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CHAPTER FIVE

5. SYNTHETIC STUDY: SOIL MOISTURE
MODEL PROXSIM

The first step towards estimating the temporal variation and spatial
distribution d soil moisture profiles, was the establishment of a procedure for
estimating the temporal variation d the soil moisture profile in a one-dimensional
soil column. Current generation remote sensing olservations of soil moisture
content generally have atempora resolution in excessof 1 month, depending on
satellite orbit. This necesstated application d the water balance gproach
(sedion 3.4.9, for estimation d soil moisture profiles between satellite
overpasses. Hence, this chapter presents the soil moisture model that was used in
the synthetic study d Chapter 6, for establishing the soil moisture profile
estimation algorithm.

5.1 SOIL MOISTURE AND TEMPERATURE
PROFILE ESTIMATION

Microwave remote sensing olservations are a function d the soil
dieledric properties in a thin near-surface layer. Thus to be useful for updating
model forecasts of the soil moisture profile, the soil’s near-surface dieledric
profile (Chapter 4) must be related to the near-surface volumetric soil moisture
content. Chapter 2 has iown that this relationship is heavily dependent on the
soil temperature (sedion 2.2). In addition, mssve microwave remote sensing
observations are dependent on bdh the soil temperature and soil dielectric
constant (sedion 2.4.4). As diurna variations in nea-surface soil temperature on
the order of 30°C to 40°C are amommon, it is necessary to have an estimate of the
nea-surface soil temperature that corresponds with the time of microwave remote

sensing olservation.

Whil e some microwave remote sensing datforms also make thermal infra-
red olservations, those measurements only give the surface skin temperature,

which must be related to the soil temperature over the near-surface soil |ayer
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observed by the microwave remote sensor. Furthermore, thermal infra-red data ae
only avail able on cloudfreedays and thus may nat be avail able for all microwave
measurements of near-surface soil moisture content. Hence, it is necessary to
model the soil temperature profile in addition to the soil moisture profile, if
microwave observations are to be of use in estimating the near-surface soil
moisture @ntent within an operational setting. Thus the synthetic study in
Chapter 6 estimates both soil moisture and temperature profiles, by assmil ating
observations of near-surface soil moisture content and soil surface temperature.

5.2 ONE-DIMENSIONAL SOIL MOISTURE AND
HEAT TRANSFER MODEL

In developing models for the wuded flow of soil moisture and hed,
numerous smplifying assumptions are made & aresult of the complexity of soils.
However, soils do nd generally conform to the usua assumptions, with soils
being anisotropic, nortuniform, nan-isothermal and sometimes water repell ent. In
addition, they contain entrapped air as isolated bubbes, and the gas phase may
not, in some drcumstances, be & constant presaure, let alone amospheric.
Fisares, cradks and worm holes are dso common feaures of soil profiles, and

soil deformation may occur from swelli ng (Klute, 1973.

The ouded flow of heat and moisture in a verticd soil column occursin
both vapou and liquid pheses. The relative magnitudes of vapour versus liquid
moisture fluxes and the dfects of temperature versus hydraulic gradients are not
well defined (Klute, 1973. While some (eg. Cary and Taylor, 1967 have
considered temperature dfects very important over a wide range of soil wetness
others (eg. Philip, 1957 have indicated that thermally driven moisture flow from
evaporative drying is only important when the soil is very dry. Klute (1973 has
suggested that at depths greater than abou 20 cm the thermal effects can be safely
ignared.

In a theoreticd and experimenta study d soil moisture flow in the nea-
surface layer, Rose (1968,b) found that liquid moisture flux arising soil from
temperature gradients was relatively unimportant. Vapou phase moisture flux, on
the other hand, was comparable in magnitude to that in the liquid phese and
becane increasingly important with the advancing stages of drying. Kimball et al.
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(1976 concluded, based ona comparison d field measured and cdculated soil
hea fluxes, that both soil moisture and heat fluxes can be predicted better by
ignaing thermally induced vapour movement at high and low soil moisture
contents. But at intermediate soil moisture contents, soil moisture flux prediction
is better if thermally induced vapou flux isincluded (Kimball et al., 1979.

The vapou phase is mainly criticd in modelli ng the thermal regime, due
to the relatively large magnitude of hea exchange during phese dange. For
moisture flux, hovever, the vapou term is orders of magnitude smaller than the
liquid term and can be negleded (Entekhabi et al., 1994. In representing the hea
and moisture transfer in the following model development, we only consider the
liquid phese, as modelling d the soil temperature profile is only of secondary
importance This means that the couding ketween the heat and moisture equations
is lely through the hea cgpadty of the soil and through the influence of

moisture onthermal condctivity.

