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Abstract: Soil properties and the position of illegal pumping wells @l be determined through the use of the groundwater level
which, however, cannot be measured without the excavatimbservation wells or the purchase of ground penetratiolarralhe
former destroys terrain features, and the latter is expensiside from its limitations. This paper attempts to saha&se problems
by estimating groundwater levels economically via atmesighconditions, and by collecting soil parameters nearh® land’s
surface. Firstly, the Penman-Monteith evaporation foarialexplored to deduce the value of the embedded resistatiog which
governs the involved water content, evaporation speedevahtually, the groundwater level. Secondly, two theoagtinodels based
on Darcy’s law are developed for predicting groundwateelevone depending on a steady-state assumption and thebeting
identified as an analytical solution. To justify the first mmgdhe time lapse required before achieving the steadg stastimated by
solving numerically the air-liquid two-phase flow equasdnvolving soil temperature variations. For efficiencypecal coordinate
transformation is adopted to fix the spatial domains of dltesl numerical models between 0 and 1. The so-obtained neahe
solutions not only testify to the accuracy of the newly depeld theoretical models, but they also detect the inter@stamong air,
water, evaporation, and temperature.

Keywords: Groundwater level, Brooks-Corey model, Bowen ratio, stefeesistance

1 Introduction groundwater levels have even been applied to estimate the
locations of illegal pumping wells inversely3][ The
The groundwater level is usually used to estimate othedefined objective function is the mean square root error of
parameters, such as the permeability coefficient, storageéhe estimated water level and the mean observed water
coefficient, and the locations of illegal pumping wells. It level. Both the distance between the observation well and
is affected by atmospheric conditions and the Earth’sthe border and the pumping well's location are crucial;
surface heat flux (such as net solar radiation) at the sametherwise, the drawdown can not be clearly revealed, and
time. Based on the atmospheric conditions and thethis will lead to immense errors in the inverse search. It is
amount of Earth’s surface heat flux, the water evaporatioralso an issue of the density of the observation wells. A
rate of the topsoil can be derived from the well-known method which is low-cost and can effectively estimate the
Penman-Monteith (PM) equation. Nevertheless, it isdistribution of groundwater levels without excavating
necessary to know the ratio of surface resistance andbservation wells would have a high application value.
aerodynamic resistancel,p] (gg') in advance. The
derived water evaporation rate can then be assumed as the Practically, GPR4,5] (Ground Penetration Radar) is
upper-boundary condition in the unsaturated layer wateioften applied to measure the level of groundwater
flow simulations, and it is also related to the interactionsdirectly. It can promptly provide information on
between the atmosphere and the land, as well as thsubterranean topography, foundation depth, and the depth
variations in groundwater levels. and flow of groundwater, as well as reduce the number of
The estimation of groundwater levels has multiple unnecessary monitoring wells. In the GPR method,
applications, the commonest of which is the derivedhowever, the survey depth in most soils and rocks should
saturated permeability coefficient of soil which can be not exceed 10 meters. Basically, larger-grained soil, soil
calculated from the estimation itself. In recent years,with low amounts of expandable clay and dissolved salts
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the soil has fine grains or more expandable clay, GPR will
not be suitableq] (<1 m). In that case, noise removal and
image analysis can become the key to determining
whether or not GPR would be successful. Furthermore
the price of GPR is costly, usually between 15,000 USD  #ux# I
and 50,000 USD, and it can cost more than 1,000 USD tc G
hire GPR for just one week. v
In order to pursue the economic and innovative [
aspects in practice, this research focused on (i) analyzini
the relationship between the resistance ratié and the
Bowen ratio in the PM model; (ii) establishing the g o=I
theoretical model of atmosphere-land vapor interaction; =
(iii) finding a simple and economical non-destructive
method (namely, the theoretical solution) to estimate saturated zone
groundwater levels; (iv) verifying the effectiveness ai (i
by applying numerical analyses; and (v) looking into the
gpliiﬂ?: ;r]: d tg:gﬂﬁrd?/f/l;:gr %@el??r?i?ﬁatﬁ?;tfg tl’ ayael:sl_:ig. 1: Definition sketch of the variables involved in this study.
The results of this research will add support to relevant
studies on groundwater levels and, at the same time, make
possible a simple and effective replacement method for
GPR or observation wells.

