during the flow of infiltrated water; release of
dissolved air or other blockage by air in pores. Blocking by fine
soil particles could explain the lower level of k; in later ex-
periments, but not the major decrease in k; occurring during the
dry interval between two experiments when only a slight capillary
flow was involved.

Blocking by air entry could explain the fall of kg observed after
a short interruption of ponding during an experiment at site 3
when kst decreased from 6 to 1.9 m day~}, but it seems an unlike-
ly explanation for the lower level of ky found two to five days
afterwards.

Partial collapse of a hole provoked by a momentary rise of the
seapage pressure, as explained in the section "Theoretical con-
siderations®. Such a blocking of part of a macropore will lower
the saturated conductivity. Calculations of the gradient of the
head and the shear strength of the soil close to a vertical hole
show that encapsulated air can give rise to a seepage pressure
that exceeds the shear strength.

Unsaturated infiltration tests done before and after the ponding
experiments showed unchanged values for kynes+. This supports the
contention that the changes in hydraulic conductivity were caused
by changes in the macropores.
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NOTATION
symbol description
d height of a soil layer
g gravitational field strength
h hydraulic head of soil moisture
he capillary pressure head at wetting front
hy capillary pressure head of soil moisture
I cumulative infiltration
;) seepage pressure
k hydraulic conductivity
L depth of the wetting front
n porosity
8 coordinate in flow direction
t time
z depth below soil surface (pos. downward)
e volumetric soil moisture content
Py density of water
Pp dry bulk density of soil
Pg density of solid soil matter
subscripts
i initial
belonging to the transmission zone
effective
sat saturated
unsat unsaturated

dimension

(A I = R = R =

M L2, t2
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7. TOWARDS THE REGIONALI ZATION OF HYDRAULIC AND PLANT-SOIL
PARAMETERS FOR MODELLING SOLL MOISTURE CONDITICNS OF A
CATCHMENT

Abstract

Computaticonal simulation of the moisture regime of the soil is a uwseful
help in studying land potential, ecology and land degradation processes
such as soil erosion and mass movement. The utility of modelling soil
moisture depends on the validity of the model structure and of the
model parameters. Moreover, except for differences in relief and for
variation in rainfall and net radiation, such a model will show spatial
variability only if the variability of the ecological properties of the
soil and the vegetation cancpy can be input.

Eight experimental sites on erodible loamy to silty socils in the
Ardéche Basin, France, were investigated, to ascertain how the informa-
tion required for modelling soil moisture can be cbtained.

Three terms of the soil moisture budget were measured or determined for
compiling the model structure: rainfall, soil moisture content (or
capillary pressure head) amd actual evapotranspiration The latter was
calculated with the Bowen ratio methed from the energy halance measured
at three sites. These data were also used to calculate the canopy
resistance in the evaporation formula based on transport resistances.

To study how to regionalize the hydraulic parameters, the characteris-
tics of unsaturated conductivity and scil moisture diffusivity as a
function of moisture content or capillary pressure head were determined
by the hot air method for intermediate moisture contents and with the
crust method on soil columns In situ for high moisture contents.
Estimation of the diffusivity from soil texture appeared to be less
successful for fine-textured soils. Macropores apparently crucially
influenced the capacity of ponding infiltration and the frequency of
overlard flow.

Key words: soil moisture systems, saturated and unsaturated conduc-
tivity, diffusivity, macropores, canopy resistance.

7.1 Introduction

Land degradation is a problem of major order that erodes the basis of
civilization (BLAIKIE & BROOKFIELD 1987). Water is a fundamental factor
in land degradation processes such as soll erosion and scil mass move-
ment, as well as in ecology or when studying land potential. Therefore
it is important to know how the regional secil moisture can be modelled
for different forms of land use and a wide range of plant cover.

A suitable and common way of understanding the soil moisture regime of
an area is its computational simulation Various models and modelling
techniques of differing sophistication are available to do this. But
the utility of their output depends strongly on the validity of the
model structure (which should be verified by field measurements) and
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also on the validity of the parameters applied in the model.

Two types of parameters can he distinguished: hydrauvlic ones for the
flow of soil water and plant-soil parameters that determine the res-
ponse of the vegetation to atmospheric water demand. The main elements
in regionalization will be to take account of the impact of different
physiographic factors such as geology, geomorphology and pedology on
the schematization and the relevant depth of the soil-rock system and
on the system characteristics concerning the storage and flow para-
meters of soil moisture.

This paper describes research done on erodible soils of a loamy to
silty texture in the Ardéche Basin, France, to ascertain the spatial
and temporal variahility of the parameters of such models. In the study
area the upper soil is reasonable homogeneous but its thickness varies.
The subsoil is banded and consiste of alternating layers of two types
of bedrock, each with strongly different hydraulic properties: one with
storage capacity and Darcian water flow in pores (weathered marl) and
the other with storage amd water flow in planar voids of fissured rock
(limestone). Figure 7.1 is a schematic rvepresentation of the system in
the study area.

regolith

Fig. 7.1l.a  Vertical soil profile b. Verified model structure.
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Three phases can be distinguished. First, the system must be reliably
identified, so that the following questions concerning the boundaries
and the sectioning of the area to be modelled can be answered:
to what depth is the soil moisture relevant in the system we wish
to model (i.e. at what depth can we place the lLower boundary)?

- into how many layers does the soil have to be subdivided with
regard to differences in hydraulic properties and sink term
strength?

A preliminary investigation of the scil moisture budget showed that at

the end of summer up to 90% of the evapotranspiration was extracted

from porous layers in the subsoil (VAN DEN BERG 1983). In this paper,
therefore, "soil" will include all soil-rock strata within the reach of
plant roots.

Aspects of the second phase, the reqgicnalization of the model para-

meters, are discussed in this chapter. In this context "regionaliza-

tion" means the process of attachting a value to a parameter at dif-
ferent points (e.g. nodal points} in an area, taking into account the
spatial variahility of that parameter.

The third phase, which is still in progress, is the modification,

calibration and verification of the model and the simulation

7.2 Theoretical considerations
7.2.1 Flow in the unsaturated zone

Each model for simulating the flow of acil moisture in a porous medium
is based on two fundamental hydrological laws: Darcy' s law and the
continity equation. Two-dimensional flow of soil moisture can be
represented by a linear combination of the flux densities q, and ¢, in
the x- amd z-direction

According to Darcy' s law these flux densities (in kg n2, day"l =

mm, day‘l) can be written as

G = - kg() 2 and gy = kg G2 1) (7.1)

where h is the capillary pressure head (negative in the unsaturated
zone) and k(h) is the hydraulic conductivity; 2z and ¢ are positive

downwards.

The continuity equation for the unsaturated zone can be written as

gy ddy é8
-sx " 355 = S+ 5 (@™ (7.2)

where t is tims, © is the volumetric soil moisture contemnt and § a
volumetric sink term S is the volume of soil water that is taken up by
the plant roots per unit bulk volume of scil in unit time and almost
all of which is released through the leaves to the atmosphere, only a
tiny amount being stored in the growing vegetation

FEDDES et al, (1978) modelled the sink texrm S ag a function of the
absolute value of the capillary pressure head h:

s(fhl) = a(|h]). Spax with 0 s a(]p]) s L
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Ag anaerchictic soil conditions are not likely to occur in the area
investigated, a(|h|) = 1 as long as |h| < |h*T,- from |h*| to permanent
wilting point a(|h[) decreases from 1 to 0. |h*| is an important para-
meter in this model and depends on vegetation and on atmospheric water
demand (FEDDES et al. 1988).

Soil moisture diffusivity D(8) is a soil property like hydraulic con-
ductivity; it determines soil water flow at a given gradient of & and
is defined as

D(O) = + k(h) g—hé = x(8) gg (7.3)
With eqn. (7.1) this gives
qx=-Dx(9)%3 and qz=-Dz(63§—§+k(e) (7.4)

In the unsaturated zone k(8) and d(©) depend on the moisture content.
Combining eqns. (7.1) and (7.2) gives us the partial differential
equation for isothermic, isobaric two-dimensional flow of water through
the unsaturated soil.

? 3h 3 sh a3k, e
3w x3x) tag e gp) v =8 v ap (7.3)

Figure 7.2 is a schematic representation of an element of a spatial
finite difference grid for flow in an x, z-plane; time has to be added
as third dimension

For unsaturated flow eqn. (7. 5) is called the Richards equation (SPO-
SITO 1987). *though the mass flow of scil water through the layers of
jointed limestone cannot be described by Darcy's law, such layers can
be modelled as a theoretically porous medium whose hydraulic properties
are comparable with respect to soil moisture budged: low storage capa-
city and high vertical, saturated permeability.

When egqn. (7. 2) is applied to a s0il compartment as shown in Fig. 1b
this yields a formula for the soil moisture budget over t‘t.me step At
(all terms are averages over time and expressed in mm.day‘ ).

xr
I(2=0) = Eg(z=0) + g [q,,:“,‘!j - qu_sf’j] bzy + gplz) +

r Agy

r
+§S"J'Azj+§AT'Azj (7. 6)

in which I (infiltration) and E; (soil evaporation) are flux densities
acrcss the upper bourdary, qp(z) is the flux density across the lower
boundary (percolation or capillary rise) and r is rooting depth. During
dry weather (I = 0} and when throughflow and percolation are negli-
gible, the actual evapotranspiration E; in the study area is equal to
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r r A8
Ey = Eg(2=0) + g 8jhzy = - gEAZj (. day™1) (1.7

According to the conditions specified by GREEN & AMPT ponding infiltra-
tion can be modelled as follows

Io = Lg (85 - ;) (7. 8a)

t % ~ & L h 1 [Lf e
S — + . N [—————
£ £ -he

¥o

where I, is cumilative infiltration depth, t is duration of ponding
infiltration, Ly is depth of the wetting front, h¢ (negative) is the
effective capillary pressure head at this front, k, is the hydraulic
conductivity in the transmission zone and ©; and ©, are the initial
volumetric moisture content ard that in the transmission zone (KOORE-
VAAR et al. 1983). The principal assumptions of this approach are that
a distinct wetting front exists, that hy remains constant, regardless
of time and position and that the soil behind the wetting front is
uniformly wet and of constant conductivity (HILLEL 1980). Although

(7. 8b)

gtranspiration

infiltration

W

soil 2, j-1/2
evaporation

i-1/29

i+1

percolation i-1/2 i+1/2
. . 9z, j+1/2
capillary rise e

AT

4

Fig. 7.2 An element from a spatial finite difference grid for two-dimensional flow.
All terms are mean values for time step 3t.

135



MACKOpOYes can cause an irregular wetting front in a fine-textured
soil, eqns. (7.8a) and (7.8b) still represent a useful infiltration
formula because they contain soil physical parameters that can be
adapted to soil conditions.

Measurements of hydaulic parameters such as the unsaturated conduc-
tivity k(h) or k(8) and the soil moisture diffusivity, D(O), both as a
function either of capillary pressure head h or of soil moisture con-
tent 6 are laboricus and often cumbersome. Therefore researchers have
often attempted to correlate hydraulic characteristics with soil pro-
perties that are easier to ascertain. Many relationships between hy-
draulic parameters and soil texture and porosity have been established
in this way. Brief reviews of such relationships have been given re-
cently by RUSSO (1988) and VAN DEN BERG & LOUTERS (1988). Indeed, the
storage and flow of water are determined by scil pores, which in turn
are related to soil texture. However, this way .of estimating hydraulic
soil characteristics seems less successful for soils that contain an
appreciable proportion of colloids, as do the silt loam and silty-clay
loam soils of the study area (VAN DEN BERG & LOUTERS 1988). Moreover,
it also results in macropores being overlooked. These pores have such
large diameters that they can be kept filled with water only if the
capillary pressure head is close to zero. Thus, when the soil is tem-
porarity saturated, macropores appreciably enhance the hydraulic con-
ductivity. In this way the presence of macropores complicates the
estimation of the hydraulic properties of a soil. For open soils in
which the macropores come to the scil surface, the impact of macropores
on the saturated conductivity has been discussed by many authors (e.q.
BEVEN & GERMAN 1982, BOUMA 1982). Most macropores are secondary pores
and result from mechanical or biological processes such as cracking,
shringkage and the activity of soil fauna and plant roots (SIDLE et al.
1985).

7.2.2 Evapotranspiration

Evaporation is the connecting link between the water budget and the
energy budget. The major portion of the incoming total radiation is
absorbed near the surface of the earth and transmitted into long-wave
back radiation, convection of sensible heat (flux demsity H), evapora-
tion of water (flux density E,) and conduction of heat into the soil
(flux density G). The energy budgst can thus be written as

Ry =H+ LE, +G (W.m2) (7. 9)

in which Ry is net incoming radiation and L is latent heat of vaporiza-
tion. Soil heat flux is often neglected in practical applications.
However, as will be shown later, for this area it must be incorporated.

Variation of meteorclogical model input can be expected, especially
concerning rainfall, the net radiation as affected by season and
cloudiness and the part of net radiation that is available for evapo-
transpiration E;. If the surfaces of plants and soil are dry, E; con—
sists mainly of transpiration that equals the sink term $ of eqn
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(7.2). As the latent heat of vaporization is large (ca. 2.45 MJ. kg~l},
the budget of soil moisture is strongly related to the energy budget of
eqn. (7. 9).

The response of vegetation to atmospheric water demand results in
actual or potential transpiration, depenfing on whether available soil
moisture is a restricting factor.

The actual evapotranspiration E; was calculated with the Bowen ratio
methoed

(Ry - G) 1
By = m {mm. day™ ) (7. 10)
in which
AT
B='Y_.kil._..._. (-) (7.11)
kn * he

where Y is the psychrometer constand, ky and Kk, are the eQdy diffusivi-
ties of sersible heat and of water vapour, respectively; ky has been
taken equal to k; AT and Ae are the differences in air temperature
and water vapour pressure over the vertical distance fz.

By introducing the canopy resistance r, for the internal diffusion of
water vapour within the canopy, and the aerodynamic resistance, r;, to
the turbulent diffusion of sensible heat and water vapour through the
air layer between the plant canopy and z (the height of measurement),
the actual evapotranspiration can also be calculated from the Penman-
Montheith-Rijtema equation

S(R‘n - G) + padp(l/ra) (es"’e)

-1

By =

where s is the slope of the saturation vapour pressure curve at air
temperature, 05 is air density, Sp is specific heat at constant pres-
sure and e and ¢4 are the actual and saturated water vapour pressure
(MONTEITH 1965, RIJTEMA 1965). The great advantage of egqn. (9. 12) over
eaqnn (9. 10) is that meteorological data measured at standard height
will suffice if only r, is known. When the vegetation canopy is wet,
the diffusion resistance r, becomes zero (KEYMAN 1981).

The aerodynamic resistance ry can be estimated from canopy height L.
and the wind velocity u at 2 m follows

(1n(z/zg) 12

(kp2. 1)

in which z, is the aerodynamic roughness parameter of the vegetation
cover (of order L, /9. 55) and kj is von Karman's constant (0.41). For
the preliminary investigation ry has been adapted to an unstable atmo-
sphere; in accordance with LETTAU (1949} rp was multiplied by the
stability factor:

r (s.m 1) (7.13)
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(1 + R;)?2 (7. 14)

in which R; is the Richardson number; (R; = 0 for neutral conditions,
R < 0 for unstable and Ry > 0 for stable conditions}. The difference
resulting from this correction was so slight that atmospheric instabi-
lity has been neglected in the subsequent experiments.

According to THOM & OLIVER (1977) and uwsing Penman’' s wind function eqn
(7. 13) can be written as

4.72 {1n(z/z5)1%

-1
M+054 0  =m) (7.13)

ra=

The potential evapotramspiration of a dry canopy was calculated accord-
ing to Penman as medified by THOM & CLIVER (1977):
8(Rp - G)/L +my. € (1L + 0,54 u) . (eg - &)

-1
B +Y. {1 + n) (mm, day™") (7.16)

inwhich n = »./ry ; rz was estimated by egn (7. 15).

m = (1n(z/zqp) / 1n(z/25))2

z = value of z, in Permarn’ s tion (1. 37 mm).
oP o equa
zo5 = local value of z,
26640 . m
Loyt —

n1 = duration of the pericd over which the meteorological
variables of eqn (7. 16) were sumed or averaged.

