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Abstract
Atmospheric and land surface data collected from the HAPEX-MOBILHY field experiment were used to compare the
bare soil evaporation simulations of 13 land surface schemes and to examine the relationship between differences in
evaporation and differences in soil moisture. For a 120-day period in which there was no vegetation present, computed total
evaporation ranged between 100 and 250 ram. This large range in evaporation was not related to soil moisture differences.
Prescribing surface soil moisture and temperature did not reduce the range in evaporation and instead the range was
increased. The models' predictions of evaporation were in closer agreement with each other when they were allowed to
select their own surface conditions than when they were forced to use the same conditions. The bare soil evaporation
formulations used by the land-surface schemes are not consistent with each other and these inconsistencies produce
widely-varying bare soil evaporation rates. The range in bare soil evaporation is unlikely to be reduced by improving the
simulation of soil moisture and instead an assessment of why the bare soil evaporation formulations are inconsistent is
required.

1. Introduction
The simulation of land surface processes in GCMs
began with the simulation of bare soil processes
(Manabe, 1969). These simple models were extended
to include variable albedo and roughness, and sometimes included an attempt to parameterise the effects
of vegetation tapping soil moisture via roots (e.g.,
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Hansen et al., 1983). The trend in land surface
modelling has been towards increasing complexity
both above and below the g r o u n d - a i r interface, resulting in schemes such as the Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al.,
1986, Dickinson et al., 1993) and the Simple Biosphere (SiB; Sellers et al., 1986) which include an
explicit canopy parameterisation. Simple bare soil
models (e.g. Robock et al., 1994) are still used today
and have been shown to perform consistently with
the more advanced schemes on an annual average
(Pitman et al., 1993).
Regardless of their complexity, all land surface
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schemes can simulate evaporation from barren regions and, in addition, most land surface schemes
permit evaporation from the soil beneath the canopy
or from a fraction of the host-model grid square
which is not vegetated. The ability of land surface
models to simulate bare soil processes is therefore
important. As bare soil processes are inherently simpler to simulate than the coupled bare soil-canopy
processes, it might be expected that a set of land
surface schemes, carefully initialised and parameterised, should be able to agree on bare soil evaporation.
This paper draws on results from the RICE and
PILPS soil moisture workshop held at Macquarie
University in November 1994 (Shao et al., 1995).
Data from the H A P E X - M O B I L H Y field experiment
at Caumont (Goutorbe and Tarrieu, 1992) were used
to compare the simulation of soil moisture processes
by 13 land surface schemes for a soya crop. The
workshop aimed to investigate the differences between the schemes' simulations of soil moisture,
evaporation, transpiration, runoff and drainage. In
this paper, we make use of results from a 120-day
period in which there was no vegetation to quantify
differences between the simulations of bare soil
evaporation and to examine the relationships between those differences and the corresponding differences in soil moisture.

2. Modelling bare soil evaporation
The 13 land surface schemes used in this study all
have the same basic design in that they model how
the land surface evolves in time given a description
of the land surface and atmospheric forcing data.
They are however, designed for a variety of applications and consequently, they are of varying levels of
complexity and emphasise different aspects of the
land surface. In this section, we describe the bare
soil evaporation formulations of the models. More
detailed descriptions of the models can be found in
Shao et al. (1995) and in the following papers:
BATS, BEST (Pitman et al., 1991; Pitman and Desborough, 1996), BGC (Running and Hunt, 1993),
BIOME2 (Haxeltine et al., 1994), BUCKET
(Manabe, 1969), CENTURY (Parton et al., 1993),

CLASS (Verseghy et al., 1993), CSIRO9 (Kowalczyk et al., 1991), ISBA (Noihlan and Planton, 1989),
PLACE (Wetzel and Boone, 1995), SECHIBA2
(Ducoudre et al., 1993), SSiB (Xue et al., 1991) and
VIC (Liang et al., 1994).

