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Abstract

Results from the 14 land surface parameterization schemes involved in the PILPS—RICE Workshop are compared for a
soya crop growing season (from June to September). During this period, the transpiration flux dominates the total surface
evapotranspiration and observed data from HAPEX~-MOBILHY are available for comparison. Results indicate that during
the month of June half of the models fall within the uncertainty range of the observations.

The scatter between models behaviour is explained by three major reasons:

+ The functional dependency between soil moisture and transpiration;

« the initial moisture content at the beginning of the period;

- the vertical discretization within the soil and the extension of the root system that defines the soil water holding capacity

for plants

Examination of diurnal cycles of evaporation reveals that formulations based on the supply—demand concept are very

sensitive to the specification of the root zone.

This analysis underlines the need for more sensitivity experiments to be done with the current forcing data set and more
detailed datasets to be collected in future field experiments (e.g. latent heat flux during all the growing season, root zone

distribution).

1. Introduction

The main goal of the RICE and PILPS Workshop
was to evaluate soil moisture simulations in current
land surface parameterization schemes developed for

* E.C.M.W.F.,, Shinfield Park, Reading, Berkshire RG2 9AX,
UK. E-mail: paf@ecmwf.int.

atmospheric, hydrological and ecological purposes.
All these disciplines need an accurate estimation of
the surface water budget over continental surfaces.
Soil moisture is a key parameter controling this
budget and strongly influences the other components.
Soil moisture availability controls the flux of water
vapour leaving the surface through soil pores and
plant stomata. The water holding capacity of a soil
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determines to a large extent the partition of incident
precipitation between storage and runoff. All these
statements imply that the evolution of soil moisture
has to be accurate enough over the time scales of
interest (from one month to several years for climatic
purposes). Land surface schemes have also to pro-
vide a sound link between soil moisture and water
fluxes directly affecting the lower atmosphere

(surface evapotranspiration) and the deep ground

hydrology (runoff and drainage).

The purpose of this paper is to present and ana-
lyze results obtained from this intercomparison dur-
ing the summertime period where surface evapotran-
spiration is dominated by plant transpiration. The
general framework of this comparison is described in
Shao et al. (1995) and will not be repeated here.
With respect to other aspects of land surface schemes
examined in companion papers (Desborough et al.,
1996-this issue; Wetzel et al., 1996-this issue), plant
transpiration is certainly more difficult to simulate.
Runoff and bare soil evaporation are based on well-
defined physical concepts (water transfers in porous
media) even though they are strongly non-linear
inducing large spatial heterogeneities. On the con-
trary, the processes and mechanisms controlling tran-
spiration are more complicated, involving the inter-
action of abiotic factors (such as pressure—volume
characteristics of the soil, the radiation environment,
and leaf boundary layer dynamics) with biotic fac-
tors (such as diffusion of water across root mem-
branes, transport in the liquid phase through the
conductive tissue, and biochemical signals control-
ling stomata). Simplifying assumptions are required
in order to represent this system numerically, and
much of the variation between schemes is due to
different simplifications. This is true of all numerical
implementations of natural processes, but the interac-
tion of biotic and abiotic factors that characterizes
this particularly complex system requires a wider
range of simplifications than in the case of evapora-
tion from bare soil.

Two original aspects of the results obtained dur-
ing this Workshop concerning plant transpiration can
be outlined:

- The HAPEX-MOBILHY dataset has provided
measurements of all the components of the sur-
face water budget during a one month period
(Intensive Observing Period: IOP) associated with

the beginning of the growing phase of a soya

crop. Precipitation and soil moisture have been

measured during one year, allowing a partial ex-
amination of the surface water budget during the
entire growing cycle of the crop.

- The wide variety of surface schemes has enabled
the comparison of the most currently used formu-
lations of plant transpiration.

In section 2 we describe the various approaches
developed so far in land surface schemes to represent
plant transpiration. They are based on physical and
physiological understanding of the processes in-
volved. Section 3 focuses on the analysis of the
results during both the IOP (one month) and the
growing season (four months). Conclusions are pro-
vided in the last section together with needs and
strategies for future intercomparisons of land surface
schemes against observed datasets.

