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ABSTRACT

Passerat de Silans, A, Bruckler, L., Thony, J L. and Vauclin, M., 1989, Numerical modeling of
coupled heut and water lows during drying in a stratified bare soil Comparison with field
observations, J. Hydrol., 105: 109 138,

A genceral physically bused formulation of water — both in liguid and vapur phases  and heat
transport in a partially saturated soil coupled with a lower atmosphere boundary layer modeling
is presented. [t is driven by surface heat and moisture fluxes estimated from meteorological data.

Soil water pressure head and temperature are used as the dependent descriptive variables and
the resulting one-dimensional nonlinear equations are solved by a finite element (alerkin method.

The numerical results are compared with field data obtained during an experiment conducted on
# 4600 m* bare soil presenting three different horizons in the first 80 cm meluding a crust of 5mm
thick at the soil surface. The plot was intensively equipped with appropriste sensors in order i
meusure the time evolution of soil temperature, water content and water potential at different
depths and locations, the profiles of wind speed, air temperature and vapor pressure sbove the
surlace as well as the different radiation components.

Due to experimental uncertainties in the estimation of some parameters (mainly svil hydraulic
and thermal properties of the crust) and the lack of determination of others (such as vapor flow
coefficients), the model was first calibrated on the first two days of the experimentation and then
evaluated on the following five days. For the latter period, very fair agreement between computed
and vbserved values of soil temperature and water content patterns as well as evaporation Huxes
demonstrates the reliability of such a model, at least after a calibration phase and, for this specific
experimental site, as long us the surface crust is not cracking.

INTRODUCTION

The partially saturated layers of soil near the surface play an important role
in many environmental phenomena. They contribute to the partitioning of
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NOTATION

a albedo

& apparent soil volumetric heat capacity {dm *K ')
[ specific heat of air (kg 'K Y

., maoleculur diffusivity of water vapor in the air (m*s )
v partial vapor pressure (Pa)

fih pore geometry factor

H acceleration of gravity s ')

h water pressure head (m)

i canversion lactor (418 Jeat 1)

K. saturated hydraulic conductivity (ms )
ke von Karman constant (0.4)

L Monin Obukhov length {m)

M, molecular weight of water vapor (kg)

i porosity

q soit Aux (kpm s YWm )

R perfect gas constant (532 dmole 'K ')
1, incoming atmospheric radiation (Wm *}
Re*  roughness Reynolds number

h'“ incoming solar radiation (Wm )

r aerodynamie resistance (sm ')

h) effective saturation of the soil

T temperature (K)

t time {s)

U wind velocity tms ')

u gravimetric water content (kg kg "

W heat of wetting (Jkg ')

z vertical coordinate {m)

2, roughness length (m)

x* thermal diffusivity (m®s '}

i enhancement factor

y psychrometric constunt (67 Pa K"

Ah, latent heat of vaporization (Jkg )

. emissivity

4 volumetrie concentration (m*m ")

o* thermal conductivity (Wm 'K ")

i mass How factorfkinematic viscosity (m’s ')
4 specific mass (hrm ')

a Stephan Boltzmann constant (5.67 % 10 "Wm K *)
I tortuosity

D atmospheric Aux (kgm s "Wm )

4] stuhility function

Subseripts

a air

h heat

1 liguid

m momentum

" surfaee

v vapor

precipitation into surfuce runoff, evaporation and infikteation. They control
the conversion of incoming solar and atmospherie radintions into sensible,
Intent and radiative heat losses. The seed germination and the subsequent root
growth strongly depend on both the water content and temperature profiles in
the upper soil layers.

Generally speaking, the water and energy balances are linked at the soil
atmosphere interface through the evaporation term which in turn is controlled
by the climatic conditions and the soil properties as well. Beneath the surface,
thermal gradients which may be large close to the surface itself, induce
maisture transters which also affect heat flows. Thus moisture and temperature
ficlds are coupled and a general physically-based model requires that this
couphing should be taken into account.

A hiterature survey shows that several such models generally based on the
De Vrtes (1458) and Luikov (1966) conceptual approaches have been developed
in the last Hifteen years. Table 1 summarizes some of them, us well as their main
characteristics and the applied objectives of their development. The following
main features can be observed:

(1) Most of the models are dealing with homogeneous soils, both in the
horizontal plune and along the vertical direction, some of them being even not
able to consider stratified media, because the water content instead of the
water potential 15 used as the descriptive variable of the mass fow.

(2) The models differ both by the soil physical processes which are taken inte
account [sce soil columns (a), (b), (¢) and (d) of Table 1] and by the manner the
exchanges between the surface and the atmosphere are considered (see
atmosphere and interface columns (a) and (b) respectively in Table 1],

(1) Very few attempts have been made to compare computational results
with experimental ones at the proper scale (both in space and time) for which
the model 1s supposed to be used.