2.1. Potential evaporation
Three potential evaporation formulations are used
by the models discussed in this paper. BATS, BEST,
BUCKET, ISBA, CLASS, PLACE, SSiB and
SECHIBA2 use the aerodynamic formulation;
CSIRO9, BGC, VIC and CENTURY use the Penman-Monteith formulation (Monteith, 1965); the
Priestley-Taylor formulation (Priestley and Taylor,
1972) is used by BIOME2. All three methods are
combination methods (Milly, 1991) in that evaporation is calculated by combining aerodynamic expressions for heat and moisture fluxes with the surface
energy balance equation:

R,=H+LE+G

(1)

where R n is net radiation (W m-Z), H is the
sensible heat flux (W m - 2 ) , L is the latent heat of
vaporisation (J kg-~), E is the evaporation rate (kg
m -2 s-1) and G is the ground heat flux (W m-2).
The aerodynamic expressions for potential evaporation (Ep) and sensible heat ( H ) are:

Ep=p(q*(Tg)-qa)/rav

(2)

H = pc,,(~ - T~)/ra,

(3)

where q is specific humidity (with * indicating the
saturated value) and T temperature (the subscripts g
and a refer to the ground surface and the air respectively); roH and r~v are the aerodynamic resistances
to heat and water vapour respectively; p is the
density of air and Cp the specific heat of air at
constant pressure. The potential evaporation rate predicted by Eq. (2) is the rate that would occur if water
were freely available at the soil surface (it should be
noted that there is some dispute over whether Tg is
the appropriate temperature for calculation of potential evaporation: see Milly, 1992). There are several
empirical methods which can be used to reduce
potential evaporation to actual evaporation and these
are discussed later in this section.
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The non-linear dependence of q * on temperature
means that the system of Eqs. (1), (2) and (3) (with
some modification to Eq. (2) so that it gives actual
evaporation) can only be solved either by iteration
(the aerodynamic approach) or by including an additional equation to describe the temperature-dependence of q*. Equations based on the second approach are called combination equations (Milly,
1991). Penman (1948) produced a simple combination equation by approximating the humidity gradient in Eq. (2) by a linear expression involving the
gradient (s) of the tangent to the saturation vapour
pressure curve evaluated at the air temperature (Ta).
Monteith (1965) added a surface resistance (r S) to
account for the physiological control exerted by
plants over evaporation to produce a combination
equation that could be applied to vegetated surfaces
(the Penman-Monteith equation):
s( R . - G) + pcpda/rav

E~ =

s + y ( 1 + rs/rav )

(4)

where d a is the vapour pressure deficit of the air
above the surface and y is the psychrometeric constant. It is assumed that the aerodynamic resistances
to heat (r~H) and water vapour ( r , v ) are identical.
The * was added to Ep to indicate that it is not,
strictly speaking, a potential evaporation in that it
includes a surface resistance. In the simple nonvegetated case considered in this paper, r s is equal
to zero and Eq. (4) predicts potential evaporation.
The Priestley-Taylor formulation is a simple combination equation in which equilibrium evaporation is
multiplied by a factor of 1.26 ( a ) ;

ep =

s(n. - a)

s + 7(1 + rs/rav )

(5)

The value of c~ has been shown experimentally to be
extremely variable (Monteith and Unsworth, 1990).
Milly (1991) points out that equations such as
Penman-Monteith and Priestley-Taylor which use
Penman's linear approximation of the humidity gradient consistently underestimate evaporation, sometimes by a substantial amount. He presents a series
of simple higher-order combination equations which
could be used to obtain a more accurate estimate of
the evaporation rate. None of the land surface
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schemes in this paper used the equations of Milly or
the comparable equations of Paw and Gao (1988).
As well as using different basic formulations for
potential evaporation, the models also use a variety
of different methods to reduce the potential evaporation rate to the actual rate.