More wmprehensive models accourting for simultaneous hea and
moisture transport could be used. However, it would na change the results of the
synthetic study in Chapter 6, as the same model was used to produce the
simulated data and to process these data. However, the mmplexity of such
models, the difficulty to oltain proper soil parameters for vapour flux, and the
ladk of knowledge aou their spatial variability would probably make ill usory the
increase of the acaragy expected by wing such comprehensive models in the
applicaion we are deding with. In the same way, hysteresis on the unsaturated
hydraulic conductivity relationship has been negleded. Such a simplified model
based onRichards equation and regleding hysteresis has been shown to simulate
with reasonable acuracy the time evolution o soil moisture profiles in field
condtions (Bernard et al., 1981).

The following sedions describe the soil moisture and heat transfer model
PROXSIM1D (PROfile eXplicit SIMulationin 1 Dimension), which was used for
the one-dimensiona synthetic study d soil moisture and temperature profile
estimation in Chapter 6. This model uses an explicit finite difference

approximation to a simplified version d the soil moisture axd heat transfer
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equations given by Philip and de Vries (1957) and e Vries (1958). A complete
listing o the cmmputer codeis given onthe CD-ROM accompanying thisthesis.

5.2.1 MOISTURE EQUATION

The @mnservation d water massin a porous medium is expressed by the
continuity equation for one-dimensional smultaneous sturated-unsaturated flow

as

:_qu (51),

where & is the massof water storage per unit bulk volume and g, is the total mass

flux of water. Sy may be expressed as (Bear, 1979

S, =Py (el +6v): PO (5.29)

or

SG :plqﬁw (52b)!

where p, isthe density of liquid water, § is the volumetric liquid water content, 6,
is the volumetric water vapour content, ¢ is the soil porosity and S, is the water

saturation equal to 8/¢.

Differentiating (5.2b) with resped to timeyields

dS d X0 oS,

? ( I )+,0|(,0—9
=S — 5.9,
Ho H+p,qo (5.3

% By
0.,4]%1 mo

where  is the soil water matric potential, otherwise known as the caill ary

potential. The matric potential is equal to the work needed to kring a unit massof
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water from a unit massof soil against the force of attraction between the soil and
water (Sasamori, 1970.

Substitution d the wefficient of compressbility for water given by (Bear,
1979

= 1% (5.43)

p, oY

and the oefficient of compresshility of the soil solid matrix given by (Bea,
1979

1 o0p

- - “¥ 5.4b),
1=y (5.4b
into (5.3 allows smplificaionto the relationship (Bea, 19)
oS 0 00 D
S =PE 5, al-9) +B¢]d‘f e
(5.58),

d aem
—p|ESSow$:j aH

where S is the specific storativity with respect to soil matric potential

Soy :a(1_§0)+/3§0 (5.5b.

Following Philip and de Vries (1957 and e Vries (1958, the equations

for liquid and vapour flux densities may be written as

2—':—DMD(¢,U +2)-D, 0T (5.69)
|
A~ _p,0p-D,0T (5.6H

P,
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for elevation z pasitive upwards. The dependent variables are the soil water matric
potential ¢ and the soil temperature T. The transport coefficients are the
isothermal liquid hydraulic condctivity Dy, the thermal liquid dffusivity D,,, the
isothermal vapou conductivity Dy, and the therma vapou diffusivity D,
Combination d (5.6a) and (5.6b) leals to the total moisture flux density

G G, Gy

=-D,0¢ -D,0T -D (5.7),
o PP v i 4

where the transport coefficients are the isotherma moisture @ndictivity

Dy= Dy+Dy, andthe thermal moisture diffusivity D,= D, +D.,,.

Therefore, substitution d (5.58) and (5.7) into the continuity equation
given by (5.1) yields the following relationship for one-dimensional saturated-
unsaturated flow through wrous media, assumingthat Up, is zero

S0 So %‘l’ +‘2t_9 =0[D, 0y +D,0T + D, | (5.9.