If a shortage of availabie soil moizture has not increased the bulk
stomatal resistance, r, the evapotrarspiration according to eqn

(7. 12) equals the potential value; thus, the corresponding value of r.
equals its potential value ro, In this way, E‘.gican ke calculated with
eqn. (7.12) if the potential value r,, is substituted for rg. Ep
calculated in this way, should give nearly the same value compared to
the value computed with eqn. 7. 16.

Using egn. (7. 12) as an expression for actual (with r;)} and for the
potential (with rcpJ evapotranspiration, the actual cancpy resistance
I, can be written as a function of the ratio between actual and poten-
tial evapotranspiration

8 EP 5
ro=[1+ ?).ra + repl . T (1 +?},ra (s.m~1) (7.17)
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Fig. 7.3. a. Location of the exporimental sites within the Ardéche Basin, gouthern
France. For the shaded area: see fig. b.
b Lithology and location of sites 2-6.

7.3 Site description

To study the effect of local physiographical variability on hydraulic
parameters, eight representative experimental sites were selected in
parts of the study area with bedrock belonging to the same lithological
unit (Fig. 3a: 1-7 and 9). Three of these sites (Conte Mangier, Les
Costes and Sauveplantade, Fig. 3b) can be considered as key areas,
kecause evapotranspiration amd soil moisture content were measured
simultanecusly there.

The eight experimental sites are located between 150 and 300 m altitude
in the midstream part of the Ardache Basin, where the bedrock consists
of Lower Cretaceous marl irreqularly intercalated with limestone. Here,
drainage pattern and relief are governed by geological structure (fault
lines} and lithology. Steeper slopes are found where Cretaceous limes-
tone outcrope; the landscape is slightly sloping on marly bedrock
where, in places, a pediment or glacis that interfingers with river
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terraces has been formed. Five of the experimental sites (Fig. 3a and
b, nos 4 to 7 ard 9) are on such a pediment (VAN DEN BERG & LOUTERS
1988).

In many places, features of present-day soil ercsion are found; a soil
loss of 0.8 tons/ha upslope to 2.2 tons/ha on the lower part of an
eroded slope was measured during winter (ROELS 1984). The gently
sloping relief on marl is frequently intersected by gullies up to S0 m
deep.

In the study area the upper soil i reasonable uniform and its thick-
ness varies, mainly between 0.1 and 0.8 m. The subsoil is banded ard
consists of alternating layers of limestone and weathered marl dipping
slightly southeast (12-18"). The limestone in the subscil is hard and
dense but very jointed. On the bedrock of marl and limestonse brown
calcareous soils are found; according to the USDA Soil Taxonomy these
soils can be classified as poorly developed haploxerolls to Xero-
chrepts. The texture varies between silt loam, silty-clay loam and loam
(see Fig. 4). For the sake of contrast, a site with a sandy loam soil
on an alluvial deposit of the Ardéche river (Fig. 3a, site B) amd a
site with a loamy sand on a deeply weathered Triassic sandstone were
added.

This part of the Ardéche Basin, where numerous natural caves and rock
shelters offered a favourable habitat for humans, has a long history
of anthropogenic activity., Prehistoric traces dating from the last two
glaciations, Riss and Wilrm, have been found (BOYER 1088). Soil degrada-
tion has been occurring since Neolithic times (fourth millenium BC)
when human occupation expanded (over 650 dolmens have been found) and
people changed from being hunters and gathers to growing crops and
keeping livestock (PIGGOTT 1981, BOYER 1988).

Viticulture was introduced into the area in protohistoric times. The
expansion of this type of land use promoted the construction of ter-
races. Three periods during which terraces were constructed and inten-
sively used, can be distinguished: 1000-1350, 1400-1550 and 1600-1850.
During this last periocd population growth led to new terraces heing
built, even on unsuitable slopes and far from settlements (BLANC 1984).
In between and after these pericds many terraces were abandoned and
fell into disrepair, thereby becoming prey to soil erceion

Nowadays, sites 1 and 8 are in use as vineyards; the others (2-7 and 9)
are only extensively grazed and have a semi-natural vegetation cover
that includes Quercus pubescens, Buxus sempervirens, Juniperus oxice-
drus, Thymus vulgaris, Lavendula staechas, Aphyllanthes monspeliensis,
Linum and Carex. The three sites where the energy budget was measured,
had a 95% plant cover consisting of grass and herbs (70%), scrub (20%)
and trees (5%).

Natural vegetation is adapted to submeditarranean climated conditions
that are characterized in the Ardéche Basin by a dry and warm summer
and high rainfall in autumn and spring. Mean ammual rainfall is about
1200 mm, Erosive rainfall events occur frequently, although under a
cover of Quercus pubescens which is considered to be the present climax
vegetation, the actual erosion rate is limited (MARTIN 1987). Heavy,
Jocal rainstorm events are especially common during September and
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October; for example, 280 mm fell in 2 days in 1976, 205 mm in 9 hours
in 1970, and 791 and 1060 mm fell in one day in 1827 and 1899 respec-
tively (Ardédche Annales Météorologiques 1980, BOULLE 1986). Such tor-
rential rainstorms cause the river to rise several metres; an increase
of more than 20 m was recorded for the Ardéche river in 1890 (BOULLE
1986).

For a good understanding of the present-day erosional processes it
would be interesting to know if the formation of the qullies in the
Ardéche Basin should also be partly attributed to catastrophic rainfall
events during the 14th and 18th centuries, as the Borks have found for
loess areas in Central Europe (BORK & BORK, 1987).

7. 4. Measurements and methodology

Field measurements done at representative sites and supplemented by
laboratory measurements on undisturbed soil cores, were used to iden-
tify the system to be modelled and to examine the regionalization of
the model parameters. The experimental sites were selected not at
random but on the basis of surveys of lithology and soll, physiographic
mapping and knowledge of the hydrological system obtained by prelimi-
nary research on the soil moisture budget (VAN DEN BERG 1983).

7.4.1. System identification

Three terms of the s0il moisture hudget were measured to identify the
system rainfall, actual evapotranspiration and change in water comtent
of the soil. The plant canopy intercepts part of the rainfall, Because
most rainfall in the Ardéche Basin gccurs during spring and autumn,
intercepticn is a small term in the water budget; in this study it was
omitted. The volumetric moisture content of the upper soil was deter-
mined gravimetrically. As well, in the key area Conte Mangier

(Fig. 3.b) the pressure head in different marl layers of the subscil
was measured with tensiometers. Their arrangement was two-dimensional
in order to be able to account for throughflow.

7.4. 2. Evapotramspiration

The actual evapotranspiration rate E; was calculated with the Bowen
ratio methed (eqn. 7.10). Net radiation was measured with a net pyr-
radiometer. The flux demsity of heat into the soil was measured with
s0il heat flux plates at 0.05 m depth and corrected for the difference
in the specific heat conductivity of plate and soil and for the change
in heat storage in the =s0il layer between 0. 00 and 0. 05 m, using the
s0il temperature at a depth of 0.02 m.

The differences in air temperature AT and in water vapour pressure Ae
over the vertical distance Az in the atmosphere were measured with
psychrometers at 0.5 and 1. 5 m above zero displacement height. Wind
velocity was measured with two cup anemometers at the same heights as
the psychrometers. All variables were measured every 15 seconds by a
datalogger {Simac Logmaster MDL 500) and ten-minute averages were
recorded on a cassette recorder {VAN DEN BERG & LOUTERS 1984). Further-
more, air temperature and relative humidity were measured in a Steven-
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son' s screen at 2 m height and recorded every 20 minutes by a Squirrel-
Grant electronic recorder. Electric power was supplied by a combination
of a solar collector and batteries.

7.4, 3. Soil moisture parameters

Soil moisture retention curves were determined on undisturbed soil
samples. For high moisture contents up to saturation (corresponding to
a capillary pressure head between about -40 hPa and zero) the hydraulic
conductivity was measured during ponding infiltration on crusted and
uncrusted soil columns in situ (BOUMA 1971, VAN DEN BERG 1989).

For the range of intermediate moisture contents the soil moisture

di ffusivity characteristic was determined by applying the hot air
method on undisturbed soil cores. These methods have been described in
detail elsewhere (VAN DEN BERG & LOUTERS 1986, 1988). If necessary,
correction were meade for changes in the volume change of the samples
caused by swelling and shrinkage.

The cores were sampled from 11 plots at 7 different sites on marly
bedrock in the study area (1-7 in Fig. 3), a loess pit near Maastricht
(NL) and an alluvial deposit of the Ardéche River (Fig. 3, site 8). The
loess was added in order to include a very sitly soil, and the sandy
loam was added for the sake of contrast. The soil texture of the
samples is shown in the USDA texture triangle of Fig. 4.

USDA textural triangle

x103
100

N
£33
By

10k

40 20
sand 8¢ 60
} 1 and 2 Ipamy to silly soils (Ardéche, group 1 and 2 resp.)

i ) 3 loess (Maastricht)
——~ @ 4sandyloam {Ardéche)

Fig. 7.4. Texture and characteristics of diffusivity at moisture contents between 0.1
and 0. 3 for 11 grouped loamy to silty Ardéche sails, a loess and, for con—
trast, a sandy loam
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7. 4. 4. The canopy resistance

The internal diffusion resistance r, and its potential value rg, were
calculated with eqn 7. 12 under different conditions of atmospheric
water demand and soil moisture content. The meteorological measurements
were done during spring and autumn only.

7. 5. Results
7.5. 1. Identification of the system

The structure of the system to be modelled was compiled according to
the measurements of the terms of the soil moisture budget as expressed
in egqn. 7.7 for the different layers within the rooting zone. It ap-
peared that the soil should be considered to be multi-~layered, because
several layers of weathered marl, intercalated between fresh limestone,
are involved in the soil moisture regime of the plant-soil-rock system
This can be illustrated Ly the change of pressure head with time as
measured in three subsoil layers of weathered marl; each graph could be
analysed as a trend line due to moisture extraction and a daily varia-
tion caused by the cyclic change in moisture suction that was produced
by plants in response to atmospheric water demand (VAN DEN BERG &
LOUTERS 1984). This has been discussed in greater detail elsewhere (VAN
DEN BERG & LOUTERS 1985).

7.5. 2. Regionalization of parameters of scoil water flow

For intermediate moisture contents the soils were arranged according to
their diffusivity. The loamy to silty soils from the Ardéche were
divided into two groups: one with a low diffusivity (group 1) and the
other with an intermediate diffusivity (group 2). The diffusivity of
the loess is much higher and the sardy loam has the highest diffusi-
vity. These findings indicate that for soil moisture diffusivity of
loamy to silty soils - even for intermediate moisture contents, when
primary pores are mainly involved - texture may sometimes be used as a
global differentiating factor, but that it seems to be an insufficient
indicator to regionalize diffusivity within an area with fine-textured
solls. From the description of the different sites it is concluded that
areal variability of diffusivity of such soils can better be related to
physiographic diversity, such as the heterogeneity of the petro fabrig,
clay fabric and soil structure (VAN DEN BERG & LOUTERS 1988).

For moisture contents belonging to values of the capillary pressure
head (h) between -40 and 0 hPa, the hydrauwlic corductivity was plotted
against h (Fig. 5}, Lines I and 2 show the relationship for twe silt
loam soils. Both soils belong to group ! with respect to the diffusi-
vity at intermediate moisture contents. The soil represented by curve 1
contains macropores. These allow the hydraulic corductivity to increase
very rapidly to the high value of about 3 m.day"1 for the saturated
conductivity ky. The other soil, curve 2, has no macropores and has a
saturated conductivity of 0.07 m day™l. Curve 3 represents a loamy sand
soil on Triassic sandstone and was added for contrast.
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Fig. 7.5 Effect of macropores on hydraulic conductivity for two silt loam soils:
1 = with ard 2 = without macropores, 3 = loamy sand soll for contrast.

The saturated conductivities of a silt loam soil with and without
macropores (curves 1 and 2 of Fig. 5) were subsituted in the formula of
Green & Ampt for ponding infiltration (egns. 7.8a and b), This was
repeated for such a s0il unfer conditions in which the effect of macro-
pores on permeability was reduced bhecause the soil had previously been
saturated (VAN DEN BERG 1989}. The corresponding values of the pressure
head at the wetting front were also cbtained from measurements on soil
columns. Then the effect of macropores on the frequency of Hortonian
overland flow was estimated for rainfall in Qctober (for frequency
curves of October rainfall see VAN DEN BERG & LOUTERS 1985). Rainstorms
lasting one hour and with return periods (Tp) of 10 or 100 years result
in overland flows of 42 rm or 82 mm, respectively. Where macropores had
raised the saturated conductivity to about 3 mday~!, overland flow did
not occur. Some oveland flow was calculated if the effectiveness of the
macropores had been reduced hy a previous saturation, see Table 1.

The impact of macropores on conductivity is considerable, but their
effect is still difficult to model, because in silt loam they are
mostly temporary (VAN DEN BERG 1989).

7.5. 3. Plant-soil parameters

Daily values of rg, Ey ard Ep were calculated with egns. (7.12, 7.10
and 7.16) for two sites: Les Costes (plant cover 95%, z, = 40 mm) and
Conte Mangier (plant cover 95%, zg, = 50 mm). Mean values (averaged over
8 to 11 days) were obtained with less accurate equipment for the Sauve-
plantade gite (plant cover 90% and z, = 40 wm). During spring, when the
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Table 7.1 The effect of macropores on the cumulative values of ponding infiltration I, and
overland flow O, and on tims t at which ponding starts after the beginning of
the event, for two rainstorme (P) lasting one hour and with a return periocd of
T of 10 years (F = 56 mm) or 100 years (P = 96 mm). (6, - ©;) hag been taken

0.1 .
P = 56 mm P = 96 mm
no. Boil kg hg I,
{m/d) (hPa) (pm) t o) t o]
{mdn) (mm) {min) {(mm)
1 with macropores 2.85 - 35 - no ponding no pording
macropores previously
saturated 0, 80 -4 43 17 13 3 53
2 no Macropores 0. 07 =25 14 3 42 0.5 82
200[r {s/m)
180F
1601
140F
120
100F
80p
60F — —— Wet canopy
— Dry canopy
40t . LesCostes ~
o . ., (wetcanopy) e
20+ & Conte Mangier
& Sauveplantade
0 . . R . - .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 Ea/Ep
Pig, .6, Theoretical (line) and measured (pointg) values of the canopy or surface
reaistance ry ag a function of the ratio between actual and potential evapo-
transpiration.
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soil is wet, the flux of latent heat could attain 95% of R, (VAN DEN
BERG & LOUTERS 1985). The differences hetween B, calculated with egn
7. 12 by taking rT = Xopy and Ep, computed with egqn. 7. 16, were smaller
than 0.1 rmm day™". The resistances r, that were ascertained from the
three plots, have been plotted in Fig. 6 as a function of the ratio
Ey/Ep- The potential value of rp was found for dry-surface conditions
where moisture content did not limit transpiration i.e. where E; = Ey;
Top appeared to be 60 s.m L, R, decreased to the lower value of

43 g m 1 during a period with a moist soil and a canopy that was wetted
temporarily by rain (Ey/E, = 1. 13).

R. should depernd on capillary pressure head of soil moisture as well as
on atmospheric water demand. However, the relationship between r, and
pressure head is complicated by the layered soil-rock system At Conte
Mangier r. was found to be 140 s=. m! at a pressure head of pF 4.2 (near
the surface) to 3.4 in the upper soil and pF 2 to 2.1 in the marl
layers of the subsoil; Ep was 6.5 mday‘l.

A value of |h*| for which the sink term § of submediterranean vegeta-
tion starts to fall below its maximum can be found by comparing the
ratio of Ea/Ep with the absclute value of the capillary pressure head
|h|, if we asSume that Ta/Tp = Eg/Ep (T = transpiration). Than |h*| is
that |h| for which during dry weather E,/Ep becomes significantly lower
than one. However, such an analysis is complicated by the layered
structure of the soil-rock system and by the variable rooting depth of
the different plants and trees. Only the measurements at Sauveplantade
led to unabigquous results. According to these data, |h*| should vary
between 600 and 800 hPa {i. e. pF 2.8 to 2.9) at an atmospheric water
demand of about Smm day™'.