2.2. Parameterising the dependence of bare soil
evaporation on soil moisture
Water in the soil is not freely available for evaporation and the amount of water which can be lost
through the soil surface is dependent on the atmospheric demand (potential evaporation) and the hydraulic transfer within the soil. In order to simulate
the highly non-linear nature of the soil hydraulic
properties (see Mahrt and Pan, 1984) the vertical
resolution of the land surface scheme must be very
high, with depths of order 1 mm near the surface.
This is not possible in land surface schemes designed
for General Circulation Models (GCMs) as such a
thin soil layer would require a very short timestep
and this is computationally expensive. The need for
computational efficiency and the lack of detailed soil
information on a global scale, limits the number of
soil layers to between one and three layers in most
cases.
As discussed by Kondo and Saigusa (1990) and
Mahfouf and Noilhan (1991), simple methods for
relating bare soil evaporation to soil moisture are
required. There are three methods used in land surface models at present: the o~, /3 and -), methods.
The a and /3 methods use a parameter to represent
the availability of soil moisture for evaporation, while
the 3, method limits evaporation by the maximum
rate at which soil moisture can be supplied to the
evaporating surface. Kondo and Saigusa (1990) point
out that while there are many ways to represent this
surface moisture availability, it has not been established which methodology is generally superior. The
methods used by the models discussed in this paper
are summarised in Table 1.
In the ~ formulation, surface specific humidity is
assumed to be proportional to saturation specific
humidity and bare soil evaporation (Eg) is parameterised as:

Eg= p( ceq* (Tg) -- qa)/rav

(6)
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Table 1
Bare soil evaporation formulations used by the models showing
the method used for calculating potential evaporation and the
method used to incorporate the dependence of evaporation on soil
moisture stress
Model

Timestep

Potential
evaporation

Moisture
stress

BATS
BEST
BGC
BIOME2
BUCKET
CENTURY
CLASS
CSIRO9
ISBA
LAPS
PLACE
SECHIBA2
SSiB
VIC

30 min
30 min
1 day
1 day
30 min
l day
30 min
30 rain
30 min
30 min
30 min
30 min
30 min
60 min

Aerodynamic
Aerodynamic
Penman-Monteith
Priestley-Taylor
Aerodynamic
Penman-Monteith
Aerodynamic
Penman-Monteith
Aerodynamic
Aerodynamic
Aerodynamic
Aerodynamic
Aerodynamic
Penman-Monteith

/3 and y
/3
y
/3
/3
a
/3
a
a
y
/3
a
13

3. Experimental design

Kondo and Saigusa (1990) state that a expresses
the land surface moisture availability as the air relative humidity at the humidity roughness height but
also point out that, rather than using the relative
humidity at the humidity roughness height, the relative humidity of the air in the soil pore space is often
used (calculated following Philip, 1957). In the 13
formulation, evaporation is parameterised as:

Eg = p/3( q* (Tg) - qa)/rav

ods are then used to reduce the potential soil evaporation to the actual evaporation ( a , /3 and 3'), it
becomes increasingly likely that the actual evaporation rate will differ between models. The first 120
days of the simulations from the soil moisture workshop (Shao et al., 1995) were used to investigate the
degree of consistency between the model simulations
of bare soil evaporation. There was no vegetation
cover during this period and thus the entire evaporation flux was through the soil-atmosphere interface.

(7)

Mahfouf and Noilhan (1991) discuss the methods
used to calculate the a and /3 parameters (see their
table 1).
In the third type of approach, the y method
(supply and demand), evaporation occurs at the potential rate until the soil is no longer able to diffuse
water to the evaporating surface at a high enough
rate to supply the atmospheric demand. Evaporation
is thus limited by either supply or demand and
occurs at whichever rate is the smallest. The major
drawback of this approach is the difficulty in parameterising the rate of moisture diffusion within the soil
and specifying the soil properties upon which the
diffusivity depends.
Given that three basic methods are used to calculate the potential soil evaporation (Penman-Monteith,
Aerodynamic and Priestley-Taylor) and three meth-