In modelling orly unsaturated flow, the § S, term is generally neglected,
yielding

% =0[D, 0y + D, 0T + D, | (5.9,

which is the mixed form of the governing equation for flow of soil moisture in
baoth the liquid and vapou phases under both moisture and temperature gradients.
In order to satisfy the required form of the linea state space forecasting equation

of the Kaman-filter (3.1), the moisture equation must be in either the 6-based o
Yrbased form. By inclusion d the soil capill ary capadty factor C, =d6/dy , the

soil moisture eguation can be transformed to either a 6-based form or a y-based
form. One important advantage of the 6-based form of the governing equation is
that the massbalance of the system is guaranteed, regardlessof discretisation and

time step size, with only its distribution throughou the profile being aff ected
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(Milly, 1985. However, the 6-based form canna be used to model multi-layered
soils. The reason for this is that the soil s hydraulic potential must be @wntinuows
aaossthe interface between ead layer, whil e the soil s moisture content can vary.
Furthermore, it facilitates modelling d soil systems that are locdly saturated
(Milly, 1985. Thus, it is desirable to write the governing equation for flow of soil
moisture in the (-based form as

9
CwE"’:D[Dwa+DTDT+DM] (5.10.

By negleding the vapou flux and considering a purely isothermal
situation, (5.10 reduces to

o _
C, E—D[DMDQU+ D, | (5.19),
which is the y-based form of the Richards equation for liquid moisture transport
under capillary adion ory (Richards, 1931, and can be derived from the
Buckingham-Darcy equation dredly. The Buckingham-Darcy equation for flow

through peous mediais given by

2_' =D, 0y +2) (5.12,

for z positive upwards.

As it is possble for a water table to develop in the soil column being
modell ed, the governing equation for smultaneous saturated-unsaturated flow that

will be considered is
(5.5, +C, )%"’ =0[p, 0w + D, | (5.13,

which negleds the vapou flux and considers a purely isothermal situation.
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Figure 5.1: Discretisation and coordinate system for the one-dimensional finite diff erence model.

Writing the parabdic partia differential equation o (5.13) in explicit
finite difference form for node j and time step n+1 using the soil discretisation

givenin Figure 5.1, we obtain

O O
O g 1-1“#’15 gg
O 1 ij—%ﬁzj_l z, H BB
Yt =y" +H —tn+l_tn Zj_% —Zj+% E{' Dy . Lj “Yia 5(5'14)’
] J n Qn n J+%Hz_ -7 ]
S S, + Gy 0 i Am g
O O
%E%-% uioy, B 0
g0 %% % H
where
D,  +Dy
G = (5.15)

Wiy 2
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n n
n _DLMJ +Dl/1|1+1

= 5.15
. > (5.150

_, AT %a (5.15)
j_% ]+% 2 . )

z

and can be eaily vectorised as

o (m-r)oy +py) O

DI n n n \ = : D

E(Swj Sy, +Cy, ij—l - Zj+1xzj—1 —Z )E

O O

n H_ (tn+1 _tn) H 0

O -1 \ O

00 BSs e ezl o, 0
f,J*=0 0m;, +p; D +D; O C O,

0 Hd + 0 O %p 0

0 HE z,-z Z,-2;, H} 0 @ia0

0 0

D (tn+1_tnXDn +Dn. ) D

O N, TP 0

D(SV”VJ sgwj +C£, ij_l —zjﬂ)(zj —zj+l)g

O O

O O

+ tn+1 _tn %DQMJA _DLMJ+1
w, Sop, TCy, % Zj17%jn (5.16).

Equation (5.16 requires knowledge of the matric potential and liquid
hydraulic conductivity bath above and below the node of interest. Hence, this
equation canna be used to solve for the matric patential at the top and bdtom
boundry of the one-dimensional soil column. In order to solve for the unsaturated
flow of soil moisture in the soil column, boundry condtions must be gplied.
The simplest boundiry condtions to apply are afixed matric patential (Dirichlet
boundry condtion) at both the top and bdtom of the soil column. However, a
more reali stic boundry condtion, especialy at the soil surface, isamodified flux

(Neumann) bourdary condtion.