7. 6. Conclusions

1. The system to be modelled can be identified if the components of
the soil moisture hudget have been measured (eqn. 7.6 or 7.7).

2. Concept by which soil hydraulic properties are determined from
soil texture should only be applied with caution to silty and
clayey soils. For the range of intermediate moisture contents in
silty solls, the diffusivity was found to vary by a factor 2 (at
6 =10.1) to 40 (at © = 0. 3), irrespective of texture.

3. Infiltration measurements on uncrusted soil columns in situ showed
that the presence of macropores can increase the saturated conduc-
tivity by a factor of 35. GERMBNN & BEVEN (1981) fourd a factor
between 4 and 18, depending on the volume of the macropores which
was in the range of 0.01 and 0. 045. For silt loam scils the effect
of the increased saturated permeability due to macropores on the
capacity of ponding infiltration and on the frequency of Hortonian
overland flow was estimated for rainfall in October. Rainfall
events lasting one hour and with return pericds of 10 or 100 years
give rise to overland flows of 42 mm or 82 mm respectively if the
saturated conductivity has not been increased hy macropores. For a
silt loam with macropores no overland flow was calculated, but a
moderate overland flow was computed in the effectiveness of the
macropores had been reduced by a previcus saturation (see Table
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7.1). The effect of macropores on the capillary pressure head at
the wetting front should also be noted.

4. Repeated ponding infiltration showed that macropores are not
stable. Evidently, cracks from shrinkage will disappear during
wetting as a consequence of swelling. Other macropores such as
those of biological origin (biopores) also appear to be instable;
as soon as saturated conditions have ended, the seepage into the
macropores seems to produce the collapse of some macropores (VAN
DEN BERG 1989). This behaviour of the soil will reduce the satura-
ted conductivity, kg, which is represented schematically in fig
7. 7. a. However, during dry periods new macropores may be formed
which may raise kg;. In this way kg may change during a mean meteo-
relogical year as shown in fig, 7.7.h.

5. Progress in modelling of scil moisture can be achieved if we can
model the functiconing of macropores and their spatial occurrence,
for instance by stochastic probability functions that should be
related to land use, vegetation, clay fabric, antecedent moisture
corditions etc.

6. The canopy or surface resistance to evapotranspiration was deter-
mined during spring and autumn for a semi-natural plant cover.
Urder corditions of potential evapotranspiration the value of i,
was found to be about 60 s.m™l. A gradual increase of &, to
140 5. m~! could be ascertained at an actual evapotranspiration
equal to 70% of the potential rate.

a b c

1 L R S S S R SR 1 1

o 1 2 3 JF ND -3 -2 -1 0
tr{hours) tz (manths) tz(millennial

kS

Fig. 7.7 Variability of saturated conductivity in
time (a, b, ) ard in space (4, 1 and 2). 1
Figs. b, ¢ and & are hypothetical. 2

-3 -2 -1 0
t3(millennial

7. A drawback when regionalizing soil modelling parameters with the
help of properties of soil and bedrock in the Ardéche is that most
of the landscape has been exposed to human activities of varying
intensity. For the upper soil we assumed that soil formation wder
a natural vegetation cover will produce an increasing permeabili-
ty, whereas anthropogenic activity will cause decreasing permeahi-
lity, because of loss of organic matter, compaction ete. (Fig.
7.7.¢). During the tenth millenium BC the Wirm glacial was ending
ard the steppe landscape was becoming reforested. Anthropogenic
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8. SAMENVATTING

"De variabiliteit van de parameters uit modellen waarmee de bodemvoch-
thuishouding kan worden nagebootst; studies verricht aan gronden met
een fijne textuur op mergelgesteente in het stroomgebied van de
Ardéche".

Het water in de bodem is belangrijk in allerlei aspecten van het
milieu. Zo is de vochttoestand van de bodem van invlioed op sommige
geomorfologische processen zoals bodemerosie en massabeweging en voorts
op de verplaatsing van stoffen over en in de bodem De gebruiksmoge-
lijkheden van land kunnen worden beperkt door de hoeveelheid water die
tijdens het groeiseizoen voor de gewassen beschikbaar is, terwijl
omgekeerd de begroeiing weer van invliced is op de vochthuishouding wvan
de bodem. Daarom zijn er reeds sinds vele jaren computerprogramma’ s
ontwikkeld waarmee de vochthuishouding van de bodem kan worden gesimu-
leerd. In deze modellen komen belangrijke bodemfysische en bodem-plant
parameters voor zoals de doorlateriheid en de vochtvereffeningsco&ffi-
ciént van de hodem bij verschillende wvochtgehalten, de doorlatendheid
onder verzadigde omstandigheden, parameters die bepalend zijn voor het
infiltratievermogen van de grond, voor de snelheid waarmee planterwor-
tels hij verschillende vochtgehalten water uwit de bodem kunnen opnemen
en voor de verdamping van een begroeid oppervlak.

Het igs van wezenlijk belang om in elk knooppunt van het netwerk dat hij
modellering over een studiegebied wordt gelegd, over de juiste waarde
van de mcdelparameters te beschikken omdat alleen dan de ruimtelijke
variatie in vochthuishouding en de hieraan gerelateerde processen
kunnen worden nagebootst.

Het hoofddcel van het onderzoek waarover in dit proefschrift wordt
gerapporteerd, was om te bestuderen in welke mate de modelparameters
voor gronden hinnen een bepaalde textuurklasse variéren en hoe die
variabiliteit van de parameters kan worden bepaald. Het onderzoek is
hoofdzakeliik uitgevoerd op gronden met een fijne textuur (volgens de
USDA classificatie loam, silt loam en silty clay loam) op mergel ge-
steente in negen proefgebieden in het stroomgebied van de Ardéche
(Frankrijk). De simulatie van de bodemvochthuishouding van deze sloef-
rijke gronden is interessant omdat zij een goed productievermogen
hebben maar tevens erosiegevoeliqg zijn. Voor wat betreft het onderzoek
naar het verband tussen hydraulische bodemeigenschappen en textuur zijn
aan de onderzochte verweringsbodems op mergelgesteente een ldssgqrond
uit de omgeving van Maastricht en -ter wille van het contrast - twee
zandige bodems ("sanxly loam") uit het stroomgebied van de Ardéche
toegevoegd.

Tijdens het voor- of najaar van 1980, 1983 en 1985 is voor steeds een
ander proefgebied getracht alle variabelen te meten die van helang zijn
voor de hodemvochthuishouding Hierbij waren de neerslag, de werkelijke
verdamping en de verardering in bodemvochtgehalte de essentiéle termen
uilt de bodemvochtbalans. De verdamping werd bepaald volgens de Bowen-
verhouding methode. De veranderingen in bodemvochtgehalte werden gravi-
metrisch bepaald of aan de hand van de gemeten capillaire drukhoogte
afgeleid uit de vochtkarakteristiek
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De hydraulische bodemeigenschappen bij vochtgehalten uit het midden-
bereik zijn met de hete luchtmethode bepaald aan ongestoorde grond-
monsters. Er werd een algorithme ontwikkeld en getoetst waarmee de
vochtvereffeningscoéffiént snel en eenduidig met de computer uit de
uitkomsten van deze proeven kan worden berekend.

Voor hoge vochtgehalten en voor verzadigde omstandigheden zijn de
bodemfysische eigenschappen gemeten met behulp van infiltratieproeven
op grondkolommen in situ Deze kolommen werden verkregen door de om—
ringende grord weg te graven Bij een deel van de infiltratieproeven
werd de bovenkant van de grondkolom eerst voorzien van een kunstmatige
korst, namelijk een mengsel van fijn zand en gips met een bepaalde
hydraul ische weerstand waardoor de grord tijdens de proef onverzadigd
blijft., In twee proefgebieden werden de metingen gelijktijdig aan twee
kolommen vlak naast elkaar verricht, in twee andere proefgebieden
werden de waarnemingen in een ander jaar en aan een andere grondkolom
herhaald. Voorts werden de vochtkarakteristiek, de textuur en het
gehalte aan zwellende kleimineralen hepaald. Van de ligsgrond werden
tevens glijpplaatjes gemaakt en onder de microscoop bestudeerd.

Uit het onderzoek bleek dat de verschillen in hydraulische eigenschap-
pen ook bij wvochtgehalten uwit het middenbereik waarbij het aamwezige
bodemwater vooral in primaire porién wordt aangetroffen, niet uwit-
sluitend uit verschillen in textuur kunnen worden verklaard. Blijkbaar
spelen ook andere fysiografische factoren een rol. Voor ldss gromd
bijvoorbeeld hleek uit micromorfologisch onderzoek aan slijpplaatjes
dat zich vrij veel langgerekte, hclle ruimten (zogensamde "wvughs" en
“planes”) in de hodemmatrix hevonden.

Bij hoge vochtgehalten en onSer verzadigde omstandigheden was het
verband tussen hydraulische eigenschappen en textuur zeer vaag omdat
dan vooral secundaire porién een rol spelen. De invliced van met name de
macroporién kon heel duidelijk worden vastgesteld door de doorlatend-
heid onder bijna verzadigde omstandigheden te vergelijken met de ver-
zadigde doorlatendheid; deze laatste was 5 tot 80 maal zo groct.

Er 1ijkt daarom behoefte te bestaan aan modellen waarmee de variatie in
hydraulische hodemeigenschappen kan worden teruggevoerd ¢p basale
parameters. Voor praktische dcoeleinden is het belangrijk dat zulke
parameters zijn af te leiden uit fysiografische eigenschappen die
eenvoudig kunnen worden gekarteerd.

De experimenten waarbij er tijdens de infiltratie steeds een dun water-
laagje op de grondkclom stond, toonden aan dat slechts in édn proef-
gebied de capillaire drukhoogte in de transmissie zone van het infil-
tratisprofiel - overeenkomstig de gangbare beschrijving in de litera-
tuur - negatief bleef. Bij deze kolomproef was de bovenste 0, 15 m van
de grond verwijderd waarna er een relatief dikke, homogene bodem met
weinig macroporién was overgebleven. In alle ardere proefgebieden
bereikte de drukhoogte in de transmissie zone een kleine, positieve
waarde. Dit werd waarschijnlijk veroorzaakt doordat hier de doorlatend-
heid van de bodems met de diepte afnam De positieve drukhoogte had in
elk geval tot gevolg dat de verzadigde zone uit het infiltratie profiel
zich in feite kon uithreiden tot de transmissie zone en dat macroporién
het infiltratie vermogen van de grond veel sterker konden verhogen als
op grond van alleen de textuur kon worden verwacht. Dit gold ook voor
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een zogenaamde "closed soil*, dat is een grond waarin de macroporién
niet tot aan het grondoppervlak doorlopen en waarin deze dus ock niet
vanaf maaiveld met water kunnen vollopen.

als een dergelijke infiltratieproef werd herhaald, hleek de verzadigde
doorlatendheid dikwijls kleiner te zijn geworden. Berekeningen toonden
aan dat dit kan worden verklaard doordat de wand van macroporién hier
en daar inzakt direct nadat aan het einde van de eerste infiltratie-

proef de macroporie is leeggelopen

De meting van een vereenvoudigde waterbalans (neerslag, verdamping en
verandering in bodemvochtgehalte) was belangrijk om een goed inzicht
krijgen tot welke diepte de bodemlagen rechtstreeks zijn betrokken bij
de vochtvoorziening van de vegetatie. Dit is belangrijk omdat de onder-
rand van een model in elk geval beneden deze diepte moet worden gelegd.
Simulatie van de bodemvochthuishouding met het (ruimtelijk ééndimen-
sionale) SWATRE model vergrootte het inzicht in de wijze waarop ver-
schillende bodemlagen hydraulisch functioneren.

De waterbalansmetingen leverden ook getalswaarden voor de plant-bodem
parameters order de omstandigheden in de Ardéche. De verdampings-—
waersta:ixi r, van een begroeid oppervlak bedroeg bij hoge vochtgehalten
60 s, m™ !, dit is evenveel als voor gras in Nederland is gemeten. Als
tijdens voor- of najaar de werkelijke verdamping door het afnemende
vochifgehalte in de bodem werd gereduceerd, liep de r, waarde op tot 200
s.m =,
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RESUME

Van den Berg, Jan A., 1989.

Variabilité de paramdtres pour la modélisation du régime hydrigue du
sol (8tudes sur les sols limoneux et limomeux fins sur assise rocheuse
marneuse dans le bassin versant de 1’ Ardéche). Thése de doctorat.
Université Agronomique Wageningen, Wageningen, Pays-Bas.

Des expériences sur le terrain et des mesures complémentaires sur des
carottes de sol intactes en laboratoire ont été réalisées afin

d étudier la variabilité des paramdtres utilisds dans le modelage du
régime hydrique du sol. Le régime & eau du sol est intéressant pour la
quantité & humidité disponible pour la couverture en végétaux, la
production de récolte, le transport de contamination dans la zone non-
saturée, 1’ étude de processus & érosion du sol et de mouvements de
magse et 1’ étude de 1/ évaluation du sol. Une attention toute particu-
lidre a été portée aux propriétés hydriques du sol, ainsi qu' aux para-
métres végétaux-sol pour la détermination de 1! évapotranspiration
actuelle, qui est un poste esgsentiel du bilan hydrique.

I/ étude s’ est principalement concentrée sur les sols limoneux fins dans
le bassin de 1’ Ardéche. Neuf sites expérimentaux ont &t& localisés, ol
une roche marneuse affleure. Comme pour les propriétés hydricues, la
série de ces sols a été dlargie avec un sol loess des Pays-Bas et -
pour contraste - avec deux sols limono-sableux dans le bassin de

1’ Ardéche.

La diffusivité capillaire a été déterminée av moyen de la méthode & air
chaud. Tout & abord, un algorithme a été mis au point pexmettant un
calcul sans ambiguité et rapide de la diffusivité & partir des données
récoltées.

Les concepte sur les propriétés hydriques et la granutométrie des sols,
habituellement basés sur des expériences avec des sols d' un mode d ar-
rangement artificiel, furent mis en doute. Une théorie fut dévelcppée
afin & expliquer le changement dans la conductivité hydraulique saturée
sous des conditions subséguentes &' infiltration en retenue par 1 in-
stabilité locale des parois macro-intersticielles. Cette théorie a pu
étre soutenue au moyen de calculs par une analogie électrique (modéle
RC).

les résultats obtenus furent comparés avec ceux rapportés dans la
littérature, I1 est apparu que m8me pour des teneurs en eau intermé-
diaires, lorsque la plupart des pores qui retiennent toujours 1’ eau du
gol sont les pores primaires, la granulométrie du s0l ne peut expliquer
a elle geule les divergences dans la diffusivité capillaire et gque

d autres caractéristiques physiographiques sont également impliguées.
Par exemple, une analyse micro-morphologique du sol loess a permis de
constater la présence de nombreuses cavités {"wvughs" et "planes").
Pour les teneurs en eau élevées et sous les conditions de saturation,
les propriétés hydriques ont &été étudides sur des colonnes de sol in
situ Des échantillons de cette grandeur (0,2 métre de dlamdtre et 0,3
4 0,55 métre de hauteur) permettent & inclure des effets de macro-
pores. L/ étude de ces effets a &té limitée aux sols " fermés", dans
lesquels les macro-pores n' atteignent pas la surface du sol et qui,
pour cette raison, ne peuvent pas directement &tre remplis &' eau 3
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partir de la surface du scl.

Dans des conditions humides, la relation entre la granulométrie du sol
et les propriétés hydriques devenait faible parce que les pores secon-
daires étaient également impligués. L/ influence de ces interstices a pu
&tre gémontrée & une fagon particuliérement claire par leur effet sur
la conductivité hydraulique lors de la transition entre corditions
presque saturées et conditions totalement saturées. La conductivité
diminue au fur et & mesure de la profondeur grandissante du sol, Il est
apparu qu d cause de cela, durant 1/ infiltration en retenue, la charge
hydraulique dans la zone de transmigsion devient positive et que la
conductivité hydraulique correspondante atteint la valeur pour des
conditions saturées. En conséquence, la capacité &' infiltration sous
des conditions en retenue peut atteindre des valeurs beaucoup plus
&levées que ce 4 quoi 1’ on pouvait s’ attendre 3 partir de la granulo-
métrie du sol seule,

Les résultate démontrent le besoin de modéles dans lesquels la variabi-
lité des caractéristiques hydriques peut &tre réduite & des paramatres
de base. En praticue, il est important cue de tels paramétres puissent
Btre mis en relation avec des proupriétés physiographiques qui peuvent
Btre aisément tracées.

