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Abstract. Parameterization of evaporation from a non-plant-covered surface is very important in the
hierarchy strategy of modelling land surface processes. One of the representations frequently used in
its computation is the resistance formulation. The performance of the evaporation schemes using the
"a", "/3", and their combination resistance approaches to parameterize evaporation from bare soil
surfaces is discussed. For that purpose, the nine schemes, based on a different dependence of a and
/3 on volumetric soil moisture content and its saturated value, are used.

The tests of performances of the considered schemes are based on time integrations by the land
surface module (BARES OIL) using observed data. The 23 data sets at a bare surface experimental site
in Rimski Sancevi, Yugoslavia on chemozem soil, were used for the resistance algorithm evaluation.
The quality of the schemes was compared with the observed values of the latent heat flux using
several statistical parameters.

1. Introduction

There is a growing demand for more precise surface modelling schemes and their
incorporation into different scale meteorological models related to atmospheric
motions, the hydrological cycle, and air and soil quality. Several representations of
the surface schemes have already been applied in various meteorological models
(Deardorff, 1978; McCumber, 1980; Dickinson et al., 1986; Sellers et al., 1986;
Lee, 1992; and Mihailovic and Jeftic, 1993). In these models, authors have chosen
different model variables and parameterizations to express the feedback between
weather or climate changes and land surface processes.

It has become increasingly apparent, however, that simulated surface energy
fluxes are strongly sensitive to the values of various important parameters chosen
in a surface scheme. A number of papers have been published on sensitivity studies
associated with this subject (for a recent review see, e.g., Wilson et al., 1987 or
Mihailovic et al., 1992). All of these sensitivity studies dealt with different plant
communities, fractional plant covers, and partly with soil parameters. It can be
said that the collection of the offered schemes is impressive starting from the well
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known Philip's (1957) approach to recently designed schemes which have been
reviewed by Lee and Pielke (1992) and Mihailovic et al. (1993). They are defined
in a so-called Q or (3 formulation, and exhibit large variations in the amount of the
simulated latent heat flux as shown in Mahfouf and Noilhan (1991), who reviewed
various formulations of surface evaporation and tested them against in situ data
collected over a plot of loamy bare ground. Another collection of schemes was
evaluated by Mihailovic et al. (1993) but using a data set from an experimental
field with a bare chernozem soil. According to Avissar and Pielke (1989), the
parameterization of the Bowen ratio is of prime importance in achieving accurate
simulations in mesoscale modeling. Thus, an inaccurate parameterization of the
latent heat flux can seriously disturb this ratio and, consequently, the accuracy of
the model.

This paper is concerned with the validation of various schemes used for param-
eterizing evaporation from non-plant-covered surfaces using in situ data. A review
of the performance of the chosen set of schemes is presented in Section 2 while
the model applied in testing the schemes is described in Section 3. In Section 4
we present details of the method for obtaining the latent heat flux using gradi-
ent measurements over the experimental site of Rimski Silllcevi (Yugoslavia) and
boundary and initial conditions taken for the numerical tests. The results of tests
and discussion are presented in Section 5.

2. 

Overview of Schemes Used in the Numerical Tests

One of the main processes in air-land energy exchange is surface evaporation. This
process is controlled by atmospheric conditions, and surface soil wetness which
is affected by water transport within the soil. The latent heat flux (LEg) from a
non-plant-covered surface can be written in the form:

(1)

where Eg represents the evaporation rate, L is the latent heat for evaporation,e* 
(T g) is the saturation water vapor pressure at the soil surface temperature T g, er

is the vapor pressure of the air at the reference height Zr, P is the density of air, cp
is the specific heat of the air, I is the psychrometric constant, r s is the bare soil
surface resistance, r a is the aerodynamic resistance between the ground and Zr, and
hs is a factor that adjusts for the relative humidity of the air at the soil surface.

In numerical models for the adjustment factor hs the two methods commonly
used to estimate the soil surface humidity of water vapor pressure are:

for the "a" fonnulation
for the "(3" fonnulation, (2)
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TABLE I
Collection of various fonnulas for Q and ,8 and their combination. Variable 1J is the volumetric soil
water content, 1J fc is the volumetric soil water content at field capacity, 9 is the acceleration due to the
gravity,1/Ig is the soil water potential at the surface, Rw is the gas constant for the water vapor, Tg is
the temperature at the soil surface, and X p is the volumetric fraction of soil pores; ,8. and Q (,8.) are
from Ye and Pielke (1993)

Abbreviation Method FonnulaInvestigator

1.8{}/({} + 0.3),
1,

I? ~ 0.375
I? > 0.375

Barton (1979) ,8=BA beta

Deardorff (1978) DE beta ,8 = min(l,1?f1?fc)

,8 = { ~[1 -cos({}1r/{}fc}f,

1,

t?~t?fc
t?>t?fc

Lee and Pielke (1992)

LP

beta

Philip (1957) PH alpha

(X = { ~[1"'- coS(t'J7rft'Jfc)],
1,

1'1 ~1'Ifc

1'1::> 1'Ifc
Iacquemin and Noilhan (1990) IN alpha

1- (1 -t?ft?jc)n,
n = 2,3,4

t?$ t?fc

Mihailovic et at. (1993) P2, P3, P4 alpha a=
t? > t?fc1,

a = a(B.)
{3 = (3(Xp)

alpha
beta

Ye and Pielke (1993) yp

where a and j3 are functions of soil wetness. Note that a acts like the relative
humidity of the air adjacent to the water in the soil pores although this is not
strictly accurate (Wetzel and Chang, 1987).