W

If there is a volume flux boundry condtion at the soil surface of Q

(positive upward), then the Buckingham-Darcy equation for one-dimensional

unsaturated flow can be written as
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v =-D,0y -D, (5.17.

top —

Writing (5.17) in explicit finite difference form for the surface node

(noce 1) at time step n+1 (the superscript) and rearranging, we obtain

OAw L
e A T = (5.18.
0%y L

Substitution o (5.14) for ¢, and vedorising yields

(t n+l _tn XDJJll + Dlzz )
(Svnv2 S(I;wz + szz le —Z )(21 - Zz)

-0
(Sv’jz S, +Cy, Xz -z,)
+Dj, D}, +Dj,
-z

|

m]m]mfwm)
)
)

I o
In1]

{l.l/l}n+l

TR
O OO

w

n
Yhy
Z,-17, Z, 3

mainimim

o o o s A

t-t")oy, +03.)
SV'L S(r;wz + CLEZ le —Z )(Zz - Ze)

tn+1 —t" FED”l _DlE's
w S, *CL H 272
U

o O oS E

0 20 [l
SRCREN RS (°19:
H EPu, + Dy,

Likewise, if there is a spedfied vdume flux of Q. (positive upward) at
the base of the soil column, then the Buckingham-Darcy equation for one-

dimensional unsaturated flow can be written as

QY. = -D,Uy -Dy (5.20.

Writing (5.20 in explicit finite difference form for the bottom node

(noce N) at time step n+1 and rearranging, we obtain
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(] L

n+ n+ Q 0
Yy ! :LAUN—ll + (ZN—l )El.% +1E (5.21).
O Y-y LC

Substitution d (5.14) for Yyt and vedorisi ng yields

S ) L
El anls&lJNfl + CLZM XZN—Z —Zy )(ZN—Z - ZN—1)D
0 0
O O
E H_ ) (tn+1_tn) H E
E E (S:’N 13?‘[/N -1 +C(2N—1XZN‘2 - ZN)B E %pN—Zg
Ww)*=0 gy, +0p, D +D 00 OOl
O N g O H H
0O OB %2~ Z—l ZNa~4d B0 O 7N
O O
0 fmerYopemp) o
E (SEN_l%N_l + C(Z,H XZN—z 2z )(ZN—l - ZN) E
g g
tn+1 tn EH:‘DH _
N 1S)¢’N -1 WN -1 %
D O 2Q‘” g o
(24— 2 ) B2 +1[] (5.22.
g VLD, E E

Ancther boundary condtion that is commonly applied to the base of the
soil column is gravity drainage. Under a gravity drainage boundary condtion, it is
asumed that there is a ze¢o matric potential gradient at the base of the soil
column (Braud, 1996. Thus, the soil moisture flux at the base of the @mlumn can

be estimated from the Buckingham-Darcy equation as
tlapot = _DlMN (523)’
and applied to (5.22.

5.2.2 HEAT EQUATION

The mnservation d heat content in a porous medium can be expressed by

the continuity equation for one-dimensional hea transfer as
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:_th (524),

where g, is the hea flux density. S, is the total hea content per unit bulk volume
and hes been expressed by e Vries (1938) as

S = (C +¢ 0,6, +c,p,0, XT Tref)+ Lt 06, p|I Wd@ (5.29,

where C, is the volumetric hea capadty of the dry soil, ¢ is the speafic heat
cgpacity of liquid water, ¢, is the spedfic hea capadty of water vapour at constant
pressure, T, is an arbitrary reference temperature, L, is the latent hea of

vaporisation at temperature T, and Wis the differential hed of wetting.

Volumetric hed cgpacity is the quantity of hea required to raise or lower
the temperature of a given vdume of material by a given amourt. If the quantity
of hea refers to a given mass then it is cdled the spedfic hea capacity
(Williams, 1983. The latent heat of vaporisation refers to the quantity of hea
asociated with the phase dhange from liquid to vapou (Williams, 1989. The
differential hea of wetting is the anourt of hea released per unit massof added
water when an infinitesimal quantity of free liquid water is added to the soil
medium (Milly, 1982.

Ignaing the wntribution to hea storage from the differential heat of
wetting, the rate of change of heat storage with time can be written as

%:(C +¢p 6 +c,p6, )dd-tr

H: , o, (629
+ Ipl +C pl o @T_Tref)-'-l‘refpl 7

Following de Vries (1958, the total heat flux density for both sensible and

latent hed in a porous medium is given by

an = _()‘ - Lp| DTV)DT + qu G (T _Tref m (5-27),
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where L is the latent heat of vaporisation d water at temperature T given by
(Milly, 1982

L= I—ref - (CI _Cpr _Tref ) (52&1

and A is the gparent thermal conductivity, which accourts for the combined
effects of simple Fourier heat diffusion and latent hea transport by temperature
induced vapou diffusion (Milly, 1982. Thermal condictivity is the rate & which

hed transfer can occur within a substance (Willi ams, 1982.