The: purpose of this paper is to evaluate a relatively general physically based
formulation of water and heat transport coupled with a lower atmosphere
boundary layer modeling. This evaluation is made by comparing numerical
results and field data obtained during a week of drying at several locations on
a 3600 m° bure soi! presenting horizontal stratifications.

THEORY

Soil equations

The approach of Philip and De Vries (1957) modified by Milly (1982) is used
as the basis for the formulation of the mathematical mode! of coupled moisture
and heat flows in a partially saturated porous medium. The corresponding
cquations for one-dimensional vertical movements are summarized in Table 2.
See the notation section for symbols used in the paper. This formalism is based
on the following assumptions: (H1}, the soil is non-swelling, isotropic and
chemically inert; (H2), the water is incompressible and chemically pure; (H3),
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TABLE 2

Proposed soi) heat and mass low equations

Flux equations

gy - ¢y LR (Chiozy 1]+ By (1o (1)
4. d D chiczl 1 D 0Tz (2
a, $DNRRZ L DT K, (@
4§y, oHeTilz) dy AR T | Oh0z2) (B
Transient flow equutions

Flchioe o FJoTionl dla i ioz (5
Cchice] 0 10T g ez (6}
Transpart coefficients

Ky, liguid hydraulic conductivity 7N
D, Ky 1ohicT), thermal liguid diffusivity *)
D, ¢ Tl in - 0)ep 10T, isothermal vapor conductivity ("
D, & ' Budd, e 0TI, thermal vapor diffusivity {1
D, Ky v Dy, isothermal motsture conductivity n
25 [L thermal moisture diffusivity [§F)]
ar apparent thermal conductivity (L

Generalized storage coefficients

Foo I (@)ool + W 8 Hod 1Rl (1)
Foo= 1 Ad feieafcTl, « (e 0)idy 10, [T, (15}
€ AR IRl T W s b, Ak, AR (16}
Cooo O BOARCR TN, LW 1 AR, 0T, (17}

the soil air phase is continuous and always in connection with constant atmo-
spheric pressure; (H4), in egn. (1)* the transport of absorbed liquid water due
to thermal gradients (Kay and Groenevelt, 1974) is neglected: (H5), the vapor
movement, eqn. (2), is described by a Fickian process and the vapor is a perfect
gas; (H6), in eyn. (3). no advection of the heat of wetting due to pressure head
(Kay and Groenevelt, 1974) is considered; (H7), radiative transfers and
convective transport of heat are neglected in eqns. (4) and (6); for a very
permenble soil, convective flux represents at the maximum # 10% of the
conductive one, in very wet conditions (Sophocleous, 1979; Dunand, 1982): (H8&),
no mass and heat sink terms are considered in the conservation eqns. (5) and
(6); (H9), local thermal equilibrium between solid and Huid phases exists; and
(H10}, liquid and vapor phases are in local thermodynamical equilibrium; this
implies that the vapor specific mass is given by:

o (h, Ty = ¢ (Texp|M, gh/RT] M

It has heen shown (Milly, 1982) that these twao last assumptions are generally
satisfied, except maybe for very high infiltration rates into coarse materials.

* Equatien numbers in italics refer to the equations in Tables 2 and 3; equation numbers in normal
corps refer to the equations i the text.

(WH

it should be noted that the water pressure head (h) is used as the dependent
vartable instead of either volumetric (Philip and De Vries, 1957; Luikov. 1966,
Kay and Groeneveltl, 1974; Saugier et al. 1974; Schieldge ot al., 1982; Camillo et
al., 1983} or gravimetric (Bories et al., 1974; Recan. 1982) water content. This
allows the preservation of continuity in passing from unsaturated to saturated
zones, or from one layer to another in a layered medium. If necded, the
hysteresis effects of the A(H relationship can also be considered (Milly, 1982).
The transport and generalized storage coeflicients given in Table 2 will be
discussed later on in this paper.

Atmosphere equations

Tur deseribe the heat and mass transfers in the soil atmosphere continuum,
the eqns. (5) and (6) of Table 2 are coupled with a modeling of the surface
boundary layer. The corresponding equations are given in Table 1. They are
based on the Prandtl approach and the similarity theory of Monin and
Obukhov (1954} to describe the momentum, heat and mass transfers in the
lower part of the atmosphere, and on the radiative and energy balunces at the
sotl surface, eqn. (19). In the cases of forced and mixed convection (Thom, 1975)
the vapor (®,) and sensible () atmospheric fluxes {egns. (20) and (21) are
expressed in terms of aerodynamic resistances (r,, r,) taking into account the
thermal stratifications of the atmosphere |eqns. (24) and (25)] through the
integrated stability functions Q_, Q,, ©, which depend on the Monin Obukhov
length:

L It |/l g(@,[Cu T, + 0.610,)) (2)