Table I summarizes different schemes with the a and j3 formulations which
have been used in numerical tests along with recent new proposed forms. This
collection of various formulas is practically the same as Table I in Mihailovic et al.
(1993).ln designing the schemes, the commonly used expression for a is the form
proposed by Philip (1957). From thermodynamic considerations Philip derived an
expression for a that originally has the form:

a = exp( 'l/Jggj RwTg) (3)
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where 'I! g, is the soil water potential at the surface, 9 is the acceleration of gravity,
and Rw is the gas constant for water vapor. For further use in this paper Philip's
fonnula will be expressed in tenDS of the volumetric water content 1J. Thus,

a = exp( -IAI/1JB) (3a)

where A = (g 'I! 8g 1J~) / RwT g. In the last expression 'I! 8g is the soil water potential
at saturation, 1J 8.9 is the volumetric soil water content at saturation and B is an
empirical constant.

Numerous authors have followed this approach (Sasamori, 1970; Napp, 1975;
McCumber and Pielke, 1981; Camillo et al., 1983; Sellers et al., 1986; and
Mihailovic et al., 1990). However, this scheme produces somewhat unrealistic
results, especially when the upper soil layer is dry. This fact is considered in more
detail by Kondo et al. (1990) and Lee and Pielke (1992). They showed that the a
factor depends strongly on the ratio of the specific humidity of the air and the spe-
cific humidity of the saturated air at the soil surface temperature for small values of
the volumetric soil moisture content. For these conditions a changes rapidly from
0 to 1.

This sensitivity of a was also noted by Mihailovic et al. ;(1993). Using the
soil physical parameters listed by Cosby et al. (1984), they calculated the relative
humidity a for sand, loam, and silty clay. The sensitivity of a to small values
of volumetric soil moisture content was obtained again but now for a chemozem
soil using the physical parameters from Zivkovic et al. (1972). Figure la shows
the results obtained for Philip's fonnula and two other "a" approaches which are
considered in this study. For the Philip fonnulation, a is still close to 1 even when
the volumetric soil water content has dropped below the pennanent wilting point
(0.17 m3 m-3 for a chemozem soil).

A number of authors have tried to overcome this deficiency of the Philip's
fonnula, which has resulted in a class of new fonnulas in either the "a" or the
"f3" fonD. Their detailed description can be found in the recent comprehensive
overviews by Mahfouf and Noilhan (1991), Lee and Pielke (1992), and Mihailovic
et al. (1993). Each of these fonnulas has been designed either from experimental
data (Kondo et al., 1990; Barton, 1979) or in a rather ad hoc manner (Deardorff,
1978; Mihailovic et al. 1990; Noilhan and Planton, 1989; Jacquemin and Noilhan,
1990; Lee and Pielke, 1992; and Mihailovic et al., 1993) where they simply assume
a functional relationship between f3 and 1J / 1J f c for the volumetric soil moisture
content 1J below the field capacity 1Jfc. Recently, Ye and Pielke (1993) suggested
a new scheme which is a combination of the "a" and the "f3" fonnulations. They
also discussed the impact of atmospheric stability, soil wetness at the top of the
soil, and soil type on the evaporation rate. Figures la and Ib show the relation
between volumetric soil moisture content and the a and f3 fonnulations which are
listed in Table I and used in the numerical tests.

An inaccurate parameterization of the latent heat flux can seriously disturb the
energy partitioning between the sensible and the latent heat at the surface and,
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consequently, the accuracy of the model where the scheme is incorporated. To
illustrate the impact of the scheme performance in computing the latent heat flux
on the partitioning of the energy between sensible and latent heat flux a numerical
experiment was performed. For that purpose we used the model described in
Section 3 with a field data set of 24 June 1982 collected over a bare soil at Rimski
Sancevi, Yugoslavia. For the latent heat flux calculations the P3 scheme, following
the notation in Table I, was used. The error in the latent heat flux was simulated
artificially by its linear changes in the range from -50% to 50% upon the observed
values of the latent heat flux. Errors in the numerical simulation of the Bowen
ratio and the soil surface temperature produced by the error in the scheme were
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computed. They were quantified by the root-mean-square error (RMSE) defined
as:

1/2
RMSE = [~(X;' -Xi)2fN (4)

where Xi and Xi are the computed and observed latent heat flux for the ith value
and N is the total number of calculations. The computed values of RMSE are
presented in Figure 2. From this figure it is evident that even the smallest RMSE
values of the Bowen ratio and the soil surface temperature do not correspond to
the smallest difference between simulated and observed latent heat fluxes (i.e., a
value of zero "error of scheme"). It can also be seen that the errors are larger in
the case when the scheme underestimates the value of the latent heat flux. There is
a more pronounced asymmetry for the Bowen ratio error than for the soil surface
temperature one.