or crystalline bedrock has a higher application value. If T
z

As a key variable in Eq. (1.2, the resistance ratio
of water evaporated from soils (possibly covered with

. . . 1 canopy), can be deduced from
2 Deriving of Resistance Ratio g

-1 eO - el
With some critical assumptions, the well-known PM % * e —e’ ®)
model, usually in the form of . . .
based on the mathematic expression of aerodynamic
A y resistance and surface resistant®.[The subscripts 0, 1,
AE=— (R~ CG)+—7-BA(ex—&), (1) and 2 denote the elevations associated with stomata, leaf
A+gcy A+gcy

surface, and a higher point, respectively. These subscript
was derived from the following basic formulas: will represent topsoil, land surface, and a higher point,
respectively, when a soil rather than a canopy is of
Ju interest. Since vapor pressure inside the stomata of a leaf
T = pakm-, (2)  (ie. ) is involved, ey and e, (vapor pressure at leaf
surface) must be removed regarding the practicability of
Eq. (5). It is worthy now to recall the above mentioned

E= —paKe&, 3) critical assumptions, namely, the equivalent temperature
0z inside or outside a leaf (i.eTy ~ T;) and the saturated
oT water vapor pressure inside the stomata (Bg+ €gs).
H=—pcpur 271 (4)  Accordingly, we havesy = egs = €15 Which leads Eq. (5)
z=0 to be recast as follows:
In above,A=the latent heat of the evaporating water, e1s— €
E=water evaporation ratey=psychrometric constant, gct=1+ o6’ (6)

A =des/dT, Ry=net solar radiatiorGG=heat absorption at
the ground, B=variable consisting of atmospheric wheree;= the saturated vapor pressure at elevation 1.
parameters, e=vapor pressure, es=saturated vapor SupposingH;, the relative humidity, is given at elevation
pressurer=shear stressz=evaporation ratefi=sensible 1, thene; = H,es is fully described by air temperature
heat, u=wind velocity, p,=air density, gy=specific  T,. Based on Eq. (2) with a logarithmic velocity profile, it
humidity, cp=the specific heat of air at a constant can be easily shown that, = ku,z where u, and k
pressure, pr=heat diffusion coefficient, T=air  denote the shear velocity and von-Karman constant,
temperature, g 1= resistance ratio.z is positive  respectively. With the result ande = Ki, (by Reynolds
upwardKny, andKe denote momentum and mass diffusion analogy), Eq. (3) is integrated with respecttand yields
coefficients, respectively. Figure 1 is the definition sketc [7]:

of our coordinate systems above and below the ground, B Quw1PwpIn (z2/2)
and the variables often used in this study. N Y XTI 7
(@© 2017 NSP

Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.11, No. 1, 155-163 (2017)www.naturalspublishing.com/Journals.asp NS = 157

wherezg=roughness heighp=atmospheric pressurgu the wunsaturated zone expands or shrinks as a
(= —E/pw)= Darcy velocity at the land surface. To relax consequence. This provokes the problem of moving
the differential term in Eq. (4), the following commonly boundary and imposes an obstruction on numerical

used expression [8] for sensible heat is adopted: analyses. In response, this paper sets z/L to fix the

unsaturated zone such thate [0,1]. As for time, the
H - ku -Tp symbol t may be retained since no temporal

= KU,pCp ; (8) N
IN(z2/71) transformation is performed.