Pour des périodes de temps principalement sec, les postes principaux du
bilan hydrique réduit (évapotranspiration et changement dans le stock-
age & humiditéd) ont &té déterminés sur trois sites. L/ application & un
modéle SWATRE uni-dimensionnel & ces sets de domnées montre que la
similation &' un bhilan hydrique ainsi simplifiée procure des informa-
tions de valeur sur 1’ extension des compartiments du sol du systéme a
model er.

Mots &' index supplémentaires: régionalisation, paramétres &' infiltra-
tion Green & Ampt, charge hydraulicue du front & humidification, sol
non-rigide, résistance en surface ou résistance végétale & 1’ évapo-
transpiration, incrustation de sol découvert.

(Traduction: 2lgemeen Ned. Vertgalbu.neau, Zeist)
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APPENDIX A

ELEKTROMISCHE DATENERFASSUNG ZUR MODELLIERUNG DES )
BODENFEUCHTT GREI TSREGIMES UNTER VERWENDUMG ETNES NETZUNABHANGIGEN
DATALOGGERS UND SCHNELLREAGIERENDEN TENSTOMETERS

Jan A. van den Bery & Teunis Louters
{Zusammenfassung eines Vortrages im Rahmen des Jahrestreffen des Ar-
beitskreises Hydrologie, Seeshaupt, 22-24 November 1984.)

ETNLEITUNG

Die Messungen, die in diesem Vortrag besprochen werden sollen, sind
durchgefiihrt worden im Rahmen einer Untersuchung iiber die Miglichkei-
ten, das Bodenfeuchtigkeitsregime eines Stromgebiets zu bestimmen und
zu simulieren. Die Simulation wird anhand eines auf der Differential-
gleichung fiir die Strimung der Bodenfeuchte hasierenden Modells statt-
finden. Die Untersuchung is primér praktisch ausgerichtet: Anwendungen
gibt es zum Beispiel auf dem Gebiet der Landschaftskunde und der Land-
evaluierung wie bei der Verhiitung und Bekampfung der Bodenerosion

Im Verlauf dieser Untersuchung kdmnen drei Fhasen unterschieden werden:

1. Identifizierung des Systems oder des Prototyps, das von dem Modell
simuliert werden soll;

2. Bestimmung wichtiger bodenphysischer Parameter, wie gesdttigte und
ungesdttigte Durchléssigkeit, Bodenfeuchteaustauschkoeffizient und
Infiltrationskapazitat;

3 Modellanpassung und Simulation,

Die Identifizierung des Prototyps basiert auf der Bodenfeuchtebilanz.
In einer Trockenperiode spielen dabei hauptsichlich die Verdunstung und
Verdnderungen in der Speicherung der Bodenfeuchte eine Rolle.

Im ersten Teil dieses Vortrags handelt es sich deshallh um die Bestim-
mung der realen Verdunstung von Kulturland und halbwiisten Bodens.

Der zweite Tell behandelt eine Tensiometer mit kurzer Einstellzeit und
degsen Anwendungen bei der Bestimmung der Ver@nderungen bei der Feuch-
tespeicherung und der bodenphysischen Parameter in situ

BESTIMMUNG DER REALEN VERDUNSTUNG ALS TERM DER BODENFEUCHTEBILANZ

Bowen-verhidltnis-methode

Einige vielfach angewandte Methoden zur Bestimmung der realen Verduns-
tung basieren auf der Energiebilanz der Erdoberfléche:

Ry=H+L. E-GoderRy +G=H+L.E (& 1)
Eine von diesen Methoden ist die Bowen-verhdltnis-methode, wobei aufer

der Nettostrahlung das Verhaltnis zwischen den Fluxen fiilhlbarer and
latenter Wiarme gemessen wird:
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H Ky AT
B = ﬁ =Y, a . E (A 2)
worin B = Bowen-verh#iltnis
H = Flux fithlbarer Wirme
L E = Flux latenter Wirme
Y = Psychrometer-konstante

Ky und Ky = turbulente Austauschkoeffizienten fir fihlbare,
respektive latente Warme

AT und Ae = vertikale Gradienten respektive der Lufttemperatur
und der partiellien Wasserdampfspannung, :

N. B.: Der Bodermirme-flux @ ist negativ in negativer z-Richtung.
Aus den Vergleichen (A. 1) und (A. 2) konnen die gesonderten Fluxe er-
rechnet werden:

Rh+ G Bh + @G
L.E=1—'-_;ToderE=m (A 3)

Abb. 1 Messung dsr realen Verdunstung nach die Bowen-verhiltnis-methode in dem Ardéche
Geblet.
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MeB fiihler

Folgende Messungen sind erforderlich (Abbildungen 1 und 3):
Nettostrahlung (Rn) mit einem Strahlungsbilanzmesser;

- Bodenwarmeflux mit Bodenwirmestromplittchen (BW) und Bodenther-
mometer (Tg);

- Lufttemperatur (Tg und T5) und partielle Wasserdampfspannung
(Feuchttemperature T; und T3) in mindestens zwei verschiedenen
Héhen {iber der Erdoberflache Als Meffithler sind dafir trockene
Platirwidersténde angewandt, resp. solche, die naB gehalten wur-
den; sie wurden gut ventiliert und waren gegen die direkte Son-
nenstrahlung abgeschirmt,

In welcher HShe messen und wie oft?

HOhe: Es gibt zwei Griinde fiir Messungen in der untersten Luftschicht

(bis zu einer Héhe von 2 bis 3 Metern):

1.  hier sind die Gradienten am gréssten und also ist der Einfluss von
MeBfehlern am geringsten;

2, je dichter iber der Erdoberfléche gemessen wird, um so kleiner ist
die erforderliche Streichlénge (Abbildung 2).

Internal boundary layer
height (m)

\

g i

2 5710 20 50 100
fetch (m)

Abb, 2 Die Luft muf eine bestimmte Streichléinge zurilckgelegt haben, damit die Eigenschaf-
ten der Luft sich der Landcberfliiche angepaft haben,

Mef frequenz:

Nettostrahlung, Warmeflux urd Bodentemperatur sind verhfltnismifig
langsam verdndernde Variablen, dagegen variiert die Lufttemperatur
schnell. Um einen unndtig groBen Datenbestand zu verhindern, wird also
vorzugsweise mit einem verschiedenen Mefintervall gemessen werden
missen. Von eventuellen systematischen Pehlern abgesehen haben wir uns
zum Ziel gegetzt, die Iufttemperaturen bis zu etwa 0, 1'C prizise mit
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einer Zuverldssigkeit von 95% zu messen. Mit arderen Worten: 20 = 0,1°C
worin o der Standardfehler fiir den Mittelwert ist.

Aug kontinuierlichen Messungen geht hervor, daf die Lufttemperatur zum
Beigpiel in einer HShe von 2 Meter ilber der Erdoberfliche schnell
fluktuiert. Die Standardalmeichung kontinuierlicher Messungen wihrend
eines kurzen Zeitintervalls betrdgt im Sommer in den Niederlanden etwa
0,3°C und in der Ardéche 0,45°C. Mit "kuwrz® wird hier gemeint: kurz in
Bezug auf den Tagesablauf, z.B. 10 Minuten Wenn wir in einer Zeit-
spanne von 10 Minuten 85 Mal messen, das heift alle 7 Sekunden, so
betrigt der Starndardfehler fiir den Mittelwert:

0=%2C . o049c
so daP der gestellten Anforderung gerade entsprochen wurde.

T1 DATALOGGING

Cassette
recorder
T3 o g o © |
ol e |
}li‘

N
| = Datalogger _J“ ‘
”simac”

= KAL)

Abb. 3 Schema ednes Dataloggers mit zwel verschiedenen Scanintervallen t; und to (w:
digitaler Windgeschwindigkeitsmesser; 1: Bewuchshthe; dp: Nullflachverschiebung).
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AN SENSOREN UND RECORDERN GESTELLTE ANFORDERUNGEN

Sensoren/Mefi fiihler
- kurze Einstellzeit;
- sie sollen ein elektrisch-analoges oder digitales Signal geben.

Recorder
- geeignet fir den Gebrauch im Felde:
- stofsicher, unempfindlich gegen Schmutz und Staub;
~ unempfirdiich gegen Temperaturschwankungen und solche der Luft-
feuchtigkeit
- geeignet fiir Batteriespanmmg und vorzugsweise auch fiir Netz-
spannung

- gute Synchronisation der Messungen: Zentralmefsystem mit Abtas-
ter;

- geeignet fiir die Eingabe analoger und digitaler Signale (digital
2. B. in bezug auf einen Wirndgeschwindigkeitsmesser);

- Vermdgen zur Reduzierung definitiv zu speichermder Daten durch
Speicherung auf Zeit und Errechmung des Datenmittelwertes;

- digitale Datenregistrierung, sofort geeignet fiir Computerverar-
beitung, da es sich um eine sehr hohe Anzahl von Daten handelt;

- mindestens zwei verschiedene Scanintervalle;

- die MSglichkeit, jeden Kanal laufend zu messen, so daf der Recor—
der zeitweilig als Mefinstrument fungieren kann (Kontrolle im
Feld);

- vorzugsweise sofortige Umrechnung eines elektrischen Signals.

W/mi[ T T T o T

0 —— 5 O
3000 20 40 00 20 40 0D 20 40 00 20 40 00 20 4D 0D 20 40 60 20 40 00 20 40 00 20 40 0P 20 40 0D 20 40 00 20 40 00 20

06 07 08 03 10 1 12 13 14 15 8 7 8
Mean solar time {(h}

A, 4 Die Energiehilanz fiir den 13. Juni 1983 in der Ardéche; fast alle
verfiighare Energie verschwand als latente Warme.
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Allen diesen Anforderungen entsprach der Felddatenspeicher von Simac,
Mef- urdd System-Technik-Typ Logmaster MDL 500 mit dem zugehdrigen
Kagsettenrecorder (Abbildung 3). Dieger Datenspeicher hesitzt zwei
unabhéngig voneinander einstellbare Scanintervalle At; und At

Zum Schluf des ersten Teils mdchte ich Ihnen als Ergebnis dieser Mes-
sungen die Energiehilanz zeigen, wie wir die fiir den 13. Juni in der
Ardéche registriert haben (Abbildung 4). Er zeigt sich, daf fast alle
verfiigbare Energie verschwand als latente Warme, so daf die reale und
die potentielle Evapotranspiration einander fast gleich waren Tat-
sdchlich betrug die wirkliche Verdunstung 6,4 mm pro Tag und die poten-
tielle - errechnet nach Priestley und Taylor - 6,1 mm pro Tag.

TENSICMETER ZUR ERFASSUNG DER BODENFEUCHTESPEICHERUNG UND BODEN-
PHYSISCHEN PARAMETERN

Im zweiten Teil unseres Vortrages handelt es sich um die Frage, wie die
Veriinderungen in Bezug auf die Speicherung der Bodenfeuchte - ein
wesentlicher Term der Bodenfeuchtebilanz - und die wichtigsten boden-
physischen Parameter, d.h die geséttigte und die ungesittigte Durch-
lassigkeit, die ’effective Diffusitdt’ wud die Infiltrationskapazitét
in situ gemessen werden kinnen. Im Mittelpunkt steht dabei ein Ten-
siometersystem, das von Dipl. Ing. Bakker vom Institut fiir Kulturtech-
nik und Wasserhaushalt in Holland entwickelt worden ist.

r—— - - - = 7 77
I |
AR it |
A I
11 .
2 | v I
| 9
| ,
I
R
I FKeramikkerze 1 Rohr auws Tygon
IT elektronischer 2 kupferes Miet .
Druckumformer 3 glégerme Absperriugel
ITI Batterie 4 Jupferes Rohr
IV Hahn 5 Gummizapfen
V  Wasserbehilter 6 epoxy Harz
VI Display

Abb. 5 Schema eines Tensiometers mit einem elektronischen Druckmformer.
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Das Tensiometer

Das Tensiomster besteht aus einem kleinen (! ), mit Wasser gefiillten
Behilter aus feinem, pordsem keramischem Material (Abhbildung 5). An den
Imnenraum sind zwei dinne Kupferleitungen angeschlossen (@ 1 mm); eine
Leitung verbindet den Behdlter mit einem elektronischen Druckumformer,
die andere dient dazu, das System entliiften zu kdnnen, Weil eine Seite
der Membrane in offener Verbindung mit der Luft steht, wird der Druck
der Bodenfeuchte also automatisch in Bezug auf den atmosphirischen
Druck gemessen Die verwendeten keramischen Beh#lter sind bis zu 500
Millibar Unterdruck brauchbar; bei einem héheren Unterdruck leeren sie
sich.

Verdnderungen im Bodenfeuchtespeicherung

Das beschriebene Tensiometer wurde im Felde unter anderem angewandt,
um die Verdnderungen im Feuchtigkeitsgehalt in einem Schichtprofil zu
bestimmen. Bildet doch - gesetzt den Fall, dass die Desorptionskurven
des Bodens bekannt sind - die Messung des Verlaufs der Feuchtigkeits-
spannungy eine nichtdestruktive Methode zur Bestimmung des Feuchtig-
keitsgehalts wihrend einer Periode der Austrocknung (his zu einer
Feuchtigkeitsspannung von pF 2, 7).

Tg ¢
cmn
140+

120}
100}
Pogo
8o}
g0}

A0+

26t

'2'0'4b'sb'sb'166'120'140c$n
7

Bbb. 6 Beziehung zwischen Doppelmessungen mit zwei Tensicmetern im
Gelénde und das Zuverléssigkeitsintervall von 90%.
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Aaufgrund Doppelmessungen erweist sich die Reproduzierbarkeit auch unter
Feldumsténden als sehr gut im Raum von O his pF 2,2, Vgl. dazu Abbil-
dung 6. Die Empfindlichkeit erweist sich als ausreichend, um in den
Messungen den durch die Verdunstung in Gang gesetzten téglichen Verlauf
in der Feuchtespannung zu erkenmen {(Abbildung 7). Abbildung 8 zeigt die
Ganglinien a', k¥ und ¢ der durchschnittlichen Bodenfeuchtespannung
fur drei aufeinanderfolgende Mergelschichten in einer Tiefe von 66, 78
und 96 cm Daraus ist fiir die Pericde vom 1. -9, Juni 1983 die Abnahme
des Bodenfeuchtigkeitsgehalts errechnet worden sowohl fiir den Boden
zusammen mit den vier cberen Mergelschichten wie fir die vier Mergel-
schichten gesondert. Der Vergleich mit der realen Verdunstung ergibt,
dap die Mergelschichten im Bodenfeuchteregime eine aktive Rolle spie-
len (weil hypodermischer Abfluss und Durchsickerung in dieser Periode
unberiicksichtigt hleiben kdnnen).

Daily periodicity by evaporation
in three marly layers

-601 PEes{)surie head 1
~507 ‘moar A
. / \:/ \x.. 2.:
- 407 N
/W‘——-x/" x /°\x/ 3 ...... x
-30 e X __x/o—-x ........... . 7
_20* X=0 e g/° xo
ol x forenoon
- 107 . afternoon
1 2 3 IA 5 6 7 8 June ‘83

time (days)

2bb. 7 Der durch die Verdunstung in Gang gesetzte tigliche Verlauf in
der Bodenfeuchtespanrung.
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Bodenphysische Parameter

Durch geine kurze Einstellzeit ist dieses Tensiometer auch sehr geeig-
net fiir Messungen der Feuchtespanming widhrend der Bestimmung in situ
von bodenphysischen Parametern an einer Erdsdule. Dank dem elektrischen
Ausgangssignal ldsst sich der Verlauf der Feuchtespannung sehr gut auf
einem Linie-recorder (mit mehreren Kanilen) aufzeichnen; geeignet fir
den Feldgebrauch zeigte sich der Linseis-Doppellinien recorder Typ IM
300.