3. 

The Numerical Model Used in Tests

The numerical model used in the present study is the land surface module (BARE-
SOIL) incorporated in the biophysical scheme UNICOS (Mihailovic and Jeftic,
1993) which is designed for use in different scale atmospheric models.

The BARESOIL model is based on a model for the prediction of the soil moisture
in three layers as developed by Mihailovic (1991) and Mihailovic et ai. (1993).
The prediction of the soil surface temperature was made using the force-restore
method (Bhumralker, 1975) and starts from the energy budget equation, i.e.,

aT 9 [WC A ] 1/2 Cg~ = Rng -Dg -LEg -2 (Tg -Tm)

(5)

where Rng is the absorbed net radiation, H 9 is the sensible heat flux, LEg is the
latent heat flux, (,.) 'is the frequency of diurnal surface temperature oscillation, C
is the volumetric heat capacity of the soil, ), is the thermal conductivity, T 9 is the
temperature in the upper 2 cm ofthe soil, and T m is the average daily temperature
in the 2 cm surface soil layer. In Equation (5), Cg represents the bulk heat capacity
per unit area of the upper 2 cm of soil which is defined as:

1/2

).C

2w
Cg = 0.95 (6)

in units of J m-2 K-I. For a sinusoidal diurnal variation of the ground temperature,
it can be obtained from the Fourier heat transfer equation (Zhang and Anthes,

1982}.
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was used for Tm (Acs et ai., 1991). The volumetric heat capacity of the surface
depends on the volumetric soil moisture content according to de Vries (1963):

c = ps( c + 4187'111) (7)

where Ps is the soil density, c is the specific soil heat of the dry soil fraction and '111
is the volumetric soil water content in the surface layer.

The thermal diffusivity, Kt, which is used in the definition of A, is parameterized
following the approximate formula for a loam soil by de Vries (1963) which is
later used in experiments by Wilson et ai. (1987) and Mihailovic et ai. (1992). That
formula has the form:

(8)

where Ii is the ratio of the saturated thennal conductivity for a given soil texture
to that of a saturated loam. The values for different soil textures can be found in
Table I of Wilson et ai. (1987). The thennal conductivity was calculated using the
expression:

A = KtC. (9)

The net radiation Rng at the soil surface accounts for the contributions of the
solar radiation (Rs) and the thermal radiation from the atmosphere (RL) absorbed
by the soil surface. It also accounts for the component of the solar radiation (ag Rs)
reflected from the soil surface. The net radiation is therefore defined as follows:

Rng = (1 -Qg )Rs + ~L,~EgO"T: .

Here ag and ~g are the albedo and emissivity of the soil surface and 0" is the Stefan-
Boltzman constant. The albedo is considered by taking into account its variability
with zenith angle and volumetric soil moisture content (McCumber, 1980). For the
thermal radiation from the atmosphere, we used the expression proposed by Staley
and Jurica (1972):

RL = [n + (1 -n)O.67(1670qr)o.o8]T: (11)

where n is the cloud fraction and qr is the specific humidity of the air at the
reference height Zr'

The sensible heat flux between the soil surface and the surrounding air, H g,
is:

Tg ...,.TrHg = pCp'
Ta
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For the latent heat flux LEg, we used Equation (I) with the different fonnulations
of hs including the Q and the f3 functions and their combinations listed in Table

The aerodynamic resistance ra in Equations (1) and (12) under neutral con-
ditions was calculated following Sellers et al. (1986) and Donnan and Sellers
(1989)

In2(zr/Zg) (13)

where k is von Karman's constant taken to be 0.41, Zg is the roughness length of
the ground, and Ur is the wind speed at the reference height Zr. The influence of the
atmospheric stability on the aerodynamic resistance is also taken into account.

The bare soil surface resistance, rs, in Equation (1), for all schemes listed in
Table I except the YP scheme, is calculated using the empirical expression given
by Sun (1982):

Ts = 33.5 + 3.5( '!?1/'!?sl)-2.38 (14)

where '/IJ} is the volumetric soil moisture content at the top soil layer and '/IJ sl is its
value at saturation. Following the YP scheme designed by Ye and Pielke (1993),
Ts is parameterized as:

0.0962

ku*
(ZgU*/ v )°.45rs =

where 11 is the kinematic viscosity of air taken to be 0.15 10-4 m2 S-I.
The soil moisture content was parameterized using three equations for three

layers of soil moisture storage, i.e.,

81'11

8t (15)

a'/?2

at

8713

8t
1

= -[Q23 -Q3]
D3

where fJi is the volumetric soil water content of the ith layer, Di is the thickness
of the ith soil layer, Pw is the density of water, P is the infiltration of precipitation,
Eg is the rate of evaporation from the soil surface, Qi,i+l is the water flow between
the i and the i + 1 soil layers, and Qi (i = 3) is the gravitational drainage from the
bottom soil layer. The water flux between adjacent layers is given by:

(18)
Q ..= K [2 'l/Ji -'l/Ji+ I + 1]~,~+l

D + Di i+l
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.K= -- (19)
DiKi + Di+lKi+l

where [( is the effective hydraulic conductivity between soil layers and K i is
the hydr~ulic conductivity of the ith soil layer which was detennined using the
empirical fonnula (Clapp and Hornberger, 1978):

Ki = K .W 2Bi+3
at (20)

where K si is the hydraulic conductivity at saturation of the ith soil layer. Further-
more, 1/Ji is the soil water potential of the ith layer, obtained by the formula (Clapp
and Hornberger, 1978):

't/J 't/J W -B ,-, ,
t -8~ i (21)

where 'l/Jsi is the soil water potential at saturation, Bi is an empirical constant for the
ith soil layer, and Wi = t?i/t?si is the soil moisture wetness of the ith soil moisture
at saturation. The gravitational drainage rate from the bottom was calculated by:

Qi = KsiW2Bi+3 sin x (22)

where x is the mean slope angle estimated to be 30 for the simulations reported in
this paper.

4. Numerical Tests Using in Situ Data

We have undertaken a series of numerical tests using in situ data with a primary aim
to examine the ability of the foregoing described schemes to simulate evaporation
from bare soil. For data we have chosen 23 cases (Table II) in which the evaporation
from a bare soil was calculated by the Bowen ratio method. In this section we present
the procedure of computing the latent heat fluxes from the gradient measurements
over the experimental site, and the boundary and initial conditions used in the
numerical tests.

4.1. EXPERIMENTAL SITE DESCRIPTION

The Department of Meteorology at the Institute for Crops and Vegetables of the
University of Novi Sad, has a micrometeorological experimental site at Rimski
Sancevi near Novi Sad in northern Yugoslavia (45.330 N, 19.500 E, 84 m above
mean sea level) on a chernozem soil of the loess terrace of Southern Backa. A
description of its structure and its distribution was given by Zivkovic et al. (1972).
This soil has the structure as follows: (a) a 0-0.35 m layer with 42.40% of quartz
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TABLE n
A list of initial conditions for the 23 cases used in the numerical tests. The
variables 19),192 and 193 are the volumetric soil water content in the three model
layers from the top to the bottom, respectively, and T 9 is the soil surface temper-
ature. The observed values for the latent heat fluxes are derived by the method
described in Section 3. The stars refer to the next day and the numbers in the
parentheses represent the order of days in Figures 8 and 9

#1 TgDates 1J2 1J3 Time
interval

Number of
observations

May, 1981
4

8
0.:
0.:
0.:
0.:
o.
o.
o.
o.
o.

0.28
0.28

0.28
0.28

0.24

0.24

0.23

0.24

0.22

0.27
0.27
0.27
0..27
0.26
0.26
0.23
0.23
0.23

282.

283.
285.
285.
288.
288.
290.
292.289.

500-]
500-]
500-]
500-]
500-]
500-]
500-]
500-]
500-]

9 (4)
3
2
7 (8)
8 (10)

12 (11)
7 (15)
8 (16)

11 (18)

15
20

22
25
27
29

June,
1
3

5
8

12
19
22

0.15
0.15
0.160.11

0.17
0.17
0.18

0.22
0.22
0.22
0.15
0.22
0.23
0.22

0.23
0.23
0.22
0.150.21

0.23
0.23

294.295.296.291.291.287.290.

500-1900

500-400*

500-400*

500-400*

500-400*

500-400*

500-400*

12 (1)
18 (2)
6 (5)
4

9 (7)
7 (9)

11 (12)

May, 1982

27 0.20

0.21

0.22 289.35 500--400* 14 (17)

June, 1982
4

11

24

0.13
0.12
0.18

0.18
0.18
0.20

0.21

0.200.21
291.75

292.25

292.85

500-400*500-400*500-400*

17 (4)
11 (6)
20 (13)

0.18
0.14

0.18
0.19

0.18
0.20

292.55

295.65

500--400*

500--400*

5

August, 1982

24 0.18

0.210.21

291.45

500-400*

12 (14)

24

24
24
241717171514

7555

15
159595

15
85
15

900

900

900

900

900

900

900

900

900

1981
3525

55
8545

55
35

July, 1982

6

21
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and 57.60% of clay; (b) a layer 0.35-0.50 m with 43.32% of quartz and 56.68% of
clay; (c) 0.50-0.75 m layer with 42.77% of quartz and 57.28% of clay; and (d) a
0.75-1.00 m layer with 42.12% of quart and 58.88% of clay.

The annual mean temperature at the site is 10.9 °C, and the average annual
precipitation for the period 1948-1982 was 603 mm with the maximum in the
summer. These data were taken from the neighboring (a distance of 500 m from
the soil site) standard meteorological station, Rimski Sancevi, which has been in
operation in the Yugoslavian Meteorological Network since 1948.