This section describes the relevant experiments
(Experiments 13 and 2al) from the soil moisture
workshop. A more detailed description of the workshop experiments is provided by Shao et al. (1995)
and in the other papers contained in this special
volume.
A number of control experiments were conducted
before and during the soil moisture workshop with
soil and vegetation properties being specified differently for each experiment. One of the control experiments, Experiment 13, was designated as the preferred control and it is used as the control in this
paper as well. Appropriate soil and vegetation properties were carefully selected so as to ensure that
differences between the simulations of the models
were not due to differences in these properties. The
models all started from the same initial conditions
and were forced with the same observed atmospheric
data, which was available at a 30 rain interval for
one continuous year. The models were run continuously against the forcing data for as many years as
required to equilibrate with it and the equilibrium
simulations were compared. In this paper we cornpare the models' simulations of surface soil moisture
and bare soil evaporation for the first 120 days of an
equilibrium year.
A further experiment was conducted (Experiment
2al) to examine how the treatment of bare soil
evaporation varied between the models. The models
were run to equilibrium and then restarted from the
beginning of an equilibrium year. They were run for
120 days with soil moisture and temperature in the
top 10 cm of the soil prescribed from the control
simulation of BATS.
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shown here). The relative positions of the models
within the range of evaporation rates remains quite
constant throughout the period (if a model predicts
evaporation at the top of the range in January, it
remains at the top of the range in April). The total
evaporation for the four months varies between 100
and 230 mm (Fig. lb) which correspond to average
fluxes of 25 and 55 W m -~, respectively.
There are two possible explanations for why the
models produce such widely varying evaporation

4. Results

4.1. Results from Experiment 13
The equilibrium evaporation for Experiment 13
varies substantially between the models such that the
range is 10-40 W m -2 in January and 50-110 W
m - ~ at the end of April (Fig. la). The increases in
the mean evaporation and the range between the
models follow the increase in net radiation (not

120
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Fig. 1. Evaporation for the first 120 days of an equilibrium year in the control experiment (Experiment 13). (a) 7-day running mean; (b)
Cumulative.
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Fig. 2. Soil moisture (saturation fraction) in the top 10 cm of the soil for the first 120 days of an equilibrium year in the control experiment

(Experiment 13).

rates given the same land surface characteristics and
the same atmospheric forcing. The differences could
result from the use of inconsistent bare soil evaporation methodologies or they could result from differences in soil moisture simulated by the models. The
models are run from the start of an equilibrium year,
so they will have different initial soil moistures.
Even given the same initial soil moistures, differing
amounts of runoff and drainage during the period
could lead to the models having different soil mois-

tures. Thus, the differences could be due to differences in other parts of the models rather than being
due to differences in their treatment of bare soil
evaporation.
Fig. 2 shows how soil moisture in the top 10 cm
of the soil column varies over the 120 day period,
where soil moisture is measured in terms of saturation fraction (the ratio of soil moisture to pore
space). The thick lines represent wilting point (0.33)
and field capacity (0.72). The field capacity is the
10
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Fig. 3. Dependence of total evaporation on average soil moisture
for the first 120 days of the control experiment (Experiment 13)
for each model.
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Fig. 4. Dependence of change in soil moisture on total evaporation
for the first 120 days of the control experiment (Experiment 13)
for each model.
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maximum amount of moisture that the soil can hold
after free drainage has occurred. The wilting point
has no real significance for bare soil evaporation, but
is included as a guide. The majority of the models
start the equilibrium year with soil moisture between
0.6 and 0.7 and remain in that range for most of the
120 day period. There are three exceptions: CSIRO9
starts with soil moisture just above field capacity and
increases throughout the period; CENTURY begins
with a much lower value of soil moisture and varies
between wilting point and field capacity; CLASS
simulates evaporation within the consensus range for
280
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the first 60 days and follows the CENTURY values
for the remainder of the period.
Fig. 2 shows that the majority of the models have
surface soil moistures lying in a narrow range near
field capacity. Fig. 3 shows that there is no relationship between total evaporation and average surface
soil moisture in the 120 day period. The large differences in the evaporation rates simulated by the models (Fig. 1) cannot be explained in terms of soil
moisture differences. This implies that the differences are due to difference in the bare soil evaporation formulations of the models.

a

240

&~'

BATS

G~

BEST

:,---i,~ B G C
~ - ~ B IO M E 2
<~ ~ B U C K E T

e~ 200

D- - 9 CLASS
C S IR O 9

~: 160

~

ISBA

I

~

PLACE
o

120
C-

-~

811

:,

:,-,~ iv, !%\

-

SSiB
:~ v i e

v/

40
0

30

0
450

60
90
Days from start of year

120

b

E~

400
/

350

/

/

/

L~-~ B I O M E 2

/I

<&~C BUCKET
~> ~> CLASS

,~. 300

• - ' C S IR O 9

/

L.
/

~. 250

~ ISBA

,/
/

200

~/"
/

~~

./

150
100
5O
0

BEST

~ ~BGC

•

0

30

60
90
Days from start of year

Fig. 5. As Fig. 1 but from Experiment 2al.