. . ) o Fluid velocity in topsoil can be expressed as follows
By incorporating Eq. (8) with the definition of the Bowen [10] according to the Darcy’s law:

ratio (3 = H/AE), qu1 can be expressed as a function of

atmospheric parameters as below: 10 10h
P P Owa = |Kw A L ;o (13)
Ldo Lado )|,
—H PaCpK U
Ow1 = = (T2—T1),  (9) e o
pwBA  pwBAIN(z2/2) where Ky=soil conductivity, L=groundwater level
o . ) measured from the groundy=suction head,hy=air
Substituting Eq. (9) into Eq. (7) yields pressure head. When the topsoil is covered by
v impermeable layers such as tar or plastic sheets),
ee=e+—-(M—-T), (10) which meangy,1=0. After a certain period of time, if the
B distribution of the moisture content reaches the steady

state, Eq. (13) can be applied to all the depths. Therefore,
by integrating Eq. (13) with respect @ and using the
Brooks-Corey equatiorifl]:

where the psychrometric constani= cpp/(0.6224). As
can be identified, Eq. (10) is a model often employed for
estimating the Bowen ratio on site. Finallg; in Eq.

(6)can be eliminated by applying Eq. (10), and the result 8, — 6, W\
is Q= N _ (_b) , (14)
_1_§<els—ez> 1) Bus — Bur ¥
c )
y\T-T we have

Eq. (1l)establishes a link betwegh and g.~1, and ;1
provides us with another way to compuge * values, (1-o)L=1un (9 n— 1) +hae—ha,  (15)
oncef ande;s are measured. For simplicity, we focus on
Eg. (6) with the relative humidity a known variable. For where ©=effective saturationé,=water contenty,=the
other related essays, please refer to the work of Lakshmubbling pressure heat, =air pressure head at = 1,
and Wood [9] and Alleret al. [1,2]. At this point, on the andn= the Brooks-Corey parameter. Now, assuming the
basis of Eq. (8) and the definition g8, the water air pressure head is not to change as the depth varies (i.e.
evaporation rate of topsoil can be represented in theghere is no air flow in the soil.), Eq. (15) gives
function of 8 as: n
L=ypO, "T-1), 16
_ ku.pcp T1—To (12) V(O ) (16)
AB In(z/z0)’
In practice, 3 is usually obtained from Eqg. (10).
Sinceg; ! has been excluded from Eq. (12), tevalues

where ©,= effective saturation of the ground. This
solution may be regarded as the initial condition of soil
water content for latter numerical simulations.
Surprisingly enough, we find that Eq. (16) is valid for all
‘?ypes of soil and only depends on the properties of the
specific surface soil. Whel # 0, bothgwiandKyin Eq.

more economical compared to the PM model. The (13) are not negligible. This researgh employs  the

P 3 . .
value computed by the PM model with Eq. (6) or by Eq. Burdine’s model [19] so thaw = Ks©~'7 in whichKs
(12) with Eq. (10) is a vital parameter when estimating denotes the conductivity when the soil is saturated with
the groundwater level for a quasi-steady state flowWater. It then can be validated according to Eq. (14) and

surface resistance, net solar radiation, and heat absorpti
on the surface of the ground. It is therefore simpler and

condition, as will be introduced below. the identity of Egs. (9) (13) that
ﬂﬁe“%‘;—@—w“% -0, (17)

3 Theoretical M odels of the Groundwater d o

Level where ¢ = 1 — o0hy/oz and

O=H/(BApuwKs) = E/ (pwKs). If the unsaturated zone
Along with the determination ofy;!, B, and E, this  flow remains quasi-steady state, that iy (or E)
section pursues the theoretical solutions to estimatehanges in an infinitely small frequency] becomes
groundwater level. When groundwater levelchanges, almost a constant and invariant with soil depth. In this
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case, Eq. (17) will be applicable to the entire unsaturatecequations applied include the heat conduction equation of
zone instead of the land surface only. By introducing thesoil [12], water pressure head and air pressure head
boundary conditions tha® = ©; atc =0 and® =1 at  equations of the soil 13], ideal gas equation, and