During the 1981-1985 period a gradient measurements program was carried
out. The main objective of that work was to examine the exchange processes of
heat, mass, and momentum above bare soil, winter wheat (Triticum aestivum ssp.
vulgare) and soya bean (Soja glicine) planted surfaces during their growing seasons.
The bare soil area was 50 m by 50 m and was surrounded by these plots.

4.2.

DATA COLLECfING FOR THE GRADIENT MEASUREMENTS

Except for the thennometers set in the ground, the rain gauge, and the measuring
instruments in the thennometer screen, all sensors were fixed to a mini-tower.

Wind speed was calculated by cup anemometers. Temperature was measured
using platinum resistance thennometers (a measurement accuracy 0.1 °C). The
thennometers and anemometers were set at 0.2,0.5, 0.8, 1.1, 1.4, 1.7, and 2 m
above the ground. Two solarimeters, one for exposure from above and one for
exposure from below, were used for measurements in the 0.3-2.5 JLm shortwave
spectral range (Kipp and Zonen CM5). The soil temperature was measured at 0.02,
0.05, 0.1, 0.2, 0.3, 0.5, and 1 m depths. Volumetric soil moisture contents were
measured at 10 cm intervals up to 1 m depth by gypsum blocks manufactured in
the Department of Meteorology (Mihailovic, 1983).

From these measurements the latent heat flux was estimated by the Bowen ratio
method starting from the energy budget equation:

Ro 

-n° -LEo -Go = 0
ng 9 9

where R~g is the absorbed net radiation, H% is the sensible heat flux, LE% is the
latent heat flux, and Go is the soil heat flux. Hereafter, the superscript or subscript
0 will refer to observed values, and values derived from them. Equation (23) can
be transformed to:

LE; = (R~g -GO)/(l +.f3w

where ,Bw = H% / LE% is the Bowen ratio. All terms in Equation (24) are mea-
sured independently or computed from independently measured quantities. Net
longwave (R~l) radiation was determined using Angstrom's formula (Angstrom,
1916), i.e.,
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R~L = [E:goO"T:o(0.180 + 0.250. lO-O.O94ero)

+4E:goO"T;o(Tgo -Tro)](l- 0.70n)

where E: go is the emissivity of the soil surface, T go is the soil surface temperature,
and Tro and ero are the air temperature and vapor pressure at 2 m, respectively.
The constants used in Equation (25) are those introduced by Boltz and Falckenberg
(1949). They are assumed to be appropriate for calculating the net longwave
radiation during both day and night. Then, the net radiation R~g was calculated
as:

R~g = R~ -R~ -R~L

where R~ and R~ are the measured global and reflected solar radiation. The soil
heat was estimated from gradient measurements of soil temperature using Ceytin's
method (Ceytin, 1953) which is described in more details in Appendix A.

Following Oke (1987), the Bowen ratio method has the advantage of not being
stability-limited because it only requires similarity between the turbulent diffusion
coefficients for heat and water vapor above a bare soil. Thus, to evaluate LE and
H over this surface all that is required are accurate measurements or estimations
of all terms on the r.h.s. of Equation (24).

The Bowen ratio as the key variable in this method was derived from the air
temperature and water vapor pressure measured at the seven above mentioned
heights. First we plotted the water vapor pressure against the temperature then
the average values were derived by the last square fitting from the measured
profiles following the methodology of Monteith (1973 ).In some cases, the observed
gradients and the calculated fluxes were of the opposite sign, mainly near sunset,
presumably because of instantaneous measurements. In these cases, the calculated
fluxes were not considered. The 218 hourly values of the latent and sensible heat
fluxes from 23 chosen cases were available for comparison with simulated ones.

Brakke et al. (1978) pointed out that a strong sensible heat advection can
seriously disturb the equality of the turbulent diffusion coefficients for heat and
water vapor which is the basic assumption in the Bowen ratio-energy balance
method. They have found that the errors could be up to 20-40% in estimating the
latent heat flux because of the strong horizontal advection. Analyzing the synoptic
charts and noting that in most of the cases the wind speed was quite weak (less than
1 ms-l) we conclude that the regional and local advection of the sensible heat had
no significant impact on the values of the surface fluxes at experimental site.

From measurement accuracies we have found in this study that the absolute
experimental error in calculating the surface fluxes was around 5 W m-2.

In the numerical tests we used the chemozem soil properties listed in Table
III.
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TABLE ill

Hydraulic constants of the chernozem soil of the loess terrace of southern Backa (Vucic,
1964; Zivkovic et ai., 1972; and Mihailovic and Acs, 1984)

Ground roughness
length (Zg) 0.01 m

Type
Chemozem soil Density (Ps)

1290 kg m-3

Hydraulic properties
Saturated moisture potential
Saturated hydraulic conductivity
Clapp-Hornberger's constant
Field capacity
Volumetric soil water content at its saturation
Specific heat of dry soil fraction
Ratio of saturated thermal conductivity

to that loam saturated loam

(~.)(K.)