2. Parametrization of transpiration
2.1. General features

Transpiration is a physiological process associated
with photosynthesis, which involves the transfer of
water from soil through the roots, stems, branches
and leaves. In most landsurface schemes, the param-
eterisation of transpiration is achieved by introducing
the concept of canopy resistance as a measure of the
control of moisture transfer by the vegetation
(Monteith, 1965).

For fully vegetated surfaces, the transpiration flux
is described by

Ep=p(4u(T) = )/ (rat 1) (1)

with r, being the bulk stomatal resistance or bulk
canopy resistance, and r, an aerodynamic resistance
described by Monin-Obukhov similarity theory (Stull,
1988).

Bulk stomatal resistance is a sub-grid scale vari-
able and is difficult to measure. In most of the
landsurface schemes, the stomatal resistance of a
leaf, R is calculated and the bulk stomatal resis-
tance r, is obtained by assuming all the leaves of the
canopy to operate in parallel using an analogue of
Ohm’s law. A common assumption is that

re=Ry/LAI (2)
where LAI is the leaf area index.
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R, is expressed as a function of minimum leaf
stomatal resistance R, and of external factors to
represent photosynthetic activity and the limitation
of water losses by the plant in unfavorable environ-
mental conditions (soil moisture availability, atmo-
spheric water vapour deficit, solar radiation, air tem-
perature and carbon-dioxide concentration). The dif-
ficulty of this approach is to use functional depen-
dencies suitable for a wide range of vegetation types.
The proposal of Jarvis (1976), where R, is ex-
pressed as a product of independent factors, is often
adopted.

Another approach to represent the reduction of
transpiration flux in unfavorable environmental con-
ditions was introduced by Federer (1979, 1982).
Transpiration is limited by the supply of water from
the roots or by the atmospheric demand (mostly
driven by radiation). The maximum water flux that
the plant can supply for a given soil moisture content
is compared to the water flux in unstressed condi-
tions, the minimum of these two quantities is then
chosen (Wetzel and Chang, 1987).

2.2. Summary of the various approaches
The formulation of the basic equations used repre-
sent evaporative fluxes from vegetation varies among

the models represented at the Workshop. Some of
this variation is due to fundamental structural differ-

Table 1

ences between models, such as different time-steps
(from minute to one day) or different soil layer
structures (from one to nine layers), and some of the
variation is due to differences in the conceptualiza-
tion of the transpiration process in the models.

Attention was focussed on the representation of
one element of this system, the control of evapotran-
spiration by soil moisture. This seemed the most
relevant aspect of the entire system to the overall
goals of the Workshop, and one that would give us a
first glimpse at the more fundamental differences
between schemes. It is a necessary step in the pro-
cess towards understanding, but it is far from suffi-
cient.

Table 1 summarizes the main features of each
scheme related to the representation of water trans-
fers from the root zone to the atmosphere. The
second column gives a brief description of the gen-
eral transpiration formulation employed by the
schemes. There appear to be two distinct categories:
those schemes that assess transpiration as the mini-
mum of a supply function and a demand function,
and include the influence of soil moisture in their
supply equations (S& D); and those schemes that use
some derivative of an Ohm’s law model (r,), and
include the influence of soil moisture as a change in
canopy resistance or moisture availability (so-called
B-parameter). Relationships between soil moisture
and transpiration are depicted in Table 2. There is a

Summary of the representation of transpiration. S&D corresponds to the supply—demand approach, r. to representations based on the
canopy surface resistance concept, and B to representations using the moisture availability concept (ratio of actual to potential evaporations)

Model Timestep Transpiration Number of Depth of effective
formulation soil layers root zone (cm)

BATS 30 min S&D 3 50

BEST 30 min S&D 2 150

BGC 1 day re 3 50

BIOME2 1 day S&D 2 50

BUCKETP 30 min B 1 160
CENTURY 1 day B 9 50

CLASS 30 min re 3 50

CSIRO9 30 min re 2 160

ISBA 30 min re 2 160

LAPS 30 min re 3 50

PLACE 30 min S&D 7 50

SECHIBA?2 30 min B.r. 2 160

SSiB 30 min r. 3 50

VIC 60 min r 2 50
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wide range of implementations, from simple ratios to
exponential and power relationships, having varying
numbers of parameters that specify the shapes of the
functions. In the second group the shape of the
relationships between soil moisture and canopy resis-
tance are different, but also some empirical parame-
ters such as the minimum stomatal resistance, or the
threshold when water stress begins and transpiration
ceases. Values of these parameters are also reported
in Table 2 as they explain some differences in model
behaviour.