o = 1, the groundwater level is solved from Eq. (17) one-dimensional control equations of the groundwater

using the method of separation of variables: [14], as shown below, respectively:
1 2+1 oTs 0 0Ts
L= % / 67”23@’ (18) 9t = 9z (DT E) ) (20)
nJegyge®a
TheL value can be computed by numerical integration if Ow = _kkf_W (@ _ ng> ’ (21)
¢, O, and the vertical distribution @is known as griori. Hw \ 0z
When >0 (i.e.,E > 0) and¢ — 1, the above integration K P
can be obtained and Eq. (18) becomes Oa = _% (d—za - PaQ) , (22)
1\¢
L= = 765 57
wE (5) 18 (86360 o= PNy 3
_B| (C3767€)BC(675)]7 (19) 0'_
after a lengthy derivation [10], wher& = 1/ (3n +2), S‘/ﬁ +qL=J, (24)

5=1-&q=1+06=1+00""", g =1/c,

G = 1/G. B and (B represent the complete and
incomplete beta functions, respectively. Therefarenly
depends onjy, and three other dimensionless variables

which aren, [, and®,.. It becomes apparent that sampling intrinsic permeability,k.w= the relative permeability of
soils from the land surface is sufficient for estimating p_ ; YiKw= - P - Y
water, p,= air density, R,= water pressureP,= air

by the presently developed theory, as long as the _ : . .

unsaturated zone is homogeneous. Water contents of t ressureg= gravity accele_ratlon!Ra- ideal gas constant,

deeper soil are irrelevant with the estimationlofEgs, 120, Mitial air pressure in soilsS,= aquifer storage
8oeff|0|ent, L= groundwater level, J= horizontal

(16) and (19) are the solutions under (quasi-)steady-stat roundwater flow includina source or sink
conditions. Neverthelessg, or the water flow in g To solve Egs. (21) gand (22) for lwater and air
unsaturated layers in a single day, tends to be unstable ds. ; .

ressure heads, we define a fluid pressure head as

because the net solar radiation is not fixed. Therefore, asg. — (P — P)/ and transform the both equations
mentioned previously, when applying these two equation |r:t0_theJ follg?/virfwgforms respectively, after aqlen th
practically, it is recommended that an insulation panel O, 0ebra 15,16 9 ’ P Y gthy
impermeable pavement (makirk0) be put in place to 9 T

segregate the heat and vapor interaction between the gh, 0Ky Ky dhy %hy,
atmosphere and the land in order to achle\{e th go'al 0 ot ( 0z + EIm ) 07 W7 572

reaching the forced steady state. Even if it is time

consuming to reach the steady state (as will be discussed), +wa9_ha _ 0Ky dhy (25)
gz can be tested first according to Eq. (6) . Then, the ot oy 0z’

value of E can be derived based on Eq. (12) or the PM

model as the upper-boundary condition of the water flow 2

in the unsaturated zone. Afterwards, the levels of Qﬁ_ha = <z9paKa> oha +paKad_ha +pand—m

In above,Ts= soil temperature)y= thermal diffusion
coefficient,pw= water densitygw = the Darcy’s velocity
of water,g,= the Darcy'’s velocity of airg = the Darcy’s
velocity of water just above the groundwater level=

groundwater can be derived by the analytical solutions. A 9t Jdz ) 0z 0z ot
carefully designed numerical experiment will verify the 1 902K P aT
authenticity of Eqs. (16) and (18), and Eq. (19) at the _ 1 0piKa , G za—, (26)
same time. Pw 0z RaT ot

wherec,—_ag,/0y, 2 = 6apw0/ (RaT) + paCuw With Ky
andKj, being the relative conductivity for water and air,
4 Numerical Model of the Two-Phase Flow respectively. As for the determination Bf (in SI units),
the following modified model of De Vries [3] is adopted:
In addition to estimating the consumed time for reaching
the forced steady state, this research at the same time 10 5ky
looks into the influence of the heat flux on groundwater Dr = 1.946,,+ 2.500, + 4.196,,
levels, behaviors of the gas flow in the soil, as well as the
effect of soil temperatures on the gas-liquid two-phasewhereky is the heat conduction coefficient of soil aGg
flow by carrying out numerical experiments. The control and 6 the fractions of minerals and organic matters,