The expressions proposed by Paulson (1970) were used. For unstable conditions

TABLE 3

Proposed surface boundary conditions

Continuity equalions at 2 = 0

Yo &, {14

q, - RO o) R, oTH -, A~ (9
forced convection

&, (RN A (20

@y = e, O T, T, 20

[ree convection

B, Bylel, - e lflyAR (T, - T (22)
[l - HR*, O T I3z, P — 2 P2 T, T 29
Acrodynamic resistances

roocoabnle el Dz LN 2 (2, | S 2, HL R ) (24)
ro o dbeledanl o ylz L ol s, | Q2 L] k) (25)
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Q(x) 2Enft v aoy2] v Lol(l ¢ x7)2] 2Arcig(x) 1+ nf2

Q) - Q) 2Lal(l + xR (i)
where (x) stands for |1 16(z/L)]"". For stable situations (I. - 0):

Q) = Qix) - Qlxy = - SlzfL), for(zfl) < 1

Q.xy - Qxy = Qx) ~ -5]1 + Ln(g/L)], for(z{l) - 1 (3h)y

For free convection conditions @, was estimated by the Priestley formuliation
(1969) with A* - 1.27, egn. (23), and ®, was expressed as a function of &,
through the Bowen ratio, eqn. (22) calculated between the soil surface and the
reference level.

It should be mentioned that, unlike most of the models available in the
literature, different roughness lengths for water vapor (2,,,), sensible heat (z,, )
and momentum (z,,) have been considered in egns. (24) and (25).

As a matter of fact, the study conducted by Recan (1982) clearly showed that
surfuce temperature estimates are much more sensitive to uncertainties on z,,
if 2., 2y, and z,, are assumed to be the same, instead of different us they should
be from the theoretical viewpoint when the transfers in the viscous boundary
sublayer are considered. The relations given by Brutsaert (1975) have been
used:

zﬂhllzllm ) 0624/R€* (4 )
s * i
2y 2 = 0.395/Re* for Re* < 0.13
zl)\llem = T.4 exp [ - 246 Re*““""]
" for Re* > 2 {ab)
Zolzw = T4 exp| - 2.25 Re*|

where Re* = w2z, /it is the roughness Reynolds number. Due to the lack of a
model for the trunsitional regime from smooth (Re* < 0.13) to rough (Re* > 2)
flow, an interpolation between eqn. (4a) and (4b) was applied to estimate z,, and

MATERIALS AND METHODS
Experimental set-up

An experiment was conducted on a 3600 m* (60 x 60m) bare plot located at
the INRA Research Stuation located at Montfavet (Frunce). The plot was
selected on a Jarger field (10,000m®) in order to minimize lateral advective
atmospheric effects. Due to possible spatial variations of the soil properties, the
plot was preliminarily surveyed at 52 points located at 10 x 10m equilateral
grid nodes (Fig. 1). At each point, some classical soil properties (textural
components, bulk densily) were determined. Based on statistical and geostatis-
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+ bulk density and particle size distribution

» neutron probe and tensiometers
satwated hydraulic ity t:

» lemperalures and gravimetric water content profiles
O clmatic measuwrsments

IFig. 1. Experimental set-up.

tical analysis five sites (Fig. 1) were chosen and equipped with a neutron access
tube (80 cm depth) and five tensiometers (15, 30, 45, 60 and 80 cm) connected
with mercury manometers in order to measure the time evolution of moisture
content and hydraulic head profiles and to estimate the components of the soil
water balance.

Twelve sites (Fig. 1) were provided with thermal probes horizontally
installed at 1, 2, 6, 11, and 26cm depth to measure the time evolution of
temperature profiles and to infer the in-situ thermal basic properties. Every
day, soil samples up to 30cm deep were taken close to the probes in order to
determine soil moisture profiles, the gravimetric water content measurements
being converted into volumetric water content values through the correspond-
ing bulk densities. A micrometeorological mast installed near the center of the
plot (Fig. 1) was equipped with appropriate sensors at four levels (38, 54, 92 and
128 cm high) to measure wind velocity, temperature and vapor pressure profiles
inthe air. Incident and reflected solar radiations as well as net and atmospheric
vnes were also recorded. All these allowed to determine the surface parameters
(albedo and aerodynamic roughness length) and the atmospheric fluxes @, and
®, which were considered as representative of the whole field. All the data were
automatically recorded on a 30min basis, except the neutron probe and ten-
siometer readings (daily measurements).

The plot, including the border zone, was sprinkler irrigated (26.5mm) and
the subsequent drying was studied during a one week period.
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Sotl properties

Textural and structural properties

Table 4 summarizes the main results dealing with the textural components
and bulk density determined at the 52 points of the grid and within the first
30 cm of soil, Figure 2 gives the mean dry bulk density profile, as well as the
associated standard deviations. The values were obtained using o gamma
transmission probe (Bertuzzi et al., 1987). Note that in the first 30 cm, 52 spatial
replications per depth were performed, whereas only five replications per depth
were obtained for the deeper layers. The main comments can he made:

(1) All the observations taken in the first 30 cm of soil were found to bhe
normally distributed with small coefficients of variation (CV = 8%).