Fig. 1 represents the evolution of the ratio of
transpiration E, to potential evaporation E,,
(herafter defined as moisture availability) with soil

Table 2

Summary of the parameterisation of transpiration. W is the volumetric water content over the root zone, W,

water content, as given by the schemes based on
canopy resistance and moisture availability concepts.
The atmospheric resistance r, is set to an arbitrary
value of 50 s/m to allow comparison between the
two formulations. Indeed, the equivalent moisture
availability of schemes including a canopy resistance
can be written:

Ta

p= r,+r,

For most of the schemes, transpiration is negligi-
ble below the wilting point, except for CLASS.
During the Workshop, participants agreed on same
set of textural soil properties and definitions of wilt-

wite 1S the volumetric water

content at wilting point and Wy, the volumetric water content at field capacity. ¥ is the matrix water potential, W, is the matrix water
potential at saturation, and ¥,;, is the matrix water potential at wilting point

Model Relation with soil moisture Parameters
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ing point and field capacity on the basis of the Clapp
and Hornberger (1978) and Cosby et al. (1984) data
sets. This explains why the strong decrease of mois-
ture availability below the wilting point (0.15 m*
m~?) is coherent between the schemes. The starting
point for hydric stress is very different between the
schemes. For SSiB, the dependence of transpiration
with soil moisture takes place in a very sharp region
close from the wilting point. This comes from a
dependency of the stress function with water poten-
tial, whereas most of the schemes have a dependency
with volumetric water content. By contrast, schemes
like ISBA or LAPS have a wider range of variation
of transpiration with soil moisture. Schemes with
high values of E, /E, for wet soils are expected to
evaporate strongly at the beginning of the growing
period (BUCKETP, VIC, SSiB). Schemes with a
rapid decrease of E /E,, with soil moisture will
tend to produce contrasted phases with high evapora-
tion rates followed by much weaker ones. A smoother
transition between potential evaporation and stressed
transpiration regimes is expected from schemes like
ISBA, LAPS or CSIRO9. The functional dependency
of the stress function in SECHIBA2 leads to a

discontinuity at wilting point. A discontinuity is also
observed for LAPS at field capacity.

When the soil is above field capacity (0.32 m®
m™3), the level of the plateau of the various curves
is explained by the choice of the minimum (un-
stressed) stomatal resistance (indeed in that range,
B=r/lr,+ R, /LAI]. For example, CSIROY
and ISBA, although having the same functional de-
pendency with soil moisture, have specified R
values of 50 s/m and 200 s/m, respectively.

Another aspect of the theory and numerical imple-
mentation of the various schemes is the dependence
of the soil moisture/canopy resistance relationship
on the structural definition of the soil layers and the
treatment of root distribution in those layers. The
various schemes use differently the root proportion
information specified as a site parameter in the as-
sessment of soil moisture stress at different levels in
the soil. Schemes resolving the first 50 cm of soil
extract soil moisture for transpiration mostly from
this layer (CENTURY, VIC, PLACE, BATS,
BIOME?2, CLASS, BGC, SSiB, LAPS) wheras those
having a bulk reservoir in the root zone have a much
higher water holding capacity (ISBA, CSIRO9,

smin
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Fig. 1. Evolution of the soil moisture availability with soil moisture content for a fully covered canopy for eight land surface schemes . Soil
moisture availability B is defined as the ratio of actual evapotranspiration to potential evapotranspiration E,, (E = BE,,). A constant
aerodynamic resistance of 50 s/m is assumed when expressing schemes based on canopy resistance concept in terms of moisture

availability.
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BUCKETP, SECHIBA2, BEST) as summarized in
Table 1. The reason is that they implicitly distribute
the roots within the whole profile (1.6 m). We will
see in the results that important differences between
schemes responses come from fundamental differ-
ences in soil water stress response.