120

PLACE

54

C.E. Desborough et al. / Global and Planetary Change 13 (1996) 47-56

The large differences in evaporation have little
effect on soil moisture. The total evaporation for the
120 days varies from 100 to 230 mm, while corresponding changes in soil moisture are negligible for
most models. There is no relationship between the
change in soil moisture and the total evaporation and
the maximum change is only 7 mm (Fig. 4). Given
that the precipitation is prescribed, this means that
the sum of surface runoff and drainage to deeper soil
must also vary by 130 mm. This is not a surprising
result, given that the models have soil moistures near
field capacity.

4.2. Results from Experiment 2al
The findings from Experiment 13 are supported
by results from Experiment 2al in which the surface
conditions (soil moisture and temperature in the top
10 cm) were prescribed. If the differences in evaporation (Fig. 1) were due to differences in soil moisture, specifying the surface conditions should decrease the range in evaporation. This decrease was
not observed in Experiment 2al (Fig. 5). This supports the claim that differences in evaporation cannot
be explained by differences in soil moisture.
Furthermore, the range of evaporation in Experiment 2al (Fig. 5) is actually larger than the range in
Experiment 13 (Fig. 1). Excluding CLASS (which
produces 450 mm of evaporation), the total evaporation varies from 50 to 250 mm for Experiment 2al
(Fig. 5b) compared to a range of 100 to 230 mm for
Experiment 13 (Fig. lb). The level of agreement
between the models is higher when they are allowed
to predict their own surface conditions than when
they are forced to use prescribed conditions. This
implies that if all the land surface schemes were
forced with the observed soil moistures and temperatures, the range in answers would be larger than
when permitted to use values which match the
schemes evaporation formulations.
These findings are most clearly illustrated by
CLASS. When it is allowed to calculate soil moisture internally (Experiment 13), CLASS simulates
evaporation which is well within the range predicted
by the other models (Fig. 1). When forced to use the
BATS soil moisture and temperature, CLASS simulates almost double the next highest evaporation in
April and May. This does not reflect badly on

CLASS, but it does demonstrate the danger of interfering with the internal consistency of land surface
schemes.

5. Summary and implications
These conclusions only apply to the situation
where soil moisture is in plentiful supply and further
exploration is required to determine the behaviour of
the schemes under moisture stress. However, we
conclude from the experiments conducted here that:
1. 13 schemes produced very different bare soil
evaporation rates, with total evaporation for the
120 days ranging from 100 to 230 mm;
2. differences between the models simulation of bare
soil evaporation cannot be explained by variations
in soil moisture and are instead due to differences
in the methodologies used to calculate bare soil
evaporation;
3. models perform better (the range of evaporations
is smaller) when allowed to equilibrate to their
own surface conditions (soil moisture and temperature) than when the surface conditions are prescribed;
4. change in soil moisture over the 120 days is
largely independent of the evaporation rate.
The implications of these results are:
1. Inconsistencies between the bare soil evaporation
formulations used by land surface schemes lead
them to produce very different evaporation rates
for the same conditions. More work is required to
determine why 13 land surface schemes produce
such a large range in bare soil evaporation for a
site with no vegetation, prescribed soil properties
and identical atmospheric forcing.
2. The correct simulation of evaporation and runoff
requires changes in soil moisture to be correct and
does not necessarily require the absolute values of
soil moisture to be correct. Specifying soil moisture correctly may not provide improved simulations of fluxes such as evaporation and runoff.
This implies that we require direct validation data
for these fluxes rather than validation data for soil
moisture.
3. Evaporation simulated by some models (e.g.
CLASS) with prescribed surface conditions was

C.E. Desborough et al. / Global and Planetary Change 13 (1996) 47-56

worse than the evaporation simulated by the models when the surface conditions were predicted
internally. This demonstrates the danger of interfering with the internal consistency of land surface schemes and indicates that it would be extremely difficult (and unpredictable) to interchange sub-models between different land surface
schemes.
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