(2) Both the visual inspection of the soil surface and the analysis of the bulk
density profiles (Fig. 2) showed that three layers should be considered: the first
one about 5mm thick corresponds to a crust induced by interactions between
the soil structure and both rainfall and previous irrigation applications. The
dry buik density was estimated at approximately 1.45gem *. The second one
(0.5 30em) is gquite homogeneous (1.32 + 0.04gcem ) and the third one (30
80 ¢m) appears more compacted (1.54 + 0.05gcm ).

(3) The experimental semi-variograms given in Fig. 3 show that for the
sampling distances considered, the bulk density observations were completely
randomly distributed (Fig. 3b) and the percentages of particles smaller than
20 yim (clay plus silt) appeared to be correlated up to a distance of about 2fm
(Fig. 3a). Directional semi-variograms did not show any significant anisotropy.

Based on these results, the five measurement sites of the water balance
components (see Fig. 1) were chosen in such a way that, first, they may be

TABLE 4

Main soil characteristics of the three layers

Soil layers

Crust 0.5 30em 30 BOem

Bulk density (gem ') 145 1.32 1.54

+ 004 NG
Porosity 0.45 0.50 0.42
Clay content (") 272

LM
Silt content (%) 61.7

+1.1
Sand content (%) 1.0

+09
Organic matter (%) 1.70

+ 008
K, tms ') 2H x 1 E L ox 10t 96 < 10"

130 = 10"

V14 o« 1!

£30 0~ 107

P9

3
bulk density {gr/cm )

1.2 1.3 1.4 1.5 1.6

o. 4 A 1 i A crust
-
-

-

-

;._ 52 values per dapth
0.20 - *

-

S N—
e
.40 —e—
-
% 5 values per dapth
-
0.60 1 -
-
-
-
0.80
depth {m)

Fig. 2. Dry bulk density profile. The horizontal bars correspond to + one standard deviation.

considered as mutually independent (minimum distance of 20m) and, second,
they were located at particular points of the “clay plus silt” probahility density
function (namely the mean value + 1 or 2 standard deviations). By making this
choice, it was implicitly assumed that the variability of the "clay pius silt”
content would be the most important factor responsible of the spatial
variations of the water content profiles themselves.

Hvdrodynamic properties

(1} The water potential water content relationships were ohtained by nsing
both the neutron probe and tensiometer data, and by making labaratory meas-
urements |Richards pressure plate apparatus on the range 0 to — 165 m of water
and vapor pressure equilibrium technique for dryer conditions] on disturbed
soil aggregates taken in the upper 30 cm of the soil profile. For this layer, a good
agreement can be observed (Fig. 4) between laboratory and field determina-
tions in the working range of tensiometers. The differences between the field
measurements in the 0.5-30cm and 30 80cm layers may be attributed to
changes in the textural composition. Table 5 gives the results obtained by the
pressure plate and saline solution technigues performed on soil samples taken
in the 0.5 30cm layer. These values were assumed to be the same for the other
layers. All the gravimetric water content values measured on disturbed
samples were converted into volumetric ones by the appropriate bulk density
values of each layer of soil.
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Fig. 3. Experimental semivariograms of the “silt + clay” eontents (a) and the dry butk density (b)
measured at the 52 points.

{2) The liguid hydraulic conductivity was estimated by Mualem's model
(1976):

K, - KS”({ f ldﬂfh(l))]} / { j[d(?/h(f))}}) (5)

where 8 = (¢ - 0,)/(¢, - #,), p is a fitting parameter (based on statistical
analysis, Mualem proposed p = 0.5 with values ranging from - 2.0 to 2.5) and
K, is the saturated hydraulic conductivity. While for each layer the water
potential -water content relation was known; (p) was considered as a fitting

iaboratory measurements
o® e (0.5-30cm) #
>
-5. 4 tiekd measurements
o {0.5-30cm) &
E {30-80cm) O
5 a
E ~4.4
8 >
I
- [ ]
E3
-3. -
[ &)
e
-2 : ..
. ‘\
a .
-1, 4 -*
.
[
-»
ap *
% g
vl
T

T
0.10 0.20 0,30
gravimeiric water content (g/g)

Fig. 4. Water potential as function of gravimetric water content.

parameter, and K, was measured on undisturbed soil samples taken in the top
(1.5 30 cm) and deep (30 80 cm) layers (twelve replicates per layer) and by using
the local trickle irrigation technique (Boiffin, 1984) for the crust (twelve spatial
replications). The results are reported in Table 4. For the crust, it should be
mentioned that the measurement of the steady-state infiltration regime close to
saturation leads to overestimations of K, (Lafolie and Bruckler, 1988). As can
be expected from many other experimental studies, the variability of the ob-
servations of K, both in the horizontal plane and the vertical direction is very
high (C"V = 100%). It includes both local experimental uncertainties and
spatial variations themselves.