In summary, while the brief initial investigation
of the theory and numerical implementation of the
transpiration fluxes in participating schemes revealed
some similar approaches with quite disparate imple-
mentations, the sensitivity of the schemes to the
exact formulations employed has yet to be demon-
strated. A thorough understanding of the differences
in behaviour between schemes will require an exami-
nation not only of the equations used to calculate the
transpiration fluxes, but also of the interaction of the
calculated fluxes with the logical structuring of soil
layers and root distribution.

3. Design of the experiments

The design of experiments undertaken during the
Workshop is fully described in Shao and
Henderson-Sellers (1996-this issue), so only a sum-
mary is given here. The land surface schemes are
forced by a time series of near-surface atmospheric
and radiative parameters, and precipitation measured
at the Caumont site (southwestern France) during the
HAPEX-MOBILHY 1986 field campaign (André et
al., 1988). The sampling of the atmospheric forcing
is 30 minutes. The data set starts on 1st January and
lasts for one year. The site was a soya crop field with
vegetation during five months (May to September)
and bare soil during other times. Various experi-
ments were performed during the Workshop corre-
sponding to different soil and vegetation parameters
that where not measured during HAPEX-MOBILHY
(Shao and Henderson-Sellers, 1996-this issue).

In Experiment 13 which is analyzed here, schemes
were forced with the same meteorological data and
had the same prescriptions for soil characteristics
(Cosby et al., 1984) and vegetation structure. Each
scheme was allowed to come to equilibrium with the
atmospheric forcing data and establish its own an-
nual pattern of moisture and energy fluxes. It was
hoped to reach some general conclusions about dif-
ferences between schemes by analyzing their be-

haviour in a ‘native’ or ‘operational’ mode. Another
incentive to study these results was the availability
of observations during the forcing period against
which the control experiment results could be com-
pared or validated.

Two independent observation data sets were used
as references in the comparison of the simulated
latent heat fluxes and soil water changes during the
growing period. One set of observations consisted of
measurements of net radiation, sensible heat flux,
and ground heat flux on 15 minute intervals, for a
period of 37 days, with complete observations from
day 148 (28 May 1986) through day 184 (3 July
1986) during the IOP of HAPEX-MOBILHY. Esti-
mates of latent heat fluxes based on these measure-
ments were derived as the residual of the energy
budget equation (Goutorbe, 1991; Goutorbe and Tar-
rieu, 1991). The other set of observations consisted
of the precipitation data, measured at the site every
15 minutes, and weekly measurements of soil water
content at several depths. Estimates of evaporative
fluxes were derived from these observations based

Table 3

Water budget during the growing season. XE,, is the accumu-
lated total evaporation from day 148 to day 274 (expressed in
mm). 3Eg is the accumulated bare soil evaporation from day 148
to day 274 (expressed in mm). m(1) is the water amount at the
beginning of day 148 over the whole soil column (1.6 m). m(2) is
the water amount at the beginning of day 274 over the whole soil
column (1.6 m). Am=m(1)— m(2), IP is the accumulated
precipitation from day 148 to day 274 (177 mm) and R is the
residual term of the water balance (a negative term is a Joss for
the soil column)

Model 3E, 3E, m(1) m2) 4m+3P R
BATS 58 272 469 371 275 -3
BEST 70 344 428 260 345 -1
BGC 50 306 483 349 311 -5
BIOME2 4 272 478 369 286 - 14
BUCKETP 0 324 438 282 333 -9
CENTURY 10 249 453 355 275 -26
CLASS 85 310 450 295 332 -2
CSIRO9 87 387 586 373 390 -3
ISBA 108 341 477 315 339 2
LAPS 167 382 560 452 285 97
PLACE 37 316 436 302 311 )
SECHIBA2 10 381 495 292 380 1
SSiB 139 358 521 294 404 —46
VIC 31 287 518 351 344 -57
HAPEX - 320 508 364 321 1
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on the water budget equation, using the assumption
that there was no runoff or drainage out of the 1.6 m
soil column during this period. These estimates were
only possible when there was a soil moisture mea-
surement, and so they provide a fairly coarse means
of evaluating fluxes at the site, although they do
provide flux estimates for the whole of the growing
season.