Die Methode zur Bestimmung von bodenphysischen Parametern einer Erd-
glule - und zwar namsntlich K unges@ttigt in situ - ist 1969 von Gard-
ner and Hillel eingefiihrt und 1971 von Bouma modifiziert worden. Es

hat sich auferdem herausgestellt, daB sich die Methoden bis zu K gesét-
tigt, zur Bestimmung der 'effektive Diffusitdt’ und von Infiltrations-
parametern ausdehnen 13Bt.

Wasseriiberschichtetes Profil

Sobald die mit den Tensiometern gemessenen Feuchtepotentiale und die
Infiltrationsgeschwindigkeit konstant geworden sind, kann die gesat-
tigte Durchléssigkeit errechnet werden; sie stimmt praktisch iiberein
mit der Infiltrationsgeschwindigkeit, weil der Gradient des Feuchte-
potentials jetzt klein ist. Ausgehend von den Vorausgetzungen von Green
urd Ampt 1Bt sich aus dem Zeitunterschied zwischen dem Durchgang der
Feuchtigkeitsfront an beiden Tensiometern vorbei zu gleicher Zeit die
effektive Diffusitét errechnen

[ ] I L ' i ' " ! L | N
19 20 21 22 23 24 25 26 27 28 29 30% 1 2 3
May 1983 | | June 1983 | j |
6 100 200 300 400 500 600 hours

PR TS W S 0
5 7 8 9 10 11 12 13 14 15 16

Ahb. 8 [DMe potentielle Verdunsturg (F.p) und die Ganglinien der BoGen-
feuchtespanmung fiir drie aufeinanderfolgende Mergelschichten in
einer Tiefe von 0.66 (&'}, 0.78 (P) und 0. 9% m (c' ).
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2 - 9% A il
¢ = 2B At b=

Schlieflich kdnnen aus dem Infiltrationaverlauf und der Desorptions-
kurve des Bodens die Parameter aus der Infiltrationsformel von Philip
bestimmt werdern: die Sorptivitdt und die hydraulische Durchléssigkeit
bis zur Sittigung Kj.

Ungesattigte Saule

Die Erdsdule kann in unterschiedlichem Ausmaf in ungesattigtem Zustand
belassen werden, indem man die Cherflache der Saule mit sogenannien
Krusten (‘crusts’} versieht, die einen verschiedenen hydraulischen
Widerstand haben (Abbildung 9). Jeder andere hydraulische Widerstand
ergibt eine ardere stationire Feuchtigkeitsspannung mit der zugehdrten
ungesattigten Durchléssigkeit. In dieser Weise kann die K-y-Relation in
situ bestimmt werden fiir die Strecke der kleinen Saugspannungern. Mit
Hilfe der Desorptionskurve kamnn daraus wieder die D-J-Relation abgelei-
tet werden.

Abb. 9 Eine Erdsiule zur Bestimmung der urgesdttigten hydraulischen
Durchlassigkeit. Die Cberfliche der Sdule ist mit einer Kruste
eines bestimmten hydraulischen Widerstandes versehen.
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Abbildungen 10a und b zeigen die Ergebnisse fiir die K-& und D-6 Rela-
tionen Die Angaben fiir die Strecke mit den héheren Saugspannungen
beruhen auf den Diffusitdtsbestimmngen mit der scogenannten Heifluft-
methede nach Arya an ungestdrten Probenahmen.

D(mzd'1) D(mzd’1j
i (m) k{emd-1) —gfi,im) : k (emd-1)
104 L B T 10° 104 T ‘ L10°
- LES ICOI\J’IBETTES ] 2 COI\!TE MANGIER , ]
10 [_Soildepth _| ) 3| Soil depth )
1. 0.20-0.30m 307 107 005-015m Rk
2, 0.65—0.75‘m kz K :
102 ' | {107 102 I J10!
- i’&m‘l ¢m[2 D2 E j F ¢m _
- D.I
| ]
10 ™ } 1 10 ™, / 1
£ I E F !
ff 3 . / o |
1 - 107 1 { 1o
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Abb. 10 Die Relationen zwischen Bodenfeuchtegehalt und hydraulischer Durchléssigkeit,
Diffusivitéit und Bodenfeuchtespanmung fiir zwei Untersuchungegebiete in der Ardéche.

Fir die Ubersetzung bin ich meinem verstorben Kollegen Drs. G.F. Faber
{Fachgruppe Deutsche Sprach- und Literatur Wissenschaft, Universitét
Groningen) zu Dank verpflichtet.
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APPENDIX B

HOTATR USERS MANUAL
OPTIML ZING THE D-THETA RELATIONSHIP FROM HOT AIR DATA

B. 1. Introduction

The HOTAIR computer program primarily calculates the relationship
between soil moisture diffusivity (D) and volumetric soil moisture
content (© or theta) from laboratory data obtained with the hot air
method (ARYA et al. 1975). If the so0il moisture retention curve (pF-
curve) can be supplied the relationship between unsaturated conduc-
tivity (k) and soil moisture content {(theta) can also be computed
(option). To do this, the measured points must be supplemented with an
adequate number of auxiliary points of the pF-curve, to ensure a well-
fitting polynomial:

1olog h= L ai.ei with h = suction head {cm)
i=0

Input data are in free format; they can be given in two ways:

Option 1.

For each slice the following must be given:

- XA: mass of moist soil (after hot air) (grame);
- XB: mags of dry soil (dried at 105°C) (grams);
- XC: mass of stones (¢ > 2 mm) (gramg);

- XD volume of stones (¢ > 2 mm) (em3).

Option 2.

All pairs of x and theta are given, x being the distance from the
centre of a slice to the evaporating surface and theta the volumetric
moisture content after the hot air treatment.

In the first case a pair of x and theta values is calculated for each
slice and arranged in a table with an option for plotting Additional
cutput consists of soil denmsity and, occasionally, the density of the
stones.

The program is interactive and is written in Fortran 77. To optimize
the curve-fitting parameters b and n the program makes use of the
routine E@4 JAF from the MAGP-library; however, other optimization
routines should be applicable too.

Basically, most output is presented in tables; graphical output is also
possible, but this subroutine may need some adaptations as it is based
on the KOMPLOT routine which is in use at the ACCU {Academic Computer
Centre Utrecht).

N.B. It is emphasized that the option in the HOTAIR program for cal-
culating the unsaturated conductivity (k) is not essential with
regard to the algorithm. The subroutine in cuestion makes use of
fitting the soil moisture retention curve by a polynomial. 2s k
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has to be calculated by dividing the diffusivity by the deriviate
of the suction head (h) with respect to the moisture content
theta, which on its turn is computed by multiplying the deriviate
of the common logarithm of h to theta by 2, 3026.h (h in cm), small
inaccuracies of the fitted polynomial can give rise to large
variation of the calculated conductivity.

B. 2. Flow chart

( HOTAIR FRDGRAM ?

1
v

/
{ INTERACTIVE FROGRAM ) =pm=———/ seai Users manual
{ PROCEDURE GMIESTIDNS .} I aection 4.

!

Tuotw N

P

/ 4
/ SORT OF INPUT DATA OF EACH SLICE CAN BE CHOSEN : /
/ OPTIDN 1 @ /S OPTION 2: 4
/ MASS OF MOIST AND DRY / DISTANCE {x)} TO EVAPORATING /
/ SOIL, MASS AND VOLUME OF / SURFACE AND MOISTURE CON- /
/ STONES (IF ANY). / TENT (THETA). /
/ !/
H H
OFTION 1 : OPTION 2 :
v v
4 /! / !
f READ INPUT DATA / / READ INPUT DATA /
/ (ALL THESE DATA / / (ALL X-THETA FAIRS /
/ WILL BE PRINTED) / / WILL BE PRINTED} 4
/ s/ / /

Cwoa

( CALCULATE AND PRINT X-THETA )
( PAIRS ,DRY BULKXDENSITY AND )
{ DENSITY OF STONES (IF ANY) )

-
P L N I T Ry PR

v

—-— CALCULATION OF CURVE-FITTING PARAMETERS
- B AND N WANTED YES OR NO 7

1 yes ]
]
v v
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e e e T T T

/ / 7
CALL EOCAJAF : / yes / DO YDU KNOW THE VALUES /
WARNING: FOR OTHER USERS 7/ 1——{—~/ OF THE CURVE-FITTING /
THAN OF ACADEMIC COMPUTER/ H / PARAMETERS B AND N ? /
CENTRE UTRECHT: IF you /s H / ’
DON'T HAVE SUBROUTINE ~/ H no
EO42JAF AT YOUR DISPOSAL., / H
DO YOU HAVE INSERTED A !/ H
VALID SUBSTITUTE 7 / ]
/ H
1 tyes no
v v
no
~~ CALCULATION OF DIFFUBIVITY -~ —=—)===m—-

- WANTED YES OR NO 7 -

yes

v

CALL SUBROUTINE
DIFFIT AND PRINT ?
THE CALCULATED H
D-THETA VALUES )

— A

v

—— CALCULATIDON OF UNSATURATED —— no
~-  CONDUCTIVITY WANTED  —~= -—-- P
- YES OR ND ? -

]
yes

P

{ READ INFUT DATA OF SOIL
( MOISTURE RETENTION CURVE )

v

¢ CAaLL SUBROUTINE POLYD
{ AND PRINT THE PpF-THETA ?
¢ VALUES AND THE POLYNOMIAL }
{ COEFFICIENT }

Cuw

( CALL SUBROUTINE CONDUC )
¢ AND PRINT THE K-THETA )
( VALUES )

R R e I I R R R L I L R N - R
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174

8
v

DO YOU WANT TO PLOT YES OR NO ?

T T e T e Y

YOU HAVE INSERTED A VALID SUBSTITUTE ?

/
/

WARNING1 FOR OTHER USERS THAN OF ACADEMIC/
CENTRE UTRECHT: IF YOU DON'T HAVE THE
KOMPLOT SUBROUTINE AT YOUR DISPOSAL, DO/

/

/

vyes

P

—--= PLOT OF X-THETA PAIRS AND --- no

=== OPTIMIZED X-THETR CURVE e

——— WANTED YES OR NO 7 -

yes no
W
( CALL SUBROUTINE )
( PLOTF1 )
v v
—=— PLOT OF D-THETA CURVE -—— na
——— WANTED YES DR NO ?  ——— —— | S——
H
T yes no
v
( CALL SUBROUTINE )
4 PLOTF2 }
Vv LY
——— PLOT OF K-THETA CURVE ——-— no
——— WANTED YES OR NO ? = —-—— ——— S ——
1 yes
v

¢ CALL SUBROUTINE )
( FLOTF3 }

noe

N mn T as me oer me o ose ad S s be B8 3 S e8 W RS BY ar BE AR ad 4R EE M B A oW

R BE EE 9 Fm er as W sz ap g e

-

no




L 1)

--= PLOT OF pF- CURVE - no

oo o

——— WANTED YES OR NO ? 2 —— ——— P————————

1

1 H

1 yes [

v H

{ CALL SUBRUOUTINE ) s
( FLOTPF ) s
H

: [

v v

’ H

/ END HOTAIR PROGRAM /
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B. 3. Input data

Input Gata are in free format: numbers on the same line should be
geparated by at least one space.

Before starting the program a (local) file must be created with the
data arranged as follows.

Option 1.

First line: number of slices;

Subsequent lines: four numbers per slice and per line consisting of:
- mass of moist soil (X2, grams);

- mass of dry soil * (XB, grams);

- mass of stones (XC, grams],

- volume of stones (XD, om3).

(In sequence, starting with the data on the slice at the evaporating
surface. )

Option 2.

First line: number of pairs of x and theta values;

Subsequent lines: two numbers per line, consisting of x (in cm) ard
theta respectively. (In seguence, starting with the data on the slice
at the evaporating surface, up to a maximum of 100 pairs.)

If the so0il moigture retention curve is availahle, these data must also
be accessible on another (local) file as follows:

First line: number of pF-curve vatues: measured and additional data;
Subsequent lines: two numbers per line, consisting of the moisturs
suction head (h, in om) and the corresponding moisture content (theta).
(In sequence, starting with the smallest suction head. )

B. 4. Interactive part of the program

After the program has bheen started the following gquestions have to be
answered:
1. Name of cutput file.
2. Title.
3. Computation of x-theta pairs wanted? Type y (yes) if computation
is wanted, type n {no) if it not wanted.
If yes: then 3.a. length (XL) of the cylinder (cm)
3. b diameter (XDD) of the cylinder (cm).
Drying time (XF, in minutes).
Theta-zero (YA); the value of 0. 02 often seems to bhe ugeful,
Threshold value of x (X-EPS, in cm) for computing the initial
value of theta (theta-i). For gilty soils a threshold value of
2.5 cm has proved to be useful; for sandy soils a slightly higher
value may be better.
7. Computation of curve-fitting parameters b and n; type in y (yes)
if b and n have to ke calculated, or n {no) if b and n are already
krowm.

U L

* i, e soil matrix and stones
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a. If yes, the next cuestion is: default values of b and n? If
you type v (yes) then b starts with 0.01 and n with 1.1. If
you want to choose the starting values, type n (no) and input
the initial values of b (0. 01: 24) and n (1. 1: 24},

Then give the discriminating value of the sum of least

squares:

-~ If 0 (zero) is typed in, then the program itself determines
the sum of the least squarss.

- If a value unequal to zero is typed in, then the optimizing
of b and n ends as soon as the sum of least squares has
become smaller than the given value or as b or n has
reached the upper bound, fixed in E@4 JAF subroutine.

N.B. In the last case the heading of b and n in the print out

consists not of "optimized values® but of "ifail = 5" which

is, in fact, an error reference from the E@4 JAF procedure.

b. Ifno,thenputinthevaluesofbandn.

8. Computation of diffusivity (D-theta); type in y (wanted} or n {(not
wanted).

9. Computation of (unsaturated) conductivity (k-theta); type iny
(wanted) or n (not wanted;

If yes, then type in degree of polynomial. Usually a degree of 3

up to 5 fits reasonably, if sufficient auxiliary points have been

added to the measured ones.

10. Stepsize of theta (XSTAP). The relationships of D and k with theta
are presented in tables for consecutive values of theta; XSTAP
enahles the interval between the subsequent values of moisture
content to be chosen

Questions 11 up to 14 examine whether output has to he plotted.

11, Plot z-theta curve? y = wanted, n = not wanted.
12. Plot D-theta curve? y = wanted, n = not wanted.
If yes, then fixed lower and upper bound of moisture content?
y/n (also valid for plot of k-theta).
If yes, then put in lower and upper hound values.
Fixed bourds of diffusivity? y/n
If yes, then - put in lower hound value
~ put in upper bound value.
13. Plot k-theta curve? y = wanted, n = not wanted.
If ves, then fixed bounds of conductivity? y/n
If yes, then - put in lower bound value
- put in upper hound value.
14, Plot pF-curve polynomial? y = wanted, n = not wanted.
If yes, then put in the polynomial
15, If question 3 has been answered with yes then type the name of the
file with slice data.
If question 3 has been answered with no then type the name of the
file with x-theta data.
16. If question 9 has been answered with yes then type tye name of the
file with pF-curve data (h, theta).

nn
non
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B. 5. Running the program
(orly for users of ACCU-CYBER computer ! )

Put ready (local)} files ATTACH, data, ID = xxx.
Put ready HOTAIR program ATTACH, HOTATR, ID=FG.

Start of HOTAIR HOTAIR
Output on the screen REWIND, result.

OOFYBF, result.
Plotting output CHARON, PEN, FID=plotid.
Printing output REWIND, result.

BATCH, result, PRINT, uger.

N. B. Words in CAPITALS have to be copied, words or symbols typed in
lower case must be replaced by your own names and synbols., If yvour
run into difficulties, please contact Mr. P.J. Haringhuizen (tele-
phone 030 - 531237, room no. 402).
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B. b. Test run

HH HH Q0000 TTTTTTIT ARA IIIIII RRRRR
HH HH QGO 0oo TTTTTTTT AAAAA IITITI RRRER
HH HH  0CO a0 TT AAA ARA 1I RR RR
HHHHHHH 00C je.e 0] T AAL ARA II RR RR
HEHHHHR 00C 00 T AAAARAAAAAA I RRRRR
HBH HH 0. ¢ 0] 000 TT ARR AAA II RR RR
HH HH 000 000 T ARA ApA IIIIII RR RR
HH HH 00000 TT AdA aAns IIXTII RR RR

OPTIMIZING THE D-THETA RELATIONSHIP FROM HOT AIR DATA.
VERSION 2.0 AUGUST 1986.