(B)
(iifc)
(ii.i)
(c)
("(I)

-0.036 m
3.2 x 10-5 ms-
6.5
0.36 m3 m-3
0.52 m3 m-3
840 Jkg-1 K-1
0.95

Photometric properties

Emissivity 0.97(£g)

4.3.

BOUNDARY AND INITIAL CONDffiONS

In all data sets the atmospheric boundary conditions at the reference height Zr =

2 m were derived from measurements of global and reflected radiation, cloudiness,
precipitation, wet-bulb and dry-bulb temperatures, and average wind speed over
one hour intervals. Then the measured values were interpolated to the beginning of
each time step t = 600 s. The saturated water vapor pressure e* at any temperature
T was calculated by the empirical formula:

(27)e..(T) = 6. [ 17.4(T -273.16)

]exp T -34.16

where T is in kelvins.
Distribution of the soil layers was: DI =0-0.1 m, Dz = 0.1-0.4 m, andD3 =0.3-

1.0 m. The initial conditions for the volumetric soil moisture contents (7J1, 7Jz, 7J3)
and soil surface temperature (Tg), for all data sets, are given in Table II. The soil
temperature (Tm) was assumed to be equal to 301.45 K for all cases. The initial
condition for the atmospheric pressure was always the same -101.600 Pa.

Equation (5) was solved using an implicit backward-differencing sheme while
an explicit scheme was applied for solving the system of Equations (15)-(17).
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5. Results and Discussion

The perfonnance of the evaporation schemes listed in Table I was checked by
comparing the latent heat fluxes with the observations. There are 218 available
observed values in the 23 chosen cases. Figures 3a-c present the observed values
of the latent, sensible, and ground surface heat fluxes plotted against the values
computed by the "a" schemes.

We start our discussion with the Philip (1957) scheme. As already noted in
Section 2, the PH scheme mostly overestimates all observed values of the latent
heat flux, as can be readily seen from the concentration of the squares to the left of
the diagonal on the corresponding panel in Figure 3a. Moreover, that overestimation
is more pronounced in comparison with all considered "a" schemes. Among the
"a" schemes, it seems that the P4 scheme is the closest to the PH scheme using
this method of comparison. The results obtained by the P3 scheme are more
evenly distributed around the diagonal but still have a tendency towards the higher
values. In contrast to the previous schemes, the IN scheme simulates evaporation
from a bare soil which is systematically smaller than observed in the real world.
The last scheme from the collection of the "power" schemes, i.e., n, shows an
approximately equal concentration of squares around the diagonal.

Regarding the comparison of the sensible heat fluxes displayed in Figure 3b we
can note that values computed by all schemes generally overestimate the observed
heat fluxes. The PH and "power" schemes have a very similar concentration of
squares and order of magnitude of the overestimated values. However, the values
computed by the IN scheme are higher than obtained by the other schemes.

From Figure 3c it can be seen that all schemes usually underestimate the
observed values of the ground heat flux. Further inspection of this figure indi-
cates that the IN scheme gives a more balanced concentration of squares around
the diagonal than other "a" schemes. This tendency is also present to some extent
for the n scheme.

Figure 4a represents results of the latent heat computations obtained by the "/3"
and combined "a" and "/3"methods. We have chosen the LP, DE, and BA schemes
as representative of the "/3" method. The LP scheme mostly underestimates the
observed values. The scheme proposed by Deardorff (1978) evidently is the scheme
which neither overestimates nor underestimates the observations. The BA scheme
is similar to DE but slightly tends towards higher values of the latent heat fluxes.
The Ye and Pielke (1993) approach is a combination of the "a" and "/3" approach.
This method mostly overestimates the observations.

Figure 4b presents the observed values of the sensible flux plotted against the
values computed by the "/3" method and combination of the "a" and "/3" approach-
es. As found for the "a" schemes, all schemes presented in this figure overestimate
the observations. The BA, DE, and LP schemes show a similar concentration of
squares towards the higher values but with a different order of magnitude for the
overestimated values. In contrast to the previous schemes, the YP scheme gives a
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Fig. 3a. Values of latent heat flux computed by the "a" schemes plotted against values observed
over bare soil at Rimski Sancevi for the 23 chosen cases (Table II) used in the numerical tests.
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Fig. 3b. Values of sensible heat flux computed by the "cr" schemes plotted against values observed
over bare soil at Rimski San~evi for the 23 chosen cases (Table ll) used in the numerical tests.
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Fig. 3c. Values of ground heat flux computed by the "cr" schemes plotted against values observed
over bare soil at Rimski Sancevi for the 23 chosen cases (Table II) used in the numerical tests.
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Fig.4a. Same as in Fig. 3a but for ",8" schemes and the combined "a" and ",8" scheme.

more balanced concentration of squares around the diagonal but with considerable
scatter.

Figure 4c shows that all schemes displayed generally underestimate the observed
values of the ground heat flux. The LP scheme has a greater balanced concentration
of squares around the diagonal.