Results of the comparisons during the IOP are
presented below, followed by results of comparisons
throughout the growing season. The growing season
has been chosen from 28 May to 30 September
(4-month period) corresponding to the period where
the crop has reached a mature stage so that the
surface evaporation flux is dominated by the contri-
bution of the vegetation. Although the soya crop
begun to grow at the beginning of May, the amount
of bare soil remains significant during that month.
Including this period in the growing phase would
lead to a more difficult interpretation of the results.
The goal of the various groups formed during the
Workshop was to select specific time periods in
order to isolate processes (transpiration, bare soil
evaporation, runoff) for a better understanding of the
model behaviours. Table 3 reports cumulative total

evaporation and evaporation from bare ground simu-
lated by all the schemes during the 4 summer months.
It shows that vegetation evapotranspiration ranges
from 60 to 100% of total evaporation. During that
period the vegetation cover is set to a constant value
of 90% and the leaf area index is equal to 4.

Discussion also includes an assessment of the
coherence between these two independent observa-
tion data sets used to retrieve the surface evaporation
flux (surface energy budget on one side and surface
water budget on the other side).

Experiment 13 cannot be considered as the simu-
lation that leads to the best agreement with observa-
tions (experiment 15 was designed for that but more
modifications and tunings of the various schemes
were allowed). Comparison of results with observed
data will be done with caution, because the observed
data present some inconsistencies. Observed evapo-
ration estimated with atmospheric sensors is close to
the residual between soil moisture estimates from
neutron probes and precipitation measurements dur-
ing the JOP (Mahfouf, 1990). The imbalance be-
tween these two quantities gives an indication on the
accuracy of the total retrieved evaporation (25 mm
for a total amount of 126 mm). Ideally observations

ACCUMULATED EVAPORATION
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Fig. 2. Observed and predicted values of accumulated evaporation during the Intensive Observing Period (IOP) at the location of Caumont
(from day 148 to day [84). The solid curve corresponds to the atmospheric measurement by the SAMER station (energy balance method)
and the squares are weekly retrievals from the residual of the surface water balance (soil moisture and precipitation) assuming no drainage.
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would also be required to set some of the input
parameters of the landsurface schemes. We have
tried to impose parameters defining the surface in a
coherent manner, from the available observations.
Unfortunately, most of the parameters characterizing
the description of the soya crop were not measured
(root density, LAl, vegetation cover). Other parame-
ters like R, ;. depend on the scheme used and can
hardly be imposed as a common value. For example,
schemes having a dependency on vapour pressure
deficit will impose a lower value for R, to pro-
duce the same canopy resistance as schemes that do
not account for this effect. Moreover, some partici-
pants have preferred to impose the parameters they
use to choose for crop vegetations in their host
model, rather than ones tuned for this specific dataset.
The consequence is that the performance of such
schemes can be poorer with respect to schemes
having tuned parameters. This reveals that the differ-
ences seen below can also come from methodologi-
cal choices.

4. Analysis of the control experiment
4.1. Intensive observing period (IOP) results

Estimates of evapotranspiration fluxes during the
IOP derived from the residual of the energy budget
equation for measured values of net radiation, sensi-
ble heat flux, and ground heat flux, give a total
amount of 126 mm summed over 37 days, or an
average flux of 3.40 mm/day. The accumulated
mean daily evapotranspiration for all schemes is
presented in Fig. 2 together with measurements from
the SAMER station (solid line) and from neutron
soundings and precipitation (open squares) assuming
no runoff during this period. More than half of the
models reproduce total evaporation close to these
two estimates from the data (SSiB, SECHIBA2,
BEST, CSIRO9, ISBA, PLACE, LAPS BATS).