(27)
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respectively. The lateral groundwater flow rafe is ° : : :

T
—&- T2=10

neglected in this study regarding the one-dimensiona | el gl

unsaturated zone flow. i = roa
By calculating these five simultaneous equations, the

variations with time and space of soil temperatlgeair Sl 1

pressure heall,, water pressure hedy),, air densitypa, sk |

and groundwater leveL can be derived. Auxiliary =

equations, meanwhile, include the Brooks-Corey model [ |

and the internal permeability coefficient model. In order =t 1

to be more accurate, this research also applies regressic .|

analysis to make hydraulic conductivity the function of

temperature. This measure fortifies what researchgs [ o 15 20 5 @ @ as

15] have lacked. Some data in textbooRs] have been . . . IT‘ = .
used as reference for the soil characteristic parameter: —
such as suction heafi. wof | 7€ TEEMH=IO
Due to the fact that the groundwater level varies with e Il
time in the numerical simulations, this research fixes the ™[ |+ T2gm=2
simulated space by using again the coordinate conversio.c e |2 %"

~E TEEM=5

0 = z/L to reach the solution more easily. The controlling 2
equation after coordinate conversion is discretized by the = |
finite difference method. First-order accuracy is  .mw|
introduced with regard to time, while second-order
accuracy is applied concerning space. Also, the difference ™y
equation has been presented explicitly to enhance th

o L L

efficiency of iteration. The results of numerical wooor = S
experiments provide Egs. (16) (18) (19) with the data
used to estimatk. Fig. 2: Curves ofgz ! (up sub-figure) and E (down sub-figure)

that vary withT1 for different values off 5.

5 Results

The silt loam was set as an example to perform thenumerical simulation, i.e., witll; assumed separately as

numerical simulation. There were in total 101 mesh grids.25oc and 48C according to Eq. (12). The corrgspondmg
The time interval At was 1200 seconds; the initial €15 Was set to be 39 Wis and .GO.W/S' respectively. AI.SO’
groundwater level was set to be 3.6 meters under th&2 = 4-456 hours. Figs. 3 to 6 indicate the corresponding
ground’s surface; the wind speed was 2 m/s; and the results of the calculations. Their up and dpwn sub-figures
storage coefficient wasS=0.16, The property correspond to the above mentioned first and second
parameters of the silt loam were as follovess= 0.501, ~ conditions, respectively. 1 .

Bur= 0.015, |y|= 207.6mm, ancKs — 6.8mm/hr. The Fig. 2 shpws the curvesgg (up sub-figure) and E
fractions of minerals and organic matters were (down sgb-flgure) that vary W'th land surface temperature
Bn = (1—Bu)/2 and & = 6 respectively. T, for different values of air temperatufg;. Relative
Underground water temperature wag = 20°C. For a humidity is assumed as 70% and invariant with height.

better convergence rate, 100 warm-up mathematica-ll;]he up SUbiﬁg“[? revlegls tha* (iommonlyr/]falls(\j/vi:jhin g
calculations were done before the formal simulation, € range 1< g;= < 10, quite close to those deduce
including the iteration. from ITakshm| and Wood [9]. and Allest al. [1,2]. The

In order to study the time consumed to reach thesolld lines in the down sub-figure show the results of Eq.
forced steady state wheE=0 after the topsoil was (12). Since error is small and the variation trend of each

covered by airtight plastic sheets, te value was line agrees fairly well with that according to the PM

assumed to match the existing Gaussian distribution aand'.al’the validity of Egs. (11) and (12). is assured.
Figs. 3 and 4 represent, respectively, the curves

first, then increase slowly. After the value reached the : - A
maximum, it then decayed to zero immediately. That is toS"OWing the variations a® andhgof the soil with time.