The temperature dependence of K|, was only considered through the
kinematic viscosity j(T):

KD KT T )T (6
with T, - 20°C.

(3} The thermal liquid diffusivity was estimated by egn. (8) in Table 2 with

T ™
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TABLE »

Water potential as functuesn of gravimetric water content determined by the pressure plate and
saline selution technigues

Water potential (m) Replicstes

Gravimetric witer vontent
Mean Stamdard devintion
Pressure plate
1 25 1.239 [IRL1H
5 25 0.1498 0004
10 th 0176 LR
AR 10 0141 BELIA
82 10 0.1:30 (003
L6h 1} 0.097 0.004
Vapar equilthrinm
335 3 0.070 0.003
740 i {0.044 on2
1485 3 0.0134 0002
2692 3 0.032 0.001
6L 77 3 0.021 L0
12196 3 0.017 (L HH)
LN ~ 6.8 x 10 *h. Because of great experimental uncertainties and

controversial results reported in the literature about the temperature
dependence of A(0) (Bories et al,, 1978: Constantz, 1982: Nimmo and Miller,
1986), we have adopted here a coefficient which is over three times the value
(2 x 10 "K ') predicted by the classical surface tension model (Philip and
e Vries, 1957).

(4) Isothermal and thermal vapor transport coefficients were estimated by
the Philip and De Vries model (1957) [egns. (9} and (10) in Table 2] where the
molecular diffusivity of water vapor in the air is given by:

D 229 x 10 *[1 4 (T273.16)'™ (m*s ") (7

va

and the derivatives | ¢, /oA] and [@ ¢, /3T can be calculated from eqn. (1) in the
text.

In eqn. (9), the tortuosity of the air-filled pore domain was expressed as (Lai
et al, 1976): I' - (n - H""

In eqn. {J0), the enhancement factor f was estimated as (Jury and Letey,
1979):

B )y fr (8)
with:

F{) 1+ o, forfl, < 0,

flo)y - n, forf, = 0,

f ar o+ oo | @008 o\

123

and r s the ratio of the volume averaged temperature gradient of the entire
medium. 10 has been caleulated by the model given by Milly (1984).

Thermal propertivs

(1) The volumetric heat capacity of the soil was calculated as a weighted
average of the capacities of its components (quartz, other minerals, organic
matter, air and liquid water).

(2} The heat of wetting in the eqns. (£6) and {I7) in Table 2 was classically
(De Vries, 1958) estimated by:

W i ETIOReTY - (BT )

(3) The apparent thermal conductivity of the upper layer (0.5 30cm) was
obtained through the estimation of C(f!) and field determination of the thermal
diffusivity x*(t)). This was done by analysing the measured temperature profiles
and by solving the linearized heat conduction equation (on a daily basis) hy a
convolution product method modified to account for non uniform -initial
profiles {Passerat de Silans, 1986). The results obtained at twelve locations (see
Fig. 1) are presented in Fig. 5. The dispersion of the values is represented by
horizontal and vertical bars. Some values determined on disturbed soil samples
compacted at different dry bulk densities in a conductivymeter, by using a
numerical finite element method fitted on temperature measurements
(Bruckler et al., 1987) are also reported in Fig. 5.

% de VYRIES model {initial)
de VRIES model (fitted)
0 JOHANSEN model

o fleid measuremants

1.5 4 = laboratory measurements

apparsnt thermal conductivity (W m.K)

T T
0.10 0.20 0.30

3 3
volumetric water content (ecm /cm )

Fig. 5. Apparent thermal conduetivity as function of volumetric water content for the second laver
{05 dem)
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For comparisun purposes, the theoretical caleulations proposed by De Vrtes
(1966) and Johansen (1978) are also given, It appears that such models, often
extensively used by muny authors cannot be applied in confidence without a
fitting procedure, at least. For instance, by adjusting the shape factors of
gquartz and other minerals (0.200 instead of 0.125 in the De Vries model) and
considering the temperature dependence of the thermal conductivity of the
air-filled pores, as proposed by Cary (1979), a good agreement may be obtained
between theoretical estimations of the thermal conductivities and laboratory
as well as field determinations, The fitted De Vries model was assumed to be
applicable for the three layers, without any further modification.