Substitution d (5.26 and (5.27) into the continuity equation gven by
(5.24) yields the following gowrning equation for hea transfer in a one

dimensiona soil column

oar
C:T E = |:|[()\ - pl DTVL)DT - qu _CI (T _Tref )qm]
i ®rep et )10 o5
|]I | dt p 7l dt ref ref M1 dt
where C, =C, +qp6, +C,p,6, is the volumetric hea caoacity of the bulk soil

medium.

Again, by regleding the vapou flux, the governing equation for heat
transport in aporous medium may be reduced to

CT%:D[/\DT_CI (T‘Tref)q|]—0| pI(T_Tref )% (5.30.

Writing (5.3) in explicit finite differenceform for node j and time step n+1

using the soil discretisation gven in Figure 5.1, we obtain
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-

where
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and can be eaily vectorised as
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(5.3,

(5.32)

(5.32h
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O

(5.33.
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Equation (5.33 requires knowledge of the soil temperature and apparent
thermal conductivity bath above axd below the node of interest. Hence, this
equation canna be used to solve for the soil temperature & the top and bdtom
boundry of the one-dimensional soil column. In order to solve for the transfer of
hea storage in the soil column, boundry condtions must be gplied. The
simplest boundry condtions to apply are afixed soil temperature & both the top
and bdtom of the soil column. However, a more redistic boundry condtion,
espedally at the soil surface, isahea flux boundry condtion.

If there is a hea flux boundry condtion at the soil surface of Qg

(positive upward), then the hea flux density equation for one-dimensional heat
transfer, negleding the vapou component, can be written as

QYED = _)\DT + CI (T _Tref | (534)

Writing (5.34) in explicit finite difference form for the surface node

(noce 1) at time step n+1 and rearanging, we obtain

-I-ln+l :T2n+l + (ZlA: 22)[CI (Tln _Tref )]E - Q;p] (533
%

Substitution o (5.31) for T,"* and vedorising yields
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EH('[”+1_t“X/\;+/\’2‘) _(tn+l t“)qu
0Cr (z-z)z-2) Ci(a-z)
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=
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+
OOpO0O0QO000
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Likewise, if there is a spedfied heat flux of Q. (positive upward) at the
base of the soil column, then the hea flux density equation for one-dimensional

hed transfer can be written as

QL =-AOT +¢ (T -T,, (5.3.

Writing in explicit finite difference form for the bottom node

(noce N) at time step n+1 and rearranging, we obtain

Tl\rlH.1 :Tl\Tj ():1— [CI (T ! Tref ):]IN Qbot] (53&
N-J5

Substitution d (5.31) for Ty and vedorising yields
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(5.39.

Ancther boundary condtion that is commonly applied to the base of the

soil column is advedion. Under the advedion boun@ry condtion, it is assumed

that there is a zero temperature gradient at the base of the soil column and that

hea transfer isjust the hea content of the water flowing throughthe bottom of the

soil column. Thus, negleding the vapou terms, the hea flux at the base of the
column can be estimated from the hea flux density equationin (5.27) as

Q;—ot = CI (T ! Tref

and applied to (5.39.

(5.40,

The liquid comporent of the mass flux rate g, which is required for
evauation d the hed transfer equations, can be estimated from the Buckingham-

Darcy equation. At the surface node, this may be expressed as

A 1_4’2%‘ =
dr. =p Dy -D; C
' IE Yy Hz, -z, “%E

(5.49).
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However, if there is a spedfied evaporation rate or a spedfied precipitation rate,
which isnat in excessof the infiltration rate, the flux at the surfacenode need na
be estimated from (5.41).

If the boundary condtion applied to the base of the soil column for solving
the one-dimensional unsaturated flow equation is a spedfied matric potential
rather than a moisture flux, the liquid massflux at the base of the soil column may

be estimated from the Buckingham-Darcy equation as

O —y C
q. =p &F Dlz1 N-1 NE - DU] L (5.42.
N a NP 2y — Zy N-% E

For the intermediate nodes in the soil discretisation, the liquid mass flux
can be etimated from the following finite dement representation d the

Buckingham-Darcy equation as

0 O — [ O
O [ -1 wi H 0 O
n §10%%Hz,-z 4 O . B
ar =p =0 Dy C (5.43.
0 20 ¢, {0 'O
o OBD, 200 o
5 B "*H%Z-ZaHB B

5.3 CONSTITUTIVE RELATIONS

In order to evaluate the soil moisture and hea transfer equations presented,
it isnecessry to evaluate the constitutive relations. This sdion presents the most

commonly used equations for evaluating the wnstitutive relations.