PROGRAMMING BY TEUNIS LOUTERS*
JAN A, VAN DEN BERG*
PETER J. HARINGHUIZEN**
* DEPARTMENT OF PHYSICAL GEOGRAPHY
AYPACULTY AUTOMATICN SERVICE

GEOGRAPHICAL INSTITUTE, STATE UNIVERSITY OF UTRECHT
P.0.BOX B0,115 3508 TC UTRECHT NL

REFERENCE: BERG, J.A.VAN DEN AND T.LOUTERS:

AN ALGORITHM FOR COMPUTING THE RELATIONSHIP BETWEEN DIFFUSIVITY

AND SOIL MOISTURE CONTENT FROM THE HOT AIR METHOD.
J. HYDROLOGY 83 (1986): 143-159.

INPUT PARAMETERS:

SUBJECT NAME: TEST
CYLINDER LENGTH (CM): 10.00
CYLINDER DIAMETER (CM): 5.10
DRYING TIME: 12.00
THETA-ZERD: .02
THRESHOLD (CM}: 2,00
STEPSIZE THETA .41
VALUE 'B': .00C0
VALUE 'N': L0000
SUM GF LEAST SQUARES : .00000
DESIRED POLYNOMIAL DEGREE : 3
COMPUTATION OF X-THETA : ¥
COMPUTATION OF D-THETA : Y
CQMPUTATION OF K-THETA : Y
PLOT X-THETA CURVE ; ¥
PLOT D-THETA CURVE : Y
PLOT K-THETA CURVE : Y
PLOT PF-CURVE POLYNOMIAL: N
LOWER BOUND MOISTURE : .00
UPPER BOUND MOISTURE : .00
LOWER BOUND DIFFUSIVITY : .D00CE+GD
UPPER BOUND DIFFUSIVITY : .0000E+00
LOWER BOUND CONDUCTIVITY : LQ0D0E+5U
UPPER BOUND CONDUCTIVITY : .U00OE+Q0
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MEASURED DATA PER SLICE:

XA MASS OF WET SOIL
XB : MASS OF DRY SODIL
XC 3 MASS OF STONES

H VOLUME OF STONES

SLICE Xa XB

1 4,341 4.104
2 5.166 4.705
3 6.844 6.020
4 8.186 7.058
5 8.127 6.918
6 3.482 7.222
7 10.31le 3.668
] 8.831 7.410
9 13.812 11,507
10 18.937 15.706
11 21.729 18.042
12 29.189 24.198
13 63.350 52.305
14 65.097 53.734
15 55.333 45.655
16 70.175 57.761

CALCULATED SOQIL PHYSICAL

CENSITY QF SCIL MATRIX:
DENSITY OF STONES:

NUMBER OF PF-PAIRS:

H LOLOG(H}

1.0000 .o0oeo
3.1620 .5000
10.0000 1.0000
31.6200 1.5000
100.0000 2.0500
19%.5300 2.3000
251.1900 2.4000
316.2300 2.5000
501.1900 2.7000
398.1100 2.6000
630.9600 2.8000
794.3300 2.9000
1000.0000 3.00060
1584.8900 3.2000
25118900 3.4000
3981.0700 3.6000
6309.5700 J.8900
10000.0000 4.0000
15848.9300 4.2000

XC XD
000 .000
.000 .000
.00 .000
.000 .008
.000 .000
.000 .000
.060 .000
.000 .000
.000 .000
.000 .000
.000 .e00
.000 .000
.000 .000
.004 .aop
.000 .000
.000 .000
DATA:

1.620637
.00000
19

THETA
3920
3910
.3890
L3810
L3640
L3510
L3450
.3380
. 3150
.3320
.3130
.3030
. 2950
L2750
.2580
.2270
.187¢
L1730
. 1470

COMBUTED POLYNOMIAL-COEFFTICIENTS:

AQ: 11.6647
Al; -119.7861
A2: 480.5158
A3; -663.0815
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K-THETA PAIRS:

X THETA
«061%9152 L08357413
.19505276 .16509720
. 35705546 .22179183
.55460057 -25896571
-76571011 .28117868
.9792968% ,28270135

1.21931767 .30807263
1.46217822 .31073537
1.74792229 -32458140
2.15897865 -333339G4
2.66874715 .33113362
3.30678896 .33421267
4.46237761 .34316638
6.06411229 . 34265625
7.5653%3773 .34348941
9.12751161 .34825058
THETA-I: . 33932099

OPTIMISED VALUES:

B: -476571
N: 1.814949
FSUMQ: 000670

DIFFUSIVITY (M2/DAY):

THETA D
.0l -00087811
Q2 .00092132
.03 00096771
.04 .00101762
.05 .00107142
.06 -0011295%
07 00119263
.08 .00Q126114
.09 .00133585
.10 .G0141756
.11 -00150727
.12 00160614
.13 .00171558
.14 .00183728
.15 .00197331
.16 L00212621
.17 .00229223
.18 .00249632
-1¢ .00272267
.20 .00298495
.21 .00329204
.22 .00365589
.23 .00402305
.24 .00462699
.25 .00529219
.26 -00614131
.27 L00725871
.28 -20878826
.29 L010G99595
.30 L01443135
.31 .02043214
.32 .03326427
.33 .07687235
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CONDUCTIVITY (M/DAY):

THETA K
.01 +1057E-15
.02 .1382E-14
.03 .1481lE-13
.02 -1314E-12
.09 .8751E-12
.06 .6107E-11
.07 -3260E-1Q
.08 .1498E-09
.09 -5984E-09
.10 .2098E-08
L1l -6526E-08
.12 -1818E-Q7
.13 .4585E-07
.14 .1058E-06
.15 «2254E-06
.16 .4489E-06
WLy .8435%E-06
.18 .1510E-05%
.19 .2597E-05S
.20 +4315E-05
.21 .6321E-05
.22 -1062E-04
.23 L.1529E-04
.24 .2020E-04
.25 -2429E-04
.26 L 2720E-04
.27 .2963E-04
.28 .32%2E-04
.29 .3885E-04
.30 .5051E-04
.31 .7556E-04
.32 .1402E-03
.33 L4020E-03
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B. 7. Program listing

PROGREM HOTAIR (PLFILE=0, TAPEY8=PLFILE, OUTPUT, TAPE5=OUTFUT)
REAL YA, YB, XL, XF, XDD, LOWMOLS, LOWDIF, LOWCON, TNI B, ININ
REAL, XSTAP, XA{100), XB(100), XC(100), XD(100), W(100), ZA{100)
REAL X(2),BL(2), BU(2),IW(4), FSUMQ, C(20), XPA(100), XPB(100)
INTEGER IFAIL, LIW, LW
CHARACTER*10 SLICEF, PFCURF, OUTF, XTHETAF
CHARACTER SUBJECT*31, STRING*30
CHARACTER*1 TPARQ, IPAR1, IPAR2, IPAR3, ITEKO, ITEK], ITEK2, ITEK3, IPARTI
CHARACTER*1 TBOMO, IBOCON, IBODIF, ANS
LOGICAL, STEP
COMMON/STAP/STEP ( 100)
COMMON M, YA, YB, T(100), Y(100)
COMMON/NAME/ SUBJECT
COMMON /TEK /I TEXO, I TEK1, ITEK2, I TEK3
COMMON /I BOUNDS /1 BOMO, 1 BOCON, IBODLF
COMMON,/VBOUNDS /LOWMOL S, UPMOL S, LOWCON, UPCON, LOWDLF, UPDIF
COMMON/DIST/ DISTMIN, BU, SUM2
COMMON/PCL/ IQRD
KKK KEKEAARARREEEAAAREELEIEERNAARRARKRR LA A A ARk ARk hkhhhakhkk
XL=CYLINDER LENGTH (CM)
XDD=CYLINDER DIAMETER {CM)
XF=DRYING TIME (MIN)
YA=THETA-ZERO
XEPS=THRESHOLD VALUE OF X FOR COMPUTING INITIAL VALUE OF THETA (CM)
X(1)=X1=OPTIMISED VALUE COF B
X(2)}=X2=OPTIMISED VALUE OF N
IPARO=CPTIMISATION OF ‘B AND 'N
IPAR1=COMPUTATICN PAIRS OF X-THETA (MOLSTURE CONTENT)
IPAR2=COMPUTATION PAIRS OF D-THETA (DIFFUSIVITY)
IPAR3=COMPUTATION PATRS OF K-THETA (CONDUCTIVITY)
XSTAP=STEPSIXE OF THETA
ITEKl= PLOT X-THETA CURVE
ITEK2= PLOT D-THETA CURVE
ITEK3= PLOT K-THETA CURVE

M = NUMBER OF SLICES
XA = MASS OF WET SOIL
XB = MASS OF DRY SOIL
XC = MASS OF STONES

X = VOLUME OF STONES

IQRD= DESIRED DEGREE OF THE POLYNCMIAL
NTEL= NUMBER OF PF-PAIRS
XPA = SUCTION HEAD OF PF-CURVE (CM)
XPB = THETA-VALUE OF PFP-CURVE (MOLSTURE CONTENT CM3/CM3)
KKK AKIRRAKKARARRERARRRRAKRARRARKAAKAR KRR I ARRRARARR A AR AR AR
FORMAT (Al)
ITEKO=' N
ITEKl=' ¥
ITEK2= ¥
ITEK3= N
XL=0
YB=0

CHoNeRsNsNeNeNeNsRoRoNoRoNoNo s NeNoRsRrRe N NoNoRoNa N o]
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INIB=0. 01
ININ=1. 1
EPS=0
XDD=0
SUM2=0
IORD=0
DISTMIN=0
LOWMOTL 8=0
UPMOL 8=0
LOWDI F=0
UPDIF=0
LOWCON=0
UPCON=0
CALIL HEADER (5)
PRINT *,’ ENTER MAME OF THE QUTPUTFILE: '
READ (*,’ (A10)’ ) OUTF
OPEN (UNIT=7, FILE=OUTF)
REWIND 7
CALL HEADER (7)
PRINT *,’ HOTAIR PARAMETER INPU’I"
PRINI' * 7 - J——
PRINT *, SUBJECT NAME;
READ (%, (220)' ) STRING
WRITE (SUBJECT, ' (220,Al)' ) STRING,’;’
PRINT *,’ COMPUTATION OF X-THETA PATRS (¥Y/N) 7
READ (*, 5) IPAR!
IF (IPARI.EQ.'Y ) THEN
PRINT *,’ CYLINDER LENGTH:
READ *, XL
PRINT *,’ CYLINDER DIAMETER: '
READ *, XDD
ENDIF
PRINT *,' DRYING TIME: '
READ *, XF
PRINT *, ' THETA-ZERD: *
READ *, YA
PRINT *, ‘COMPUTATION OF THETA-I (Y/MN) 7
READ (*,5) IPARTI
IF (IPARTI. NE.'Y ) THEN
PRINT *,’ VALUE OF THETA-I:
READ *, YB
ELSE
PRINT *,/ THRESHOLD: '
READ *, EPS
ENDIF
PRINT *,’ COMPUTATION OF ‘/ B/ AND 'N' (Y/N) ¥
READ (*, 5) IPARO
IF (IPARO.EQ 'Y ) THEN
X1=0
X2=0
PRINT *,’ DEFAULT INITIAL VALUES (Y/N) 7
READ (*,5) ANS
IF (ANS.NE.’Y ) THEN
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10

PRINT *,’ INITIAL B-VALUE [0.01:24] :*
READ *, INIB
PRINT *,’ INITIAL N-VALUE [1.1:24] :’
READ *, ININ
ENDIF
PRINT *,' SUM OF LEAST SQUARES: ‘
READ *, DISTMIN
ELSE
PRINT *,’ FIXED B-VALUE [O.01: 24} :’
READ *, X1
PRINT *,! FIXED N-VALUE [1.1;24] :’
READ *, X2
ENDIF
PRINT *,’ COMPUTATION OF DIFFUSIVITY (¥/N) ?
READ (*, 5) IPAR2
PRINT *,' COMPUTATION OF CONDUCTIVITY (Y/N) ?’
READ (*, 5) IPAR3
PRINT *,' STEPSTZE OF THETA: '
READ *, XSTAP
IF(IPAR3. EQ./ Y . AND. IPAR2. NE. ' ¥ ) THEN
IPAR2=' ¥
PRINT *,’ WARNING: DIFFUSIVITY HAS TO BE COMBUTED !’
ENDIF
PRINT *,’ PLOT X~THETA CURVE (Y/N) ?
READ (*,5) ITEK1
IF (IPAR2.EQ.'Y ) THEN
PRINT *,' PLOT D-THETA CURVE (Y/N) ?'
READ (*,5) ITEK2
IF (ITEK2.BQ.'Y ) THEN
PRINT *,’ FIXED BOUNDS MOISTURE CONTENT (¥/N) ?
READ (*, 5)IBOMO
IF (IBOMO.EQ.'Y ) THEN
PRINT *,’ LOWER BOUND VALUE: '
READ *, LOWMOLS
PRINT *,’ UPPER BOUND VALUE: '
READ *, UFMOLS
ENDIF
PRINT *,’ FIXED BOUNDS DIFFUSIVITY (Y/N) ?
READ (*,5) IBODIF
IF (IBODIF.EQ.’' Y ) THEN
PRINT *,' LOWER BOUND VALUE:'
READ *, LOWDLF

ENDIF
ENDIF
IF (IPAR3. EQ.’'Y ) THEN
PRINT *,’ DESIRED DEGREE OF POLYNOMIAL: '
READ *, ICORD
IF (IORD, GT. 19) THEN

PRINT *,’ WARNING: MAXIMUM DEGREE SHOULD BE LESS THAN 20/

GOTO 10
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ENDIF
PRINT *,’ PLOT K-THETA CURVE (Y/N) ?'
READ (*,5) ITEK3
IF (ITEK3.EQ ‘Y ) THEN
PRINT *,' FIXED BOUNDS CONDUCTIVITY (Y/N) ?’
READ (*,5) IBODIF
IF (IBODIF.EQ 'Y ) THEN
PRINT *,’ LOWER BOUND VALUE:
READ *, LOWCON
PRINT *,’ UPPER BOUND VALUE: ‘
READ *, UPCON
ENDIF
PRINT *,! PLOT PF-CURVE POLYNOMIAL (Y/N) %
READ (*,5) ITEKO

————— COMPUTATION OF PI

ENDIF
ENDIF
WRITE(7,’ (*OINPUT' FARAMETERS: ")’ )
WRITE(?,’ (ll - u]r )
WRITE(7,’ ("0SUBJECT NAME: *,A20) ) STRING
WRLTE(7,’ (" CYLINDER LENGTH (CM): ", F10.2)' ) XL
WRITE(7,’ (* CYLINDER DIAMETER (CM): ", F10.2) } XDD
WRITE(7,' (" DRYING TIME: “,F10, 2)! ) XF
WRITE(7,' g" THETA-ZERO: ", F10,2)' ) YA
WRITE(7,' (* THETA-I: ", F10.2)' ) YB
WRITE(7,’ (" THRESHOLD (CM): ",F10.2)' ) EPS
WRITE(7,’ (* STEPSIZE THETA : ",F10. 2)" ) XSTAP
WRITE(7,’ (* (FIXED) B-VALUE: ", F10. 4} ) X1
WRITE(7,’ (* (FIXED) N-VALUE: ", F10.4)' ) X2
WRITE(7,’ (* INITIAL B-VALUE: ", F10.4)' ) INIB
WRITE(7,’ (* INITIAL N-VALUE: ",F10. 4)' ) ININ
WRITE(7,* (* SUM OF LEAST SQUARES : ",F10. 5) ) DISTMIN
WRITE(7,' (* DESIRED POLYNOMIAL DEGREE : *,I10)") IORD
WRITE(7,’ (" COMPUTATION OF X-THETA : ",A10)’ } IPAR1
WRITE(7,' (" COMPUTATION OF D-THETA : ", A10)’ ) TPAR2
WRITE(7,’ (" COMPUTATION OF K-THETA : »,A10)" } IFAR3
WRITE(7,' (* PLOT X-THETA CURVE : »,Al0)’ ) ITEK1
WRITE(7,' (* PLOT D-THETA CURVE : »,A10)' } ITEK2
WRITE(7,’ (" PLOT K-THETA CURVE : ", A10)’ ) ITEK3
WRITE(7,’ (" PLOT PF-CURVE BOLYNOMIAL: v,310)" } ITEKO
WRITE(7, ’ (" LOWER BOUND MOISTURE : v, F10. 2)! ) LOWMOLS
WRITE(7,' (* UPPER BOUND MOLSTURE : ", F10. 2)' ) UPMOLS
WRITE(7,' (* LOWER BOUND DIFFUSIVITY : ",E10. 4)' ) LOWDIF
WRITE(7,' (" UPPER BOUND DIFFUSIVITY : ", E10.4)’ ) UPDIF
WRITE(7, ' (* LOWER BOUND CONDUCTIVITY : ", E10.4)' ) LOWCON
WRITE(7,’ (" UPPER BOUND CONDUCTIVITY : ", E10. 4)’ ) UPCON