Two models have a very different behaviour than
observations. BUCKETP overestimates by 60 mm
the evaporation and CLASS only evaporates 75 mm
during the IOP. Fig. 1 explains such differences:
BUCKETP evaporates at a potential rate when soil
moisture is above 0.75 X (w;, — w,,;,) which is the
case at the beginning of the IOP. There is no control

of the water flux by the surface. During this period
(June) the evaporative demand is high and explains
simulated amounts by this scheme. This result is
interesting because it shows that the observed evapo-
transpiration rate is significantly lower than the po-
tential rate for unstressed vegetation.

On the other hand, control exerted by CLASS on
transpiration appears excessive. R, /LAl is set to
50 s/m which leads to R, ; = 200 s/m with
LAl =4 as shown by the level of the plateau on
curves displayed in Fig. 1. Since this value is the
same as ISBA, which nevertheless produces much
higher evaporation rates, we have to search for an-
other reason to explain the difference. Accumulated
bare soil evaporation over the IOP is much lower in
CLASS than in ISBA (23 mm against 66 mm)
although transpiration rates are similar (47 and 52
mm, respectively). Such a difference in bare soil
evaporation is explained by the use of a separate
energy budget for the soil surface in CLASS whereas
ISBA has a single temperature for both soil and
vegetation.

Some schemes simulate a total amount of evapo-
ration close to observations but show compensating
mismatches at the beginning and the end of the IOP.
LAPS produces very low evaporation rates during
the first 10 days that are compensated by higher
evaporation rates afterwards. CENTURY has the
largest evaporation rate after BUCKETP during the
first 25 days followed by low rates until the end of
the IOP. The VIC model has a similar behaviour:
evaporation is close to observations up to day 25 and
is thereafter strongly reduced. The main reason for
this lies in the vertical structure of the roots within
the soil layer that allows water to be extracted only
in the first 50 cm. It induces a smaller water-holding
capacity than for other schemes. The effect is evident
for these two models (VIC and CENTURY) and not
for others having the same structure because they
lose soil water more rapidly. The VIC model allows
a significant amount of gravitational drainage even
in the summertime period, and the stress function is
ineffective for CENTURY in the early stages of the
IOP. Another feature of these two schemes is that
transfer between layers only operates from top to
bottom. The process of capillary rise that could
moisten a dry superficial layer from wetter deep
horizons is not simulated by these schemes.
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Note that vertical structure alone is not enough to
stratify model’s behaviour, as illustrated by the fol-
lowing examples from two models which have the
same vertical structure as VIC, namely roots in the
top 50 cm of soil. BIOME2 has an insufficient total
amount of evaporation, because of a constant under-
estimation for all regimes. The evaporation for SSiB
is close to observations in the first 20 days, but

towards the end there is a tendency for over-evapora-
tion due to the rather flat shape of the evaporative
stress function (Fig. 1).

Of the 14 schemes involved in the intercompari-
son, only three of them do not resolve the diurnal
cycle (the ecological models BIOME2, BGC and
CENTURY). For the others it is important to check
their behaviour at the daily time scale. Most of the
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Fig. 3. (a) Observed and predicted values of surface latent heat flux from 14 to 17 June 1986 at Caumont for schemes resolving the diurnal
cycle. (b) Observed and predicted values of surface latent heat flux from 1 to 4 July at Caumont for schemes resolving the diurnal cycle.
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land surface schemes involved are developed for
climate models that resolve the diurnal cycle or for
mesoscale models where the time scale of interest is
the diurnal cycle. We have selected two 4 day peri-
ods in the middle and at the end of the IOP. The first
period is chosen around one of the *’golden days’’ of
the IOP (16 June); it starts from 14 June and ends on
17 June. Two cloudy situations encompasses two
clear sky days where the radiative energy at the
surface is high.

Fig. 3a reveals that the BUCKETP model, which
was an outlier on the monthly time scale, has a much
different behaviour than the other models, because
this type of model was not designed to represent the
diurnal cycle. The surface latent heat flux is strongly
overestimated (up to 300 W /m? on the 15 June) and
the maximum lags by about 4 hours with respect to
observations. During the cloudy days (where the
atmospheric demand is low) there is good agreement
between the models. However, two models produce
a much lower evaporation than the others and obser-
vations (CLASS and VIC). Differences are particu-
larly large during the two clear sky days.