5.3.1 WATER RETENTION RELATIONSHIP

Numerous water retention relationships have been presented in literature.
The three most commonly used models are presented below, being those of
Brooks and Corey (1966, Clapp and Hornberger (1978 and van Genuchten
(1980.
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5.3.1.1 Brooks and Corey

6, =(p-6, )E%% +6, wsy, (5.44)

6 =9 v> 4, (5.44D,

where @isthe soil porosity, 8 istheresidual soil water content, ), is the bubding

ceoill ary presaure, and ¢ isapore sizedistributionindex.

5.3.1.2 Clapp and Hornberger

W :L,USE%E W< W (5.45)

—_ L —n -1 W<W<1 5.45
vonBnfaf wewa e
W=006 =9 W=1 (5.4%),

where
w=2 (5.459
@
Y, Wb

= - 5.4%

Wy wa-w) o4

n, =2W, — Ll E—l (5.45),
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and ¢, is the saturated soil matric patential, @ is the soil porosity and b is a soil
texture parameter. W is considered for operational purpases as the ar entry pant,
occurring between 0.8<W, < 1. Clapp and Hornberger (1978 have suggested that
W = 0.92is a useful estimate, limited by W > b/(b+1). ¢ is the matric potential
that corresponds with 6, from (5.459.

53.1.3 Van Genuchten

0

(o 1O
6, =(¢p er)mg +6. Ww<0 (5.469)

0, =¢ Ww=0 (5.46H

where n, n and m are soil texture parameters. The parameters n and m are related
to eat ather by

m=1-

0<m<1 (5.460),

and are related to the Brooks and Corey (1966 parameters by (van Genuchten,
1980

1
== 5.46
n m (5.469
n=¢ +1 (5.460).

5.3.2 CAPILLARY CAPACITY RELATIONSHIP

The caill ary cgpaaty Cy= 08/dyp may be estimated by diff erentiating the
water retention relationships given abowve. Therefore, the caoill ary capacity for the

threewater retention relationships described above ae afollows.
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5.3.2.1 Brooks and Corey

9, _ ¢(¢—6r)E@§ 3

= - <y, 5.473
50 oy wsy (5.47)
ﬁ:o >y, (5.47H
o

5.3.2.2 Clapp and Hornberger

ﬂ;i%ﬂﬂ%b W< W (5.48)
v~ o . |

2

26, _ 0
oy m,(p-26+n,)

W<W<1 (5.48h

% _, w=1 (5.48)
oy

5.3.2.3 Van Genuchten

96, :Um(CD‘Qr)OmE_@m aﬂ Ww<o0 (5.4%)
oy 1-m

9, _ w20 (5.49b,
oy

where

6
= ' 5.4%).
5 (5.4%)
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5.3.3 ISOTHERMAL LIQUID HYDRAULIC CONDUCTIVITY

The isothermal liquid hydaulic conductivity Dy, is sSmply the unsaturated
hyadraulic conductivity K. The threemodels described here for the liquid hydaulic
conductivity are those of Brooks and Corey (1966, Clapp and Hornberger (1978
and van Genuchten (1980).

5.3.3.1 Brooks and Corey

K=k 5 (5.50),
“He-6,

where K_ is the saturated hydraulic condctivity and c is a soil texture parameter

given by

c=2*+3 (5.50D).

5.3.3.2 Clapp and Hornberger

" :Ks%g* 559

5.3.3.3 Van Genuchten

L Aot
-1-on W<0 (5.52)
d E‘ H

or

R ) ) ) 5%
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and

K=K, w>0,0=¢  (55%)

5.3.4 THERMAL LIQUID DIFFUSIVITY

The thermal liquid dffusivity D, has been defined by Phili p and ce Vries
(1957 as

D, =Kyy (5.53,

where yis the temperature efficient of water surface tension. y is temperature
dependent, bu Philip and de Vries (1957 suggest that the constant value
-2.09x% 10° °C™* may reasonably be adopted as representative for the temperature
range 10°C to 3C°C.