Surface properties

(1) The measurements of incident and reflected solar rachations provided
experimental values of the albedo. An example is given in Fig. 6a tor three
different days during the experimentation. By eliminating the solar angle
effect (Bartman, 1980) the normalized albedo values as a function of the
volumetric water contents measured on the first 0.5 cm divided by the porosity
are presented in Fig, 6b. The following expression was fitted on these values:

« 0.40 - 0.32[d/n|, for |#n| < 05
a = 024, for {fin] = 0.5

(10)

{2) According to the expression proposed by Sellers (1965) the surface
emissivity was estimated as:

- 090 + 0.180 (a1

(3) The aerodynamic roughness length was determined by analyzing the
wind speed profiles corresponding to both neutral and stable situations
(Saugier, 1974). Figure 7 shows the relation between 2z, and the roughness
Reynolds number. For Re* > 1.7, the roughness length was assumed to be
constant and the mean value is z,, — 1.75 x 10 *m. This small value appears
to be in good agreement with the flat and smooth characteristic of the soil
surface. For Re* < 1.7 the dependence of 2, on Ke* was taken into account
through the following fitted expression:

2, = 106 x 10 ' Re*# (12)

The roughness lengths for vapor and sensible heat were then estimated by the
eyns. (4a) and (4b) in the text.

NUMERICAL MODEL
Soil

The nonlinear parabolic partial differential egns. {5} and (6) which are of
identical forms were solved by a Galerkin finite element method with N linear
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tig. 6. Smoothed albedo measurements as function of time for 3 days (1) and normalized albedo as
function of water content of the crust (b).

elements of variuble length increasing from 0.2 ¢cm at the surface to 10 cm at the
bottom of the profile (z = 80em). Time integration was achieved by the Crank-
Nicolson method with a time step automatically varying from 30s to 400s
according to the magnitude of the state variable changes. The resulting linear
system (2N x 2N equations) was solved by the Thomas algorithm (see Remson
et al., 1971}, More details as well as the computer code are given in Passerat de
Silans (1986).

Because no analytical solutions are available for this complicated problem,
the calculated solutions have been compared with known analytical or quasi-
analytical solutions of different problems, each designed to test a particular

feature of the model and more precisely of mutually independent heat and mass
Hows,
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Fig. 7. Avrodvnamic roughness length as function of roughness Reynoelds number.

Example |
The problem of pure heat conduction transport in a homogeneous semi-

infinite medium (egn. (6) with ), = 0, ¢, = C, and ¢, - O*OTI0z|} was
solved for the following initial and boundary conditions:

z 20t <« 0 Tz - T = 203K (13a)
z 0, t = 0, g, = h|T, - T, (13b)
with h, = 10Wm ‘K ', and T, - 306 K

The corresponding analytical solution is available in Carslaw and Jaeger
(1959):

(r  THr, T 1~ erfa* - lexp|(h.z/0%) + (hlx*t{3*")]}
x 11 - erfla* + (h.(a*)'"™/o*}]) {14)
Wlth [I* . Z,“(43!*”“:»

Numerical results obtained by the model run with N = 50 elements of equal
length (1 ¢m) and constant time step (10s) are presented in Fig. 8. They agree
very well with the analytical salution, the difference being tess than 0.1 K. Note
that the calculations were made with 2* = 10 *m*s 'and 6* - 2Wm 'K ',

Fxample 2

The problem of isothermal water infiltration under constant flux applied Lo
the soil surface has been considered. It is described by Lthe eqn. (3) of Table 2
with #,  00fch, I, - O and q, - ¢ K, [(0h{"z) - 1} associated with the

following nitial and boundary conditions:

temparature {C)

0.10
0.20
analytical solution
0.30
B pressnt modusling
0.40
depth (m)

Fig. 8. Solutions of the heat linear conduction equation with radiative condition at the surface.

z oz 0 t < 0, hiz) = hi(2) (15a)
z - Ut 20 K l(ohiozy - 1] = g, (15h)

This problem has been solved by Boulier et al. (1984) by using a quasi-analytical
procedure based on the flux-concentration approach which was checked
against both numerical solution of the Richards equation (finite difference
scheme) and experimental values obtained on a soil column. As shown by Fig.
4, a good agreement can be observed between these results and the present
model run by using N = 40 elements of 1 cm long and a time step of 1s. Having
established the validity of the model for simulating different simple and
uncoupled processes, it has been assumed that it may be used with confidence
for more complicated situations involving coupled phenomena.

Soil atmosphere interface
Solving the soil model requires at each time-step the knowledge of the

surface boundary conditions given by eqns. (I8 and (/9 which can be
expressed as:

Dy lehjczl + D AT 0z] - Kpt. o = O, (16a)
S aTicz] + AR, D ARICZ] = R A1 -~ a) + &R, aT?y 4+ &, + Ah O,
(16h)

where @, and @, given by egns. (20) or (22) and by eqns. (21) or (23) respectively
(Table 3) are functions of both the surface temperature 77 and the surfade water
pressure A, related to ¢, through egn. (1) of the text.

By expressing the gradivnts (0T/0z) and (7hicz) at z = O hy (°T/02)
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Fig. 8. Isvthermal infiltration with constant 8ux at the surface {Boulier ot al., 1984).