Besides the previously mentioned models, two
other ones produce a very different diurnal pattern
for surface latent heat flux: BATS and PLACE.
These models are based on the supply-demand con-
cept for the estimation of the transpiration flux.
During the 15-16 June the atmospheric demand is
high (net radiation around 600 W /m?). These mod-
els switch at the beginning of the day from an
atmospheric demand estimate to a soil-plant supply
leading to a plateau around 250 W/m?. Other
schemes produce a quasi-sinusoidal shape with max-
ima around 450 W /m? in agreement with observa-
tions. As observed latent heat is deduced from net
radiation it is not surprizing to recover the sinusoidal
radiative forcing on this quantity. However, it is
unlikely that the measured sensible heat could have
been underestimated by 200 W /m? required to match
the models based on supply-demand concept. BEST
uses the supply—demand approach but does not show
the same behaviour as PLACE and BATS, because
that scheme has a larger water holding capacity (the
root zone extents over the whole soil depth). The
evaporation from SSiB is higher than the other mod-
els and than observations. The stress function is
inefficient far from the wilting point (due to a depen-

dency in water potential instead of volumetric water
content) and soil moisture is rather high.

Examination of another period (1-4 July) reveals
identical problems for schemes based on supply—de-
mand approach (Fig. 3b). During 2 July, evaporation
produced by BATS is negligible wheras for other
models it peaks around 400 W /m2. At the end of 3
July an intense convective event occured filling the
water reservoir in the root zone for BATS and
PLACE. The day after (clear sky) all the schemes
produced high evaporation rates. During dry spells
soil moisture depletes progressively reducing the wa-
ter supply flux. Since schemes like PLACE and
BATS have roots only in the first 50 cm of soil, soil
moisture can be rapidly depleted with subsequent
reduction in transpiration. On the other hand the root
zona reservoir can be rapidly wetted by intense
rainfall events, leading to more contrasted evapora-
tion regimes than schemes having a bulk root zone
(1.6 m). CLASS produces increased evaporation with
respect to the previous 4-day period, because it does
not have any water stress when soil moisture is
above the wilting point. VIC still produces too low
evaporation during the first 3 days but agrees with
other models when the 50 cm soil layer (root zone)
has been partially replenished. Numerical oscillations
that appear for SECHIBA? are linked to the intercep-
tion reservoir. The peak on evaporation produced by
BATS on 1 July is due to evaporation from the
interception reservoir when the surface does not limit
this quantity. The BUCKETP model still produces
too much evaporation after the sunset and too low
after sunrise. However, the maxima have been con-
siderably reduced with respect to the previous pe-
riod. This indicates that BUCKETP switches very
rapidly from high to low evaporation rates due to the
shape of the B-parameter (Fig. 1).

The comparison over the IOP period shows the
BUCKETP model to be an outlier producing too
much evaporation. This conclusion is in agreement
with previous comparisons of this model versus a
more advanced schemes (Sato et al., 1989; Sud et al.,
1990). The structure of the vertical layers in the soil,
defining the root zone extension, appears to explain
some differences between the models, since it gives
to a large extent the water holding capacity (the
amount of water is available for transpiration). The
choices in the values of R also explain differ-
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Fig. 4. Scatter plot of initial soil moisture on day 148 (28 May)
versus the accumulated evaporation during the growing season (28
May-30 September).

ences in schemes which are conceptually similar.
However, ecological designed schemes and atmo-
spheric designed schemes cannot be split into two
distinct categories. When associated with a multi-
layer soil structure, the supply—demand approach to
represent transpiration simulates a diurnal cycle for

latent heat flux incompatible with observations. The
problem lies perhaps in an incorrect specification of
the extension of roots in the soil, as BEST scheme
using the supply—demand concept does not turn off
evaporation because of its bulk soil structure in the
root zone.