5.3.5 ISOTHERMAL VAPOUR CONDUCTIVITY

The isothermal vapour condctivity Dy, has been defined by Philip and ce
Vries (1957 as

D = EDatm ((P - 9)g Patm Py
v pl Patm_eR\/(T+273

(5.59,

where ¢ isthe tortuasity fador for diffusion o gasesin soil s alowing for the extra
path length, and is approximately 0.67 (de Vries, 1958; g is the acderation dwe
to gravity (981cm s?); R, is the gas constant of water vapour (4.615x 10 erg g*);
@ is the soil porosity; T is the soil temperature (°C); P, is the amospheric
presaure, which for pradical purposes may be taken as 101 KPa; e is partia
presaure of water vapou (kPa) given by

17.27T
ezaﬁxmx&#————ikHwi 5.55.
or +23730 > (539
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RH soil

water and soil particles, refleding the forces by which water is retained through

is the relative humidity of the soil, which is a measure of the affinity of

depresson d its vapou presaure below that of free water (Sasamori, 1970), given
by the Kelvin law as

_ 49
RHsoil =€ex R,(T + 273)E (55@,

and D, isthe moleaular diffusion coefficient of water vapou in air given by

T +273*°

D, =4.42x107* ( (5.57.

atm

5.3.6 THERMAL VAPOUR DIFFUSIVITY

The thermal vapour diffusivity has been defined by Philip and ce Vries
(1957 as

— EDatm ((p B 6)nBRHsoil I:)atm
! P Pam —€

atm

D, (559,

where 8= dp/dT = 1.05¢< 10° g cm” °C™* at 20°C, and is representative for 10°C
to 3C°C (Philip and ce Vries, 1957, and p, is the density of saturated water

vapou.

5.3.7 HEAT CAPACITY

The volumetric heat cgpadty of a soil is a weighted average of the heat

cgpaciti es of its comporents (de Vries, 1963,

C, = ici 6, (5.59

where 8 and C, are the volumetric fradion and the volumetric heat capaaty of the

ith soil constituent. The five cmporents are: (i) water; (ii) air, given by 6=¢-6;
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Table 5.1: Properties of soil constituents (Milly, 1984).

C A

Constituent i cal em? ot cal omd st ot g,
Liquid Water 1 1.0 1.37x10°
Air 2 3x 10" 6x10°+A,, see (5.61)
Quartz 3 0.46 2.1x10° 0.125
Other Minerals 4 0.46 7 x 10° 0.125
Organic Matter 5 0.6 6 x 10* 0.5

(i) quartz particles; (iv) other minerals, and (v) organic matter. The hea
cgpacities suggested for these constituents are listed in Table 5.1.

5.3.8 THERMAL CONDUCTIVITY

The dfedive thermal conductivity of a moist soil is given by e Vries
(1963 as

ikiei;\i
2= £ (5.609),

5
> ke

where A is the thermal conductivity of the ith constituent as given in Table 5.1
and k isthe ratio o the average temperature gradient in the ith constituent to the
average temperature gradient of the bulk medium. A conceptua model is
(Kimball et al., 1976

o0 M 0" 10 m 0"
" =—ﬂ+%—1%im +-Q+%—l@l—29i)g (5.601,
3D 1 O 3D 1 O

where the liquid phese is considered continuows and g, is the “shape fador” of the
ith constituent. For the solid particles, constant values as given in Table 5.1 are

asumed. No value is needed for g, sinceits coefficient is zero. The value of g, is
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considered as a function d soil moisture mntent as foll ows (Kimball et al., 1976
Milly, 1989.

g, =0.013+ Epéozz + 0'298% 6<6, (5.619)
42
g, =0.035+ @Hl 6,,<§ (5.61D,
@

where 6,, is the volumetric soil moisture entent correspondng to ¢ from
4.2=log(-y).

The dfedive thermal conductivity of the ar-filled pores, enhanced by
vapou distill ation (Phili p and de Vries, 1957, isgiven by

A=A, + A (5.62),

where A, is the thermal condtctivity of the dry air alone and A, isthe increase in
the thermal conductivity of the pores due to vapou distill ation, gven by Phili p
and ce Vries (1957 as

Pam
Ay = LD nRH 1 B 5= (5.62),

atm

where S=dp /dT.

In estimating L from (5.28), L, may be taken as 591.6cd g a 10°C, C,as
0.449cd g* °C"andc as1.0cd g' °C* (Monteith and Unsworth, 1990.

5.3.9 COMPRESSIBILITY COEFFICIENTS

The typicd ranges of compresshility coefficients for various types of
geologic materials is given in Table 5.2, along with the well known value for
compresshility of water. The vaue seleded for soil compresshility was

a=10°cmH,0.



Chapter 5 — §nthetic Sudy: Sal Moisture Model PROXSIM

Page 5-27

Table 5.2: Range of values of compressbility (Freeze ad Cherry, 1979).