XSUM1=0. 0

XSUM2=0. 0

XSUM3=0, 0

XSUM4=0. 0

FI=4, O*ATAN(1. 0)




C ---- COMPUTATICON OF THE TOTAL CYLINDER VOLUME ——--

c

XVOL=0. 25*PL *XL* (XDD**2)

18

IF (IPAR].EQ.'Y ) THEN

WRITE(7,' (*OMEASURED DATA PER SLICE: ")’}
WRIII!E(T 2 (u . - u/),f}i )
PRINT *,’ NAME OF FILE WITH SLICE-DATA:
READ (* ' (A10)* ) SLICEF
IF {SLICEF. EQ, ' NONE' ) STOP ' NO SLICES'
OPEN {UMIT=2, FILE=SLICEF)
REWIND 2
WRITE(7," (" Xa : MASS QOF WET SCLL" )’}
WRITE(7,' (" XB : MASS OF DRY SOIL")')
WRITE(7,* (" XC: MASS OF STONES")' )
WRITE(7,’ (" XD ; VOLUME OF STONES" )’ )
WRITE(7, (" OSLICE Xa XB XC
READ(Z, *, END=18) M
DO 20 I=1,M

READ(2, *) XA(I),XB(I), XC(I), XD(I)

XSUM1=XA(T)+XsSuMl

XSUM2=XB{I ) +XSUMZ

XSUM3=XC(I ) +XSUM3

XSUM4=XD(TI ) +XSUM4

X" /)')

WRITE(7,’ (16, 4F8.3)' ) I,¥Aa(I),XB(I),XC(I),XD(I)

CONTINUE

¢ e COMPUTATION OF DENSITY wwwmm=mm=wme—msn

52

55

35

XMATR= (XSUM2-XSUM3) / (XVOL-XSUM4)
IF(XSUM4. EQ. 0. 0} XSUM4=1.0
XGR=X5UM3 /XSUM4

WRITE (7,' (" OCALCULATED SOIL PHYSICAL DATA:")' )

WRITE (7,’ ("ODENSITY OF SOIL MATRIX:",F12. 5)' ) XMATR

WRITE (7,' (" DENSITY OF STONES:",Fi7. 5}' ) XGR

ELSE

PRINT *,’ NAME OF FILE WITH X-THETA DATA ¥
READ (*,’ (A10})’ ) XTHETAF
IF {XTHETAF. EQ.' NONE' ) STOP ‘ NO X-
OPEN (UNIT=2, FILE=XTHETAF)
REWIND 2
READ (2, *, END=52) M
WRITE(7,' (" 1X-THETA PAIRS: ", //, 14X, "X
DO 55 I=1,M

READ (2,*) T(I), Y(I)

WRITE (7,' (2F15.8)' ) T(I), ¥(I)
CONTINUE

ENDIF
IF (IPAR3.EQ.'Y ) THEN

PRINT *,'NAME OF FILE WITH PF-CURVE DATA:
READ(*,’ (Al0)" ) PFCURF

IF (PFCURF. EX). ' NONE' ) STOP ‘' NO PFCURVE'
OPEN {UMIT=3, FILE=PFCURF)

REWIND 3

READ (3, *, END=35} NTEL

WRITE(7,” ("ONUMBER OF PF-PAIRS: ",I5)' ) NIEL

4

THETA" )' )
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WRITE(7,' ("0 H 10LOG(H) THET2" )? )
DO 40 I=1, NTEL
READ(3, *) XPA(I),XPB(I)
XPAO=XFA(I)
XPA(T ) =ALOG10(XPA(I))
WRITE(7,' (3F12. 4) ) XPAQ, XPA(I), XFB(I)
40 CONTINUE
C ---  COMPUTATION OF THE DESIRED POLYNOMIAL ---
CALL POLYD(XPB, XPA, NTEL, IORD, C)
WRITE(7,’ (" OCOMPUTED POLYNOMIAL-COEFFICIENTS: "//,

* (*  A",I1,":*,F20.4/))") (I-1,C(I),I=1, IORD+1)
ENDIF i
IF (IPARL EQ.'Y' ) THEN
c - COMPUTATION OF DISTANCE DELTA X TO SURFACE --
XHULP=0. 0 -
XHULPP=0. 0
XHULPA=0. 0
WRITE(7,’ (* 1X-THETA BAIRS: ", //, 14%,"X THETA" }* )
DO 60 I=1,M

XHULP=(XB{I)-XC(I)) /(0. 25*XMATR*PI * (XDD**2) )
IF{XGR QT 0.0) XHULPP=XC(I)/(0. 25*XGR*PL * (XDD**2))
XHULP=XHULP+XHULPP
T{I ) =XHULPA+0Q. 5*XHULP
XHULPA=XHULP+XHULPA
o]
C -- COMPUTATION OF MOISTURE CONTENT THETA PER SLICE —-
c
T(I)=({XA(I)-XB(I))/(XB(I}-XC(I)))*XMATR
WRITE(7,’ (2F15.8) ) T(I}, T{I)
60 CONTINUE
ENDIF
IF (IPARTI.EQ.'Y } THEN
¢ - COMPUTATION OF THETA-I --—-
YSUM=0
NY=0
DO 65 I=1,M
IF (T{(I).GE. EPS) THEN
YSUM=YSUM+Y (I )
NY=NY+1
ENDIF
65 CCNTINUE
YB=YSUM/NY
WRITE (7, (“OTHETA-I:",F21.8)' ) ¥B
ENDIF
C --- STEP SELECTION
DO 66 I=1, 100
66 STEP(I )=. FALSE.
K=YB*100
L=XSTAP*100
DO 67 I=1,K L
67 STEP(I)=, TRUE.
STEP (K) =. TRUE.
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C --- OPTIMISATION OF N AND B WITH SUBROUTINE EO4JAF ---
70 X(1)=x1
X(2)=X2
N=2
IFATIL=0
FSUMQ=0. 00
IF{X(1}. NE. 0, 0. AND, X{2).NE, 0. 0) THEN
CALL FUNCT1 (N, X, SM2)
GOTO 500
ENDIF
X(1)=1.0
X(2)=1.0
LIW=4
LW=25
BL(1}=INIB
BU(1}=24.0
BL{2)=ININ
BU{2)=24.0
IFAIL=1
IBCUND=0
CALL EQ4JAF(N, IBOUND, BL, BU, X, FSUMQ, IW, LIW, W, LW, IFATL)
500 IF (IFAIL.EQ 0) THEN
WRITE (7,/ ("OQPTIMISED VALUES: "/)')
ELSE
WRITE (7,’ ("OIFAIL = ", IS)' ) IFATL
ENDIF
WRITE (7, (" B:",F15.6)' ) X(1)
WRITE {(7,' (" N:",F15.6) ) X(2)
WRITE (7,7 (* FSUMQ:",F11.6)') SUM2

C —mmmmemm e COMPUTATICON OF D-THETA
IF(IPAR2. EQ.’ ¥’ ) CALL DIFFIT(X, N, XF, W, ZA)
C ————————-- COMPUTATION OF K-THETA

IF(IPAR3. EQ./ ¥ ) CALL CONDUC(X, N, C, IORD, W, ZA, XPA, XPB, NTEL)
¢ =---- PLOT X~THETA -—
IF(ITEK!. EQ.’' ¥ } CALL PLOTF1(N,X)
WRITE (5, (* ICOMPUTATION RESULTS READY ON FILE “,210) ) OUTF
STOP ' END OF HOTAIR'

END
C - - —
c SUBROUTINES
C - - - -
C
c
SUBROUTINE POLYD (XPB, XPA, NTEL, IORD, C)
REAL XPB(100),XPA(100),C(20)
cC
C ACCULIR
cC

REAL XPW(100)},AA(20), BB(20), CC{20), G6(20), VW(20), DD(20)
DO 10 I=1, NTEL

10 XPW(I)=1.0

C 70107
POLF = POLFIW (NTEL,XPB, XPA, XEW, IORD, AA, BB, CC, GG, VV)
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SIGMA=SQRT( POLF /FLOAT (NTEL-TORD-1) )

C 71301
CALL TRFORD (TORD, AA, BB, CC, C, SIGMA, DD, GG)
RETURN
END

C

c Yok ke sk Sk sk ok vk ke ke o gk ok sk ok ok o o o e e sk sk ok ke e e e e e e o 9k ok ok ok ok ke e ok ok v ok ok e e e ke ok ok ke e ke ok

c
SUBROUTINE FUNCT1(N, X, FC)
COMMON/DIST/ DISTMIN, BU(2), SUM2
REAL X{N)
COMMON M, YA, YB, T(100), Y(100)
REAL FC,F
FC=0
DO 20 I=1,M
F=YB-{(YB-YA}*(X(1)**X(2))/((T(I)+X{1))**X(2)))-¥(I)
FC=FC+F*F
20  CONTINUE
SUM2=FC
IF (FC.LT. DISTMIN) FC=0
RETURN
END
C
C AARK A A AR E XA AR AL AL AN AR AR A AR ALK LALE A AR RRRAREAA N AR A A A hkkkdx
c
SUBROUTINE DIFFIT(X, N, XF, W, ZA)
CHARACTER*1 ITEKO, ITEK1, ITEK2, I'TEK3
COMMON/TEK /I TEKO, ITEX1, ITEK2, ITEK3
REAL X(N), W{100), ZA(100)
LOGICAL STEP
COMMON/STAP /STEP ( 100)
COMMON M, YA, YB, T(100), Y(100)
WRITE(7, ' (" IDIFFUSIVITY (M2/DAY):"//," THETA D))
K=YB*100
DO 20 J=1,K
2=J/100. 0
B=X(1)*{((YR-YA)/(¥B-2))**(1/X(2)}-1)
S=((B+X{1))**(X{(2)+1)) /(X(2) *(YB-YA)*X(1)**X(2))
A={(¥B-Z)/(¥B-¥A) ) **((X(2)-1) /X(2)})
R=X(1)*(YB~-YA)*(X(2} /(X(2)-1))*A-X(1)*(YB-2)
W(J)=R*S*0, 072/XF
ZA(J)=%
IF (STEP(J)) WRITE(7,' (F10.2,F12.8)’ ) ZA(J), W(J)
20  CONTINUE

C --—- PLOT D-THETA ~--
IF (ITEK2.EQ.’' ¥} CALL PLOTF2 (K, 23, W)
RETURN
END

c

[ dhkkkhkhhhEhhhhkAhhhhnkhhhdhhhhhhhhhhdhhhhhkkhhhhrkkhhbhhihkiin

C
SUBROUTINE FLOTPF (NTEL, XPA, XFB, K, 23, POL)
COMMON/POL/ICRD
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C

COMMON,/NAME / SUBJECT

REAL XPA(100), XPB(100), ZA(100), POL(100)

ORD=I ORD

CALL FRAME (20.0,0.0,0.0,14.0,0.0,7.0,

* + MOISTURE CONTENT;' ,’ COMMON LOG. SUCTICN HEAD;’ )
CALL GRAPH (NTEL, XFB,XP3,0.0,0,2,;')

CALL GRAPH (K, ZA, POL, 0. 0, 2, 0, ' PF-CURVE ;' )

CALL GRAPH (-1, 14.0,10.0, 0.0, 113, 0, SUBJECT}

CALL GRAPH (-1, 14.0, 9. 0, ORD, 114, 300, ’ POL. DEGREE: ;' )
RETURN

END

O HARARKR AR RN RKKEE A AR KKK RK NN E AR KRR IR H AR AR KRR ARk &

C

10

aoaa

C

SUBROUTINE PLOTF1 (N, X)

REAL F(100), X{(N)

COMMON/NAME/SUBJECT

COMMON M, YA, YB, T(100), Y{100)

DO 10 I=1,M
F(I)=YB-({YB-YA)*(X{1)**X(2))/({T(I)+X(1}}**X(2))})

CONTINUE

CALL FRAME (20.0,0.0,10.,12.0,0.0,0.0,’ X-AX [CM];’,

* ¢ MOISTURE CONTENT; ' , SUBJECT)

CALL GRAPH (M, T, ¥,0.0,0,2,7;')

CALL GRAPH (M, T,F,O0.0, 2, 0,' OPTIMISED i)
CALL GRAPH (-1, 16.0,8.0,X(1), 114, 306,' B =;' }
CALL GRAPH (-1,16.0,7.0,X(2),114,306,’N =;' )
RETURN

END

K ek ok R o e R s e e e R R T o R R R R e o o o R R e e e e e T e s e e ke R e ek e e ok ke ke e e e e ke ok e

SUBROUTINE PLOTF2(K, ZA, W)

REAL LOWMOLS, LOWDIF, LOWCON

CHARACTER*1 IBOMO, IBOCON, IBODIF

COMMON/I BOUNDS /T BOMO, I BOCON, I BODIF

COMMON /VBOUNDS /LOWMOL S, UPMOLS, LOWCON, UPCON, LOWDIF, UPDIF
REAL ZA(100), W(100)

COMMON/MAME /SUBJECT

CALL FRAME {20. 0, LOWMOLS, UPMOLS, -20, 0, LOWDIF, UPDIF,
* MOISTURE CONTENT;’,’! DIFFUSIVITY [M2/DAY];’, SUBJECT)
CALL GRAPH(K, ZA, W, 0. 0, 2, 0, DIFFUSIVITY;' )

RETURN

END

%Rk ol ok e ok sk ok ok sk ke sk sk o oK R ok o ok ol o R ook o ok ok ok Aok ok Sk e ok ok o ol o ko e sk o o o ok ke o ok ok e ke e o ke ok

c

SUBROUTINE PLOTF3 (K, ZA, XOON)

REAL LOWMOLS, LOWDIF, LOWCON

CHARACTER*1 IBOMO, IBOCCN, IBODIF
COMMON /T BOUNDS /I BOMO, T BOCON, TBODIF

COMMON /VBOUNDS /LOWMOL S, UPMOL S, LOWCON, UPCON, LOWDIF, UPDLF
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REAL ZA(100), XCON(100)
COMMON /NAME / SUBJECT
DO 10 I=1,K

10  CONTINUE
CALL FRAME (20.0, LOWMOIS, UPMOLS, ~20. 0, LOWCON, UPCON,
* MOISTURE CONTENT;‘ ,‘ CONDUCTIVITY [M/DAY);’, SUBJECT
CALL GRAPH (K, ZA, XOON, 0. 0, 2, 0, ' CONDUCTIVITY ;')