4.2. Growing season (June—September) results

As an attempt to characterize the behaviour of the
schemes over the entire growing season (127 days
from 28 May to 30 September) in a simple way, two
diagnostic variables were assessed: the total soil
moisture at the beginning of the growing season, and
the cumulative evapotranspiration flux during the
growing season. Values were compiled for all
schemes from the results of Experiment 13, and the
two variables were used as Cartesian coordinates to
generate the scatter plot shown in Fig. 4. Reported
values of evapotranspiration from the model results
were used to generate the cumulative evaporation.
This allows examination of the influence of the
initial water content at the beginning of the IOP on
the total evaporation during the growing season. This
may help to sort out problems coming from the
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during the IOP and the squares are weekly retrievals from the residual of the surface water balance (soil moisture and precipitation)
assuming no drainage.
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representation of transpiration from the ones induced
by the initial value of soil moisture. Indeed, it is
likely that a scheme producing too low evaporation
rates or too low drainage in the wintertime period
will start the growing season with too high moisture
content. In such case, evaporation will be overesti-
mated due to a large extent to excessive water in the
soil.

An estimate of the actual growing season cumula-
tive evaporation is derived from the water budget
equation, observations of precipitation, observations
of total soil moisture, assuming growing season
runoff and drainage out of the 1.6 m soil column are
negligible.

The surface water budget can be written as (as-
suming no drainage):

y P—E
where m is the moisture content (in millimeters over
the whole soil column), E, the evaporation rate and
P, the precipitation rate.

It can be integrated between two times ¢, and ¢,
where soil moisture measurements m(1) and m(2)
are available, leading to an estimation of the accumu-
lated evaporation during that period of time:

SE=[Edt=m(1) —m(2) + [2Pdt

The assumption of negligible runoff and drainage
is supported by observations at the site, reported in
Goutorbe et al. (1989), and also 9 of 14 schemes
agree that runoff and drainage in this period are
small (Table 3). The assumption of zero-runoff al-
lows the inclusion of a point on the scatter plot (Fig.
5) for the observed cumulative evaporation during
the growing season. No assumptions are necessary to
obtain the soil water at the start of the growing
season since it was observed directly.

The schemes can be grouped in three categories
corresponding roughly to three of the four quadrants
in Fig. 4. Some schemes have a higher moisture
content than observed at the beginning of the IOP
and evaporate too much during the growing season
(CSIROY, LAPS, SSiB; Group A). The second group
also corresponds to schemes having higher accumu-
lated evaporation than observed but for another rea-
son since they start the period with lower soil mois-

ture amounts than observed (SECHIBA2, BEST,
ISBA BUCKETP; Group B). These schemes are
associated with a single layer in the root zone lead-
ing implicitely to a large water holding capacity. In
the last category are schemes giving evaporation
values lower or close to the observed one (PLACE,
CLASS, BGC, BATS, BIOME2, VIC, CENTURY;
Group C). All these schemes have a root zone of 50
cm. Some schemes in Group C are located along the
first diagonal (BATS, BGC, BIOME2, CENTURY),
meaning that those starting with the lowest amounts
of soil moisture are producing the lowest total evap-
oration. This is however not true for VIC, PLACE
and CLASS.

The water budget during the growing season (Ta-
ble 3) shows that one of the three models having too
much evaporation produces a non-negligible upward
flux of water from the bottom layer (LAPS) which
might explain part of its anomalous behaviour. On
the opposite VIC and CENTURY simulate a signifi-
cant drainage flow, that reduces available water for
evaporation.

4.3. Comparison of IOP and growing season results

Accumulated evaporation during the whole grow-
ing season is depicted on Fig. 5 for the 14 schemes.
It also includes both accumulated evaporation mea-
sured by the SAMER station during the IOP (previ-
ously discussed) and the estimate from neutron probes
(integrated soil moisture over the 1.6 m depth) and
precipitation (assuming negligible runoff). The model
results are spread equally around these observations.
Three models produce higher evaporation rates than
observed during most of the growing season
(SECHIBA2, CSIRO9, LAPS). Four models simu-
late much lower amounts than reported in the data
(CENTURY, BIOME2, BATS, VIC). The shape of
the total accumulated evaporation is also instructive.
For example, BUCKETP reaches a total amount
close to data although considerably overestimating
evaporation during the first 50 days. The opposite is
true for CLASS where evaporation is underestimated
at the beginning but the total cumulative value is
correct. For models like BGC, accumulated evapora-
tion is close to a straight line indicating no evidence
of water