Compressibility, a

Pa™t cm™ H,0
Clay 10°- 107 10*-10°
Sand 107-10° 10°-10"
Gravel 10°-107" 10°-10°
Water (B) 4.4 x10™ 43x10°

5.4 TIME STEPPING PROCEDURE

The size of the computational time step can be determined automatically

by a procedure that limits the magnitude of changes in the state variable to some

spedfied values, subjed to the moduus of the agenvalues being less than o
equal to 1 (Gerald and Whedley, 1989) and the airrent time step size being nd

greder than 1.2times the previous time step size (Celia and Gray, 199). The
procedure presented here is that suggested by Milly (1982 for a fully implicit

badkward dfference scheme. For matric potential, we define

&

i

; =ma

. {w?-wﬁ

and for temperature,

e] =maxT" -7
I

(5.63),

(5.63.

Given spedfied targets for maximum change in matric potential and soil

temperature & any nade in the soil column of éw and & respedively, the new

time step size (generaly the order of seands) can be forecast according to the

rule

n
Er

|:| n
A)™ = (At) tmax L,
(0" =) e

T

g

(5.64).
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5.5 MODEL EVALUATION

The one-dimensional soil moisture and hed transfer model PROXSIIM1D
has been compared with the Gaerkin finite dement model of Milly (1982
SALaSHWaTlr (Simulation Program for Land-Surface Heda and Water
Transport). In the simulations, the initial condtions were —50 cm meatric head and
20°C temperature uniform throughou a 100 cm dee soil profile. The water
retention and ursaturated hydaulic conductivity relationships used were those of
van Genuchten (1980 and the soil parameters were as givenin Table 5.3.

In the comparison, six different bourdary condtions were agplied:
(i) evaporation d 0.5 cm day™ (5.8e—6 cm s*) and soil heat flux of 400 langley
day™ (4.62-3 cd s' cm?) a the soil surface, zero moisture and hea flux at
100 cm depth; (ii) evaporation o 0.5 cm day™ and soil hea flux of 400 langley
day™ at the soil surface, matric head of =50 cm and soil temperature of 20°C at
100 cm depth; (iii) matric head of —100 cm and soil temperature of 10°C at soll
surface, zero moisture and hed flux at 100 cm depth; (iv) matric head of —100cm
and soil temperature of 10°C at soil surface matric head of —-50 cm and soil
temperature of 20°C at 100cm depth; (v) evaporation d 0.5cm day™ and soil hedat
flux of 400langley day™ at the soil surface, gravity drainage and advection at 100
cm depth; and (vi) predpitation d 30 mm hou™ (-8.33-4 cm s") and soil heat

Table 5.3: Soil parameters used in evaluation d PROXSIM1D.

Total Soil Depth 100cm
Number of Nodes 31
Soil Thermal and Hydraulic Parameters Clay Loam

Ks=25cm day™

=054

6 =0.2

n =0.008

n=18

Proportion of Quartz = 0.03

Proportion of Other Minerals = 0.41

Proportion of Organic Matter = 0.02
Initial Conditions 20°C, -50 cm Matric Head
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Figure 5.2: Comparison of soil moisture profile simulation results from PROXSIM1D and
SH.aSHWaTr under six different boundary conditions.

flux of 400langley day™ at the soil surface, zero moisture and hea flux at 100cm

depth.

The results of this evaluation are given in Figure 5.2 for soil moisture and

Figure 5.3 for soil temperature, after a smulation time of 1 hou. These results
show that despite the explicit lineaisation, PROXSIM 1D does an excellent job o

modelling the nonlinea solution to the soil moisture and hed transfer of

SH.aSHWalTr.
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Figure 5.3: Comparison of soil temperature profile simulation results from PROXSIM1D and

SH.aSHWaTr under six different boundary conditions.

5.6 CHAPTER SUMMARY

In oder to infer near-surface soil moisture ntent from microwave
remote sensing olservations, an estimate of the near-surface soil temperature is
required. Hence, in order to update a hydrologic model with near-surface soil
moisture measurements from remote sensing olservations, the soil temperature

profile must be forecast, in addition to the soil moisture profil e.

This chapter has developed the model equations for forecating d the soil
moisture and temperature profiles by the explicit model PROXSIM1D, which is
used in the synthetic study d Chapter 6. This model has been shown to have an
excdlent agreement with the SFLaSHWaTr implicit model.