2 0 As revealed in Fig. 3, when the abscissa was around 12,
say, when O0< t < 12, AE = clexp[— (t=12)%/c|, Or  the curve at the bottom showed a small slump
E=0. (corresponding to the change Bj. This indicated that

Then again, for the purpose of researching thethe unsteady state @ was limited in the shallow soil,
influence of topsoil temperatufgon the distribution of and that theE value increased a® declined. That is to
O, G (ground surface heat absorption), dmgsoil gas  say, the soil dried as the sunshine increased, which was
pressure), there were two different scenarios in thequite realistic. Then again, as shown in the diagram, the
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Fig. 3: Curves showing the effective saturati@nat different

depths with the changes in time.
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Fig. 4: Curves showing the air pressure headat different

depths with the changes in time.

40

deeper slump on the down-hand side than on the up-han =f
side showed that the increase®br T; triggered major Ak |
decreases in the moisture content of the ground surface.
was observed that, as shown in Figh4rose as the depth
increased and had a corresponding fluctuation asEthe
value varied. This fluctuation is evident in the diagrams = , |
on both sides, indicating that the variation Bfor T1
affectedhs,.

In Fig. 5, the heat absorptio® were computed sk 1
according toG = —kt % . Corresponding to the first o = - e e o

and second conditions, respectively, the maxim@m e
values were 37 and 185 W#nand the minimumG
values approached to 4 and 16 W/mll the values were
far smaller than 600W/rf (~ the reasonable value of net
solar radiation in summer), which showed that the
calculation results were within the reasonable range. This & ™1
figure also showed the rationality that tBevalue grew as E, 1001 1
E or T increased. Furthermore, under the condition of @ =! .
T. < 60°C, it could be also observed that the heat
conducting distance of the soil was extremely limited. 4| ,
The calculated temperature variation of the topsoil rarely
reached soil deeper than 2 m, which reflected the reality.

Fig. 6 shows a comparison between the numerical
solution and the theoretical solutions. Clearly, the two
theoretical solution curves representing Egs. (18) andig- 5: Curves showing the heat absorption by a silt-loam with
(19) showed almost the same fluctuation, whether in theéhe changes in time
period of warm-up calculations or under formal
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Fig. 6: Curves showing the change of groundwater level L with (up: sand, down: clay)
time (The solid lines represent the numerical solution® Jtars

and circles connected by dotted lines indicate, respdgtitiee

theoretical solutions of Egs. (18) and (19). The dottedsstar

and dotted circles almost overlap when the abscissas weagegr

than 0.) showed that reduced a§, increased, bug, had no great

influence onlL. Based on the existing data, whes)
increased from @016,s to 0.16s, the numerical

solutions ofL approached 3.6 m and 4.0 m, respectively,

simulations (i.e., when the abscissa was greater than 0)ypiie the theoretical solutions were both approximately
This showed that Eq. (18) was capable of replacing they o 1, * Therefore, the error between theoretical and

more comp::catid Eq. |(19)|, even if it was Slnplplﬁr. numerical solutions did not exceed 0.5 m even if e
oreover, the theoretical solution curves were higher,a1,e was very small.