The description in the preceding paragraphs becomes clearer if we consider a
comparison between "a" and "(3" curves drawn in Figure 1 and the distribution of
the squares in Figures 3a and 4a. The functional form of the "a" curves computed by
the corresponding schemes, presented in Figure la, could be an indicator whether
the scheme predicts larger or smaller values of the latent heat flux than observed.
Thus, for any fixed value of the volumetric soil moisture content, the fractional
part of the near soil relative humidity and in the schemes is fixed and varies
from an evident overestimation (PH) to an underestimation (IN) with the "power"
schemes (P3, P4, and P2) placed in between. This conclusion has to be slightly
redefined for extremely wet or dry conditions. This order for the "a" schemes is
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Fig.4b. Same as in Fig. 3b but for "{3" schemes and the combined "a" and "{3" scheme.

maintained in Figure 3a. Looking at the panels from left to right it can be seen that
the concentration of the squares moves from the left to the right of the diagonal.
Following this speculation we can conclude that the order of the ",B" schemes in
Figure 1 b is maintained in Figure 4a. The YP scheme is not presented in Figure 1
since it is a combination of the "a" and ",B" approaches.

In order to emphasize the feature of the schemes to overestimate or underes-
timate the observations, we have grouped the squares in Figures 3a and 4a into
"under" and "over" boxes. The "under" and "over" boxes contain the number of
observations, Nt = N u + No = 218. The distribution of these boxes is shown in
Figure 5. In this figure the bars are ordered from left to right corresponding to the
"a" and the ",B" schemes and their combination. The IN and LP schemes have
Nu = 188 and Nu = 144 cases, respectively, and thus significantly underesti-
mate the observed values. The PH (No = 187), P4 (No = 171), YP (No = 170),
P3 (No = 158), and BA (No = 154) schemes overestimate the observed latent
heat fluxes. The P2 and DE schemes have practically the same distribution of
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4c. Same as in Fig. 3c but for" ,8" schemes and the combined" cr" and ",8" scheme.

"over" boxes (e.g., No = 125 and No = 127). However, these descriptions and
classifications are more illustrative than quantitative since they do not give us
any information as to their numerical deviation from the observed values. This
quantitative analysis requires a statistical analysis.

A simple statistical quantity parameter (normalized sum of deviations, referred
to as NSUM hereafter) is defined as:

NSUM = [~(Xf -Xi)] 1M.

The parameter M is a number which is equal to N u or No depending on whether a
scheme underestimates or overestimates the observed value of the latent heat flux.
The other variables in Equation (28) have the same meaning as defined in Section2. 

The normalized sums of deviations of latent heat fluxes, computed by the various
schemes as contrasted with the observed values, is presented in Figure 6. A survey
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Fig. 5. Distribution of cases when values of latent heat fluxes computed by the different schemes
overestimate (black bars) or underestimate (white bars) the corresponding observed values.

of the distribution of bars in this figure indicates that the schemes can be readily
classified into three groups. The first group is made up of the PH, YP, P4, P3, and
BA schemes. Their NSUM parameter is positive and varies from 68.5 for BA to
96.72 W m-2 for the PH scheme. On the other hand, with respect to the negative
values of NSUM, all these schemes are close to each other (- 36.6 to -41.9 W
m-2). Consequently, this group of schemes has a general feature of significantly
overestimating the observations. The DE and P2 schemes comprise the second
group. For both schemes the NSUM parameter is the same when it is positive
(52.6 W m-2) while when negative their values are close to each other (-45.9
to -47.8 W m-2). These two schemes neither systematically underestimate or
overestimate the observations. Finally, it can be seen in Figure 6 that the third group
consists of the LP and IN schemes which, apparently, significantly underestimate
the observations, although the positive part of the NSUM parameter for the IN
scheme is also pronounced.

Perhaps additional information which could be useful in improving theparam-
eterization is a plot similar to Figure 1 but derived from the observations. The
computed values of the "(t" and the "{3" functions and their values derived from
the experimental data as a function of the volumetric soil water content are pre-
sented in Figure 7 .These values were obtained from the measured latent heat flux,
water vapor pressure and the computed resistances following Equation (2). From
this figure we can see that the theoretical curves follow the observations as is
already indicated in the previous discussion. Again, the experimental values are
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more equally distributed around the P2 scheme from the "a" and DE from the ",a"

family.
To quantify the differences between the considered schemes we have computed

the root-mean-square error (RMSE) defined by Equation (4). The computations
were performed for all schemes using two conditions for filtering the data from the
data sets. The first condition was used for statistical confidence. We excluded cases
when the total number of observations N was less than 5. The second one was
taken to statistically homogenize the data set. This was achieved by including the
latent heat fluxes only for the daytime period. These two conditions were satisfied
for 18 days out of the 23 which are listed in Table II. The results of corresponding
computations are presented in Figure 8. As expected, the grouping of the schemes
is similar to that indicated in Figure 6.