RETURN
END
c
c
C KRR A R AR ARE AR AR REE AR RARREAEEEAAAARARRRREAARRARR A AR AR RE
c
SUBROUTINE CONDUC(X, N, C, IORD, W, %2, XA, XPB, NTEL)
CHARACTER*1 ITEKO, ITEK1, ITEK2, ITEK3
COMMON/TEK /I TEKO, ITEK1, ITEK2, ITEK3
COMMON M, YA, YB, T(100), ¥(100)
LOGICAL STEP
COMMON/STAP /STEP( 100)
REAL X (N}, W(100), POL(100), 2A(100), XCON(100), XPA(100), XPB(100)
REAL C(20)
K=YB*100
K1=K
WRITE(7,' (" 1CONDUCTIVITY (M/DAY):"//," THETA K')')
IF (XPB(1).GT. YB) K1=XPB(1)*100
DO 20 J=1,K1
2=J/100. 0
XTOT=0. 0
XTOTA=0. 0
DO 40 N=1, (IORD+1)
XTOT=C (N} *(Z**(N-1) )
XTOTA=XTOTA+XTOT
40 CONTI NUE
TOT=0. 0
XTOT=0. 0
DO 50 L=2, (IORD+1)
TOT=FLOAT({ (L-1) ) *C(L} *{ Z** (1-2) )
XTOT=XTOT+TOT
50 CONTINUE
ZA(J)=%
IF (J. GT. ¥YB*100) GOTO 60
E=0. 01* (10** (XTOTA) ) *ALOG(10. )
H=-E* (XTOT)
XCON(J)=W(J)/H
IF (STEP(J))} WRITE(7,' (F10. 2,E14. 4)' ) ZA(J),XCON(J)
60 POL(J) =XTOTA
20 CONTINUE
C ---- PIOT K-THETA —-—-
IF (ITEK3.EQ.'Y ) CALL PLOTF3 (K, ZA, XCON)
IF (ITEKO.EQ.'Y ) CALL PLOTPF (NTEL,XFA, XPB, K1, Z3, POL)
RETURN
END
c
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[od KK IEI I AR E A I AR A AR IR KA KKK I AR RATARKRA KRN AR AR A ARA Nk Rk dx*

c
SUBROUTINE HEADER {M)

WRITE(M, * (

%1 H{ HH 00000  TTTTTTIT  ARA IIIIII RRRRR"/

* HH HH 000 OO0 TTTTTTIT AAAAA IIIIII RRRRR'/

» HY{ HH 000 OO0 T ARA AAA 11 RR RR'/
* HHHHHHH QOO 0O TT AAA  RAA II RR RR'/
*  HHHHHHH OO0 000  TT AAAAAARAAAA 0 II RRRRR" /

* HH HH OO0 OO TT AAA AAA 1T RR RR" /

* HH HH 000 000 TT AAA  AAA IITIII RR BRR'/
*  HH HH 00000 TP ARA AAA ITIIII RR RR*))

WRITE (M,’ (////
* OPTTMI 2ING THE D-THETA RELATIONSHIP FROM HOT AIR DATA."//

** VERSION 2.2 NOVEMBER 1986. " //

* PROGRAMMING BY TEUNLS LOUTERS*" /

*t JAN A. VAN DEN BERG*" /

* PETER J. HARINGHUI ZEN**" /

* % DEPARTMENT OF PHYSICAL GEOGRAPHY" /
*n x*FACULTY AUTOMATION SERVICE'//
*" GEOGRAPHICAL INSTITUTE, STATE UNIVERSITY OF UTRECHT"/
* P O BOX 80,115 3508 TC UTRECHT NL" //
* REFERENCE: BERG, J.A VAN DEN AND T. LOUTERS: "/
* AN AIGORITHM FOR COMPUTING THE RELATIONSHIP BETWEEN DIFFUSIVITY"
*/" AND SOLL, MOISTURE CONTENT FROM THE HOT AIR METHOD. "/
*v 3, HYDROLOGY 83 (1986): 149-159."/////)")
RETURN
END
C HEKKAKEEA AR KRR ERERRAKAAAEERALEAEAAARNRN A A AR AR Ak Ak AX A hkk
C
REAL FUNCTION POLFIW(N, X, F, W, K, A, B, C, G, V)
c*k***********kk******************************t**t********************
C ACCU (ACADEMIC COMPUTER CENTER UTRECHT)
C THIS SUBPROGRAM IS PORTABLE TO OTHER TYPES OF COMPUTER
C************************************k********************************
DIMENSION X(N), F(N), W(N), A(20), B(20), C(20}, G(20), V(20)
DELTA = 0. .
DO 10 J=1,N,1
DELTA = DELTA + W(J)*F(J)**2
10 CONTINUE

K3 =K+ 1
DO 60 I3=1,K3, 1
I=I3-1
X8 = 0.
F8 = Q.
Sl = 0.
S0 =0,
DO 40 J=1,N,1
Gt =1,
GO0 = 0.
IF (I.EQ. 0) GO TO 30
DO 20 I1=1,T,1
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20

40

50
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10

20

19

5=0
IF (I1.NE. 1) S8 = B{I1-1)*G0
G0 = (X(J)-A(I1))*Gl ~ 8§
5 =G0
Go = Gl
Gl =8
CONTINUE

S1 = 81 + GL**2*W(J)
FS = FS + G1*F(J)*W(J)
IF (I.EQ K) GO TO 40
S0 = SO + GO**2*W(J)
XS = XS + GL**2%X(J}*W(J)
CONTINUE
IF (I.EQ.K) GO TO 50
A(I+1) = XS/81
IF (I.NE.Q) B(I) = S1/50
C(I+1) = FS/S1
G(I+1) = s1
IF (I.NE.0) V(I+1)
IF (I.EQ 0} V(I+1)
CONTI NUE
POLFIW = V(K+1)
RETURN
END

ABS(V(I)-C(I+1)**2*31)
ARS(DELTA-C(I+1)**2*51)

KKK AR AL A TR KRR AR AR AL TN A AR KA R ARALEIAAA AR AR N AR AR TR KK

SUBROUTINE TRFORD(K, A, B, C, P, SIGMA, D, G)

DIMENSION A(20), B(20), C(20}, P(20), D(20), G(20), S1i(20), S0(20}
IF (KR LT.20) GOTO S

PRINT 900

RETURN

CONTINUE

IF (K NE. Q) GO TO 10

D{1l) = 1.

P(1l) = C(1)

GO TC 90

50(1)
§1(2)
s1(1)
P{1)
B{2)

L

1.
~A(1)
-C(2)*a(1) + C(1)
C({2)
D(1) = A(1)**2/G(2) + 1. /G(1)
D(2) 1. /G(2)
IF (K LE 1) GO TO 90
DO 20 I=2,K1
D(I+1) 0.
P(I+1) 0.
OONTINUE
Kl1=K-1
DO 80 J=1,K1,1
S0(J+2) = 1.

L 1]

Wonnn

8




SO0(J+1) = S1(J) - A(J+1)
IF (J.GT. 1) S0(J) = S1(J-1) - A(JT+1)*81(J) - B(")
IF (J.LT. 3) GO TO 40
Jl=J-2
DO 30 I1=1,01,1
I =J1l-I1+1
S0(I+1) = S1(I) - A(J+1}*S1(I+1) - B{J)*SO(I+1)
30 CONTINUE
40 S0(1) = -A(J+1)*S1(1) - B{J)*S0(1)
Jl =J + 2
Do 70 I=1,J1,1
IF (I.EQ Jt) GO TQ 50

H = S1(I)
S81(I) = SO(I)
S0(I) = H
GO TO 60
50 51(I) = S0(I)
60 P(I) = P(I) + C{J+2)*81(I)
D(I) = D(I) + S1(I)**2/G(J+2)
70 CCONTINUE

80 CONTINUE
90 Kl =K+ 1
DO 100 I=1,K1,1
D(I) = SIGMAXSQRT(D(I))
100 CONTI NUE
RETURN
900 FORMAT(///," ERRORMESSAGE FROM TRFORD: ", /,
+ " DEGREE MUST BE LESS THAN 20", /)
END
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APPENDIX C
TEXTURAL ANALYSIS OF SAMPLES OF LOAMY TO SILTY SCILS ON MARLY BEDROCK

The loamy to silty scils on marly bedrock contain 30 to 55 percent
carbonates. For a standard soil textural c¢lassification like that of
the USDA triangle, carbonates have to be removed from the soil before
it is analysed. Thus it is important to know how the carbonates in
these soils are distributed over the different textural classes. There-
fore, a skilled researcher from a Dutch g0il research laboratory has
determined the soil texture of four samples with carbonates and after
the carbonates had heen removed with hydrochloric acid. The samples
were taken from site 2 (0.2-0.3 m and marl at 1.3 m), site 3 (0.6-0.7
m} and site 4 (0.2-0.4 m). The results for 3 samples are summarized in
Table C. 1. The loam of site 2 (0.2-0.3 m) deviated glightly from the
other three samples (no carbonates < 2 um, and fewer carbonates in the
silt fraction).

Tahle C.1. Distribution of carbonates over the textural classes of loamy to silty scils on

marly bedrock

Soil textural claes ratio between quantity of fraction of carbo-
carbonates in texture class nates in esach class
amnd that in all soil < 2 mm

clay ( < 2 um) 0,03 - 0,15 0.05 - 0,15

silt [ 2 - 16 pm) 025 - 0.35 0.40 - 0,60

gilt (16 - 53 um) 0.35 - 0.40 0.70 - 0,75

silt { 2 - 53 pm} 0.65 -~ 0,70 0.55 - 0,65

sard {53 ~ 2000 pm} 0.20 - 0.30 0.85 - 0. 90

all particles < 2 mm (1, 00} 0. 45 - 0. 50

Tabhle C.1 shows that carbonates are fourd in all textural classes and
that their content increases with particle size, Because the hydraulic
properties investigated in this research depend on the voids between
the soil particles, regardless of their chemistry, it was decided to
include the carbonates in the so0il texture,

This resulted in a more complicated analyeis. Additional steps have to
be taken in order to obtain a complete separation of the individual
soil particles,

To be sure that the results obtained in relation to soil texture were
not affected by spurious textural analyses, eleven soil samples from
sites 1-4, 6 and 7 were also analysed in duplicate at the above-men-
tioned laboratory. These anzlyses tended to give a somewhat higher clay
content and a somewhat lower silt content, but the conclusions of the
research as reported in the different chapters remained fully sup-
ported.
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APFENDIX D

THE IMPACT OF PONDED INFILTRATTION ON THE INSTABILITY OF MACROPORES
{MODELLED BY AN ELECTRICAL ANALOGUE)

This part of the Ardéche research is done in close collaboration with
Dr P, Ullersma, Dept. of Physics, Utrecht University.

i. Introduction

Short-circuiting via macropores (e.g. cracks or channels of biopores
such as worm holes) considerably affects the saturated conductivity of
soils. For "open" soils (in which such macropores are open to the soil
surface) this effect has been discussed by many authors (EDWARDS et al.
1979, BEVEN 1981, BEVEN & GERMANN 1982, BOUMA 1982, BOUMA et al. 1982,
DAVIDSON 1984, 1985 and 1987; BEVEN & CLARKE 1986 and SMETTEM 1986).
In "closed" soils (CHAMBERLIN 1972), in which these woids do not come
to the soil surface, macropores also become conductors of soil water as
soon as the pressure head in the transmission zone of the infiltration
profile has become positive (e.g. as a consequence of a decreasing
conductivity with soil depth). However, the contribution of macropores
to saturated conductivity is variable. Measurements with ponded in-
filtration on columns in situ silt loam soils on marl showed that
saturated conductivity was reduced after the first ponded infiltration,
though the conductivity near saturation was not changed (cf Chapter 6).
This decrease in saturated conductivity can be explained by a local
collapse of the wall of a macropore.

In this appendix it will be shown that when a macropore is drained -
i.e. at the end of ponded infiltration - air that has been locally
encapsulated in the soil matrix may give rise to a seepage pressure
which is large enough to overcome the cohesion between the soil par-
ticles of the wall of the macropore.

2, Flow processes

The stability of macropores iz discussed on the basis of a long, verti-
cal macropore within a soil column When the infiltration ends the
macropore will drain more quickly than the pores in the surrounding
goil matrix. As long as the pore water has a positive pressure head, it
can drain to the macrcpore. Air entrapped at distance L from the wall
of the macropore enables the pore water in between to react quickly to
a gradient of the head of the soil water.

3. Models

The behaviour in space and time of the head h(x,t) of the water in the
80il matrix can usually be described by a diffusion equation

3 _ k3%

(D. 1}
. p ax?
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in which x is the distance from the pore wall, %k the hydrauvlic conduc-
tivity and p the specific storativity (p is the ratio of the change of
volumetric moisture content, ©, to the change of head, h, that caused
the change of &),

Because the relevant quantities for determining the conditions that
cause macropore collapse via shear are the overall values for the
maximum gradient of h, grady(h}, and the corresponding maximm flow of
goil moisture, g, cne is led to a simplified model that describes the
behavicur of the system in time only. An RC network seems to he a
fruitful electrical analogue; it is described by the following equa-
tions

R. I(t) + Qft)/C = Vv(t) (D. 2a)
dQs
I(t) = T (D. 2b)

in which R is electrical resistance, Qp the charge, C the capacity,
I(t) the current and V(t) is the power source. The hydrological equiva-
lents of R, Qy C and V(t) are L/(A.k}, L. A6 L.Ap and h{t) in vhich
A is the area perpendicular to the x-direction and L is the distance
between the wall of the macropores and encapsulated air. I{t) corres-
ponds to the product of A and the flux density of soil moisture g(t).
The boundary condition at x = 0 is determined by the drainage of the
macropore; the head in the macropore is described as

h(0,t) = hy . exp(-Bt)

with t = 0 when the infiltration stops and with hg = h(0, 0).
In this way one obtains for gq(t)

a(t) = uLhg/(pL2/k - 1/B) . [exp(-Bt) - exp(-kt/uL?)] (D. 3)

From this equation the maximum gradient of h {grady(h)) and the cor-
responding maximum flow of soil water can be calculated.

The electrical analogue gives an "overall" solution over distance L
that cannot be described as a function of x; this can be congidered as
a disadvantage compared with the solution with the diffusivity equa-
tion. However, the advantage of this model is that the specific solu~
tion can be derived easily and in a transparent way.

4, Parameters

The value for saturated conditions has to be taken for the conductivity
k, Dbecause the soil water only drains to the macropore as long as the
soil water pressure head remains positive. For the silt loam soils, k
values of 0.022 and 0. 22 m/day were taken The presence of macropores
that are filled with water and presence of encapsulated air affect p;
values of p have been varied between 1073 to 0.1 m~l., B has been taken
as 1 87"
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S. Regults

For the given ranges of k and p and for 0.001 < L < 0.02 m the ratio of
grady(h) to hy is shown in figure 1 (for t, > 1 s).

For the silt loam soils under consideration an "area" constrained by
realistic values of k, 1 and L, can be found where at prevailing values
of hy grady(h) is large enough to cause macropore collapse via shear.

100 — k=25 * 107 .5
a—— k=2.5%10%m.s."

Figure 1. The ratio of grad;(h) to hy for varicus values of u, k and L
A L=0005m B L=0.010m C L=20.020m

References: see chapter 6.
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APPENDIX E

THE INFLUENCE OF GYPSUM ON THE INFILTRATION EXPERIMENTS ON CRUSTED SOIL
COLUMNS

Measurements showed that there was an excess of calcium and magnesium
ions with respect to the probable content of bicarbonate in the soil
water, groundwater and rainwater in study areas A and B. Except for
the groundwater from site 2, the calcium ions alone exceeded the con-
centration of bicarbonate. The excess of the calcium ions was balanced
by sulphate ions (Table E. 1).

Table E 1. Ion concentrations in soil water, groundwater and raimater

site electr. Neor Peot ion concentration in meq per litre
conduct.

origin and water tahle below

surface level S ppm ppm Ca' Mg** Na* K* ClT S0,7" Ecat HOD3
{2) mean of 5 rainfall 24 0.5 0.05 0.11 0.03 0,02 0.00 0.00 0.12 0.13 0.01
2 spring; flow rate 8,107 m3.s"1 614 0.2 0.02 7.55 0.69 0.15 0.01 0.31 1.22 8.40 6.87
2 groundwater in 130 mwell; 3.5m 648 0.6 0.06 510 1.79 1.73 0.04 0.34 2,05 B.66 4 27
11 flow through weathered marl 449 3.7 0,02 4.00 1.74 0.18 0,03 0.17 265 595 3.13
11 groundwater in well; 2.6 m 666 0.1 002 7.50 1.68 0.14 0.02 0.17 3.02 9.3¢4 615

N B The concentration of bicarbonate ions could not be measured because of the leong interval
between the sampling and the chemical analysis of the water samples. Thersfore, it wes estimated
by subtracting the chloride and sulphate ions from the sum of the cations.

Because calcium ions and sulphate ions are abundant in soils on marly
bedrock a small addition of these ions from the gypsum to the soil
solution is assumed not to modify soll properties.
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