than the solid lines of the numerical simulations
regardless of which ones they were. Hence, Egs. (18) and Figure 7 showed the variation of groundwater lelzel
(19) could have overestimated the levels of ground waterwith the effective land surface saturatio®,. The
but the error was acceptable. The result validated not onlyyroundwater level was computed by Egs. (16) and (19),
the theoretical solutions but also the numericaland two soil classes, sand and clay, were chosen for
experiment itself. Moreover, the solid line reached thesolution comparisons. Property parameters of each soil
steady state approximately 24 hours A6p after the were n = 0.694 and ¢, = 0.0726m for sand, and
initiation of the unsteady simulation, and provided the n = 0.165 andys, = 0.373m for clay [L§]. As observed
timing of applying Egs. (18) and (19) . In this figure, it from both subfigures, decreased with the increasitgy
can also be observed that thevalue of the diagram on for a fixed ©;, value, which was consistent to the real
the up-hand side is lower than that on the down-hand sidgituation. It was also seen thiatincreased rapidly when
under the steady state. That is, thevalue increased as ©; became smaller iE approached to zero. The curves
the E value rose. More attention should be paid to the factthen passed through all the empty circles that represented
that theL value only changed marginally even whenthe Eq. (16), thus validating Eq. (19) again. This figure
value doubled. showed that the groundwater table (not level) in a sandy
Due to the fact that Eqs. (16) and (18), and (19)unsaturated zone was usually much shallower than that in
were theoretical solutions with the premise of steadyother unsaturated zones if the sarBeand ©; was
state, storage coefficie) was excluded from them both. retained. Eq. (16) would be a good substitution for Eq.
In the numerical experiments, multiple calculations (19) only when the ground is quite wet.
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This research discovered that Egs. (16) and (19) were coaxial transmission lineshater Resources Res., Vol.16,
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Their application timing was 24 hours after the ground Penetration radarGeological Survey of Finland. Special
surface was covered by airtight plastic sheets. Under thi? Paper \(10"16’ (1d992)' 859-365. H lcati lidu
condition, Eq. (16) could be adopted to replace Eq. (19). W-H- Chung and I.T. Wang, On the application of air-liqui
and not restricted by soil types if the ground was almost two phase flow in the theoretical estimation of groundwater
saturated. According to the two equatiobglepended on level, Proposal of National Science Council, NSC 99-2221-
: . . - E-145-005, Taiwan, 2010.
Uy and three other dimensionless variablgg,), and©;. 8]
f

. . DG J.M. Wallace and P.V. Hobbs, Atmospheric Science-An
Eq. (18) was applicable when the vertical distribution o Introduction Survey, Academic Press, New York, 1995.

© We'ls available. If the outcome of the numerical [9] V. Lakshmi and E.F. Wood, Diurnal cycles of evaporation
experiments was set as the benchmark, the error of EQS.” sing a two-layer hydrological modelournal of Hydrology.

(18) and (19) would be within 10 centimeters. \ol.204, (1998), 37-51.

The E value exerted evident influence éhandG. It [10] W.H. Chung and Y.I. Kang, Assessing the adequacy oitstat
also has a great impact ob for a dry soil. If gzt models applied to bare soil evaporation in view of the ttivia
remained constant, tHe value often increased as — T, diurnal variation of surface soil moisturdournal of the
(or Tp) increased. By numerical experimeng,showed Chinese Ingtitute of Civil and Hydraulic Engineering, Vol.17,
no obvious variation whenhy was taken into No.4, (2005), 587-602.

consideration. The single-phase flow, therefore, wag11]R.H. Brooks and A.T. Corey, Properties of porous media
likely able to substitute for the two-phase flow. The  affecting fluid flow. Jour. Irrig. Drain. Div., Proc. ASCE,
integration of Egs. (6) (10) (12) is the optimal  Vol.92(IR2), (1966), 62-88..

substitution for the PM model, making the values  [12] D.A. De Vries, Thermal properties of soils, 210-235,.Ch
appeared in Eq. (19) obtainable accordingly. To explore 7 in Van Wijk, W. R. (Ed.), “Physics of plant environment,

the interactions among air, water, evaporation, and _North-Holland Pub. Co., Amsterdam, 382 (1963).
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