In order to augment the number of statistical parameters for supporting a con-
clusion about the differences between the tested schemes, we computed the "factor
of deviation" (FOD). This is a dimensionless measure of the agreement between
the simulated and observed diurnal variation of the latent heat fluxes. This analysis
scheme has already been used by Mihailovic et ai. (1993). Here, we used the FOD
in the form as:
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From this definition it follows that the FOD factor is equal to 0 when complete
agreement is achieved. Any other value shows the degree of disagreement. The
computed values of that factor for all schemes for the same data sets as used in the
RMSE computations are plotted in Figure 9. The distribution of the FOD factor for
all schemes supports the comments regarding the accuracy of the different schemes
concluded from Figures 6 and 8.

Finally, we calculated two more parameters obtained by averaging the values
of the FOD and the RMSE parameters over the 18 days. These computed values
are shown in Figure 10. It is readily seen that the PH and yP schemes have the
highest values of RMSE (upper panel) while the P2, LP, and DE schemes have
the lower values of the RMSE. The case-averaged FOD parameter (lower panel)
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shows similar results although the ordering is slightly different compared to the
case-averaged RMSE parameter.

In interpreting this paper, of course, we must keep in mind that the above
conclusions are valid for this particular soil type. To generalize these conclusions
additional data sets from the sites with different soil textures are needed.
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6. Concluding Comments

The considered schemes are based on different existing approaches: the "a", "(3",
and their combination schemes. For in situ data we have chosen 23 days in which
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Fig. 10. Root-mean-square error (upper panel) and FOD factor (lower panel) calculated for all
schemes using Eqs. (4) and (29). The interval of averaging is over all days in parentheses in Table ll.

the hourly values of evaporation from the particular soil type (chernozem soil of
the loess terrace of Southern Backa) were derived from the gradient measurements
over the experimental field using the Bowen ratio method. Of the results shown,
we can summarize the conclusions as follows:

0
0
LJ-
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.All chosen schemes have better performances than the scheme proposed by
Philip (1957) although that scheme is the only thermodynamically derived one.
The "a" schemes: PH, P4, P3, the ",B" scheme (BA) and their combination YP
significantly overestimate the observations. With respect to the total number of
considered observations, their percent of overestimation is from 86% to 66%.
However, in this group the BA and P3 schemes, on average, show the smallest
deviations with respect to the observed latent heat fluxes.

.The "a" scheme proposed by Jacquemin and Noilhan (1990), and the Lee and
Pielke's (1992) ",B" approach underestimate the observations in 86% and 66% of
the cases, respectively.

.The P2 and DE schemes show results which are very close to each other.
Apparently, a balance between underestimations and overestimations is produced
only with these schemes.

.Finally, the best results are achieved by the DE, LP, and P2 schemes. Thus, they
could be recommended to numerical modellers as a suitable choice in modelling
of surface processes. However, we have to keep in mind that these schemes just
minimize error, but uncertainties in the results due to the non-zero error remain.
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Appendix. A Method for Calculating the Soil Heat Flux

The heat flux G into or out of the soil may be determined under the equation
(Ceytin, 1953; Vereshnin et al., 1959)

G = C[Z~T / ~t + k(fJT /fJz)z] (AI)

where C is the volumetric heat capacity of the soil, Z is the depth of the daily soil
temperature change (for example, it was 0.30 m for chemozem soil in this study),
~T / ~t is the time rate of temperature change averaged for the soil layer from the
surface to Z, k is the thermal diffusivity and ({)T / () z) z is the vertical temperature
gradient existing at the depth Z.

Both terms in Equation (AI) may be written in the finite-difference form.

Thus,

(A2)
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where N is the total number of depths in the layer Z meters below the surface
while, TH is the temperature at depth H which, depending on soil textures, varies
from 0.5 m to 1 m.

The time rate of temperature change (ilT / ilt)i can be expressed in the form

LlT 

/ Llt)i = [(Ti + Ti-l/2 + Ti-l)' -(Ti + Ti-l/2 + Ti-l)"]/ Llt

where Ti is the temperature at the ith depth and Ti-l/2 is the temperature in the
middle of the ith layer. The superscripts' and " denote the values of temperature
at the beginning and the end of the time step At, respectively.

The thermal diffusivity kN in (A2) is estimated following Kolmogorov (1950),

I.e.,

kN = O.OOOO274(ZN -ZN-I)2/ln2S

with the quantity S defined as

(AS)

where subscripts 1, 2, 3 and 4 enumerate the values of the soil temperature at the
beginning of the successive 6-h intervals, during 24 h, starting from 0600 LMT in
the morning.

Measuring the temperature at chosen depths and expressions (A2)-(A5) we
can get all quantities which are needed in (A2) for calculating the soil heat flux.
Dependence of the volumetric heat capacity Ci on the soil moisture content in the
ith soil layer is considered according to de Vries (1963), i.e.,

Ci = !!si( Ci + 41871?i)

where flsi is the soil density, ci is the specific soil heat of the dry soil fraction and
1?i is the volumetric soil moisture content in ith soil layer. In this study we used:
(1) Z = 0.30 m, (2) H = 0.50 m, (3) the five depths located at 0.05,0.1,0.2 and
0.3 m and (4) Llt = 3600 s.
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