(T, - T)/dz, and (Ch/dz) - (hy — h,){dz, where T, and A, are the values of
temperature and water pressure at 2, = Jz, the above eqns. (16a) and (16b) tuke
the following general form:

it h) = 0 (17a)
fAT. k) - O (17b)

This nonlinear system has been solved by using the steepest descent method
which minimizes the functional f = f* + f2. At each time-step of calculation,
mitial values (T, ;(0); k,,(0)) of the iterative process correspond to extrapolated
ones from the two previous time steps (T, i Ty 9 by, o5 Ay, ) At each
iteration, a test on the Monin Obukhov length is performed in order to express
®, and @, accordingly. The rate of convergence of the iterative procedure is
increased by using the Aitken formula (for further details, see Passerat de
Silans, 1986).

NUMERICAL VERSUS EXPERIMENTAL RESULTS

The model previously described was run with the measured input variables
(v, T,.e,atz, = 1.28m R, R,).
All the experimental records are given in Fig. 10. Dirichlet conditions
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{h, - 40cmofwaterand T, = 20°C) were imposed at the bottom z, ~ 80 cm)
of the soil profile.

Beeanse of uncertainties in some parameters and lack of experimental deter-
mination of the unsaturated soil hydraulic conductivity, the model was first
fitted on the soil water content and temperature time evolutions measured on
the period June 19, 1t h-June 21, 17h and then evaluated by comparing ob-
servations and calceulations on the June 21, 17h June 25, 15 h period.

Calibration phase

A sensitivity analysis previously conducted having shown that the
parameters (K,, p) describing the unsaturated hydraulic conductivity were
among the most sensitive ones especially for wet conditions, only these
parameters were adjusted by best fitting between observations and numerical
calculations. The best results given in Fig. 11 were obtained with
K, = 14 » 10 'ms ' and p = 7 for the intermediate layer, the difference

- mogel ——
i s0. ]
v tem
= a0.
s M
]
é 20.
- 25cm

(a}

T T T T T
1%/08 20/08 21708
time {days)

- [ 20 em
§ o304 T
§ * 4 cm
]
s 020 - Z em
¥ 1cm
]
_§ 0.10 model ——
>
(b}
T T
198/08 20/08 21/08
time (days}

Fig. 11. Calibration of the model: comparison hetween observed and fitted time evolutions of soil
temperature (a) and volumetric water content (h). The verticil bars correspond to + one standard
deviation of the measurements.
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between observed and calculated values being less than 2°C (Fig. 11a) and
0.02em’em ' (Fig. 11b). Note that the experimental time evolutions of both suil
water content and temperature at different depths, as well as initial protiles
were taken as the spatial average of the observations.

Validation phase

The numerical model was then used to simulate the evolutions of the tem-
perature and the water content soil profiles along the period June 21 June 25.
As an example, Fig. 12 shows the observed and computed temperature (Fig. 12a)
and volumetric water content (Fig. 12b) variations at different depths. The
model describes quite well short and long time variations of both the tem-
perature and moisture. Nocturnal rewetting of the surface layers is visible in
Fig. 12b especially on June 22 23. A good agreement between simulated and
observed values can be seen, except for the water content at z = 1c¢m. This may
be explained by the formation of smal) cracks, observed at the soil surface
during the drying process, probably invalidating some basic assumptions of the
model such as H1, H7, and H10.

Figure 13 presents the computed cumulative evaporation as function of time
as well as field determinations obtained by the zero mass flux plane method
(Vachaud et al., 1978) applied to neutron and tensiometer readings at the five
sites. The Penman potential evaporation is also given. Figure 14 shows the time
evolution of the zero-mass-Hux plane depth calculated by the model and experi-
mentally determined by the tensiometer readings.

Table 6 presents the comparison between calculated and measured daily
values of the evaporation as well as the Penman estimates. Note that the
atmospheric fluxes were obtained on & 30min basis by the combined aerody-
namic method, and integrated over the period specified in Table 6. The corre-
sponding values are considered as representative of the whole field. The soil
fluxes estimated by the soil water balance method correspond to the average of
the results obtained at the five sites of measurements. The associated standard
deviations are also reported in Table 6. The results suggest the following
comments:

(1) Taking into account the observed spatial variability of soil measure-
ments, a very fair agreement exists between simulated and experimental values
of the time evolution of the cumulative evaporation (Fig. 13 and Table 6) and
the zero-flux plane depth. However it appears that the model tends to overesti-
mate the evaporation as the soil becomes drier and drier. A detailed analysis
reveals that the model predicts relatively high evaporation rates during the
last three nights (3.9 mm in overall). This is in agreement with the calculated
temperature patterns (Fig. 12a) which are underestimated as compared to the
experimental ones. Because the Penman values have confirmed the high
climatic evaporative demand, this behavior has been attributed to the
hydraulic and thermal functioning of the cracks which offer additional resis-
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tances to the evaporation process and probably limit the night-time rewetting
phenomena.

(2) While the model has been calibrated on the time evolutions of the spil
water content and temperature, measured over the period June 19-21 the good
agreement between observed and calculated values of the evaporation and the
zero-flux plane depth on the same period may be interpreted as an additional
test of the validity of the fitting procedure even if the uniqueness of the solution
cannot be demonstrated.

(3) The influence of the soil resistance on the evaporation becomes signifi-
cant on the third day after the irrigation and this also corresponds to a color
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change visually observed at the soil surface and confirmed by the albedo
measurements, This behavior well agrees with the results reported by [dso et
al. (1974) for the Avondale loam soil of similar texture as this one.

{4) Table 6 shows a very acceptable agreement between the daily values of
evaporation estimated by either atmospheric or soil measurements considering
the degree of accuracy which can be expected by the former method {about 20%
according to Saugier and Ripley, 1978) and the soil spatial variations in the
latter one. With this respect, the large standard deviations observed the first
two days are explained by the non-uniformity of the trrigation.

TABLE 6

Daily values of actual evaporation (mm) estimated by atmospheric and soil messurements, cul-
culated by the medel, and potential evaporation using Penman's formula {the values in column 3
represent the uverage and the standard deviation of the five measurement aites)

Period Atmospheric Soil Model Penman
Aux flux
B athy 20007h) 5.2 79+ 28 5.6 5.6
) 21 3.0 42 ¢+ 1.2 4.4 4.3
2 22 2.7 26 0.7 4.2 6.4
22 2 29 25 + 09 4.2 85
24 24 2.2 1.7 + 04 3.3 7.5
24 25 (15 h) 1.9 1.3 + 04 29 7.7
Total (mm) 17.9 20.2 24.5 4.0

SUMMARY AND CONCLUSIONS

A numerical model of soil and atmospheric surface boundary layers is
presented, which simulates coupled heat and water movements. Itiis based on
the Philip and De Vries formalism (1957} modified by Milly (1982) for the soil
heat and water flows in the soil. Temperature and water pressure head are used
as the descriptive variables. The surface boundary layer is modeled by the
Prandtl approach and the similarity theory of Monin and Obukhov (1954),
taking into account the therma) stratifications of the lower part of the
atmosphere, with inclusion of the viscous boundary sublayer leading to
different roughness lengths for water vapor, sensible heat and momentum
transports. The model is driven by surface energy and mass balance equations
estimated by meteorological data (wind velocity, air temperature, vapor
pressure, solar and atmospheric radiations). The numerical results obtained by
a Galerkin finite element method are compared with field data measured on a
3600 m? bare soil exhibiting three different horizons on the first 80 cm including
a crust 5mm thick at the surface. The experimentations as well as the
simulation were carried out during a period of seven days following a sprinkler
irrigation.

The model is first calibrated on the first two days by fitting the calculated
time evolutions of soil temperature and water content at different depths to the
observed ones and then evaluated on the following five days by confronting
computed and measured soil thermal and hydraulic fields as well as evapora
tion fluxes. The main features are as follows:

(1) The model describes quite well short and long time variations of soil
temperature and water content at different depths and a very fair agreement
between predicted and observed values is shown, the difference being less than
2°C and 0.02cm'cm ? respectively.

{2} Taking into consideration the accuracy which can be expected on the
estimation of evaporation fluxes from the fux- profile relationships over the
surface (about 15 20%) and the spatial variations of the measured soil water
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balance components (C'V - 28%), the calculated evaporation values agree
quite well with the observed ones, all of them becoming significantly smaller
than the Penman estimates, the third day follewing the irrigation.

(3) As the soil becomes drier and drier, the cracks appearing at the surface
invalidate some basic assumptions of the model and this may explain the
differences between calculated and measured values which are observed at the
end of the simulation period.

{4) The large number of parameters, the experimental uncertainties on the
estimation of some of them (i.e. soil hydraulic properties) and the difficulty to
determine some others (i.e. vapor flow coefficients) require the model (o be
calibrated, For the situation encountered in the experiment, hydraulic conduc-
tivities of the first two layers of the soil and especially of the crust are found
to be the most sensitive parameters to be fitted.

(5) Laboratory and field determinations of the apparent thermal conductiv-
ity as function of volumetric water content show that theoretical models
cannot be straightforwardly used without a calibration at least. The same
conclusion applies to Mualem’s model (1976) to estimate unsaturated hydraulic
conductivity from the soil water retention curve.

(6) Because the soil variability in its horizontal extension is relatively small
as compared to the vertical one, an approach able to model only deterministic
heterogenceities is considered. In case of more heterogeneous soils, a stochastic
approach would be probably more appropriate.

Because the model requires the knowledge of numerous parameters, many of
them being not easily obtainable, it may be viewed as too sophisticated for
applied research. However, based on the results, it may be thought that it can
be considered as a reference model which could be used to evaluate simplified
approaches depending on the practical problem to be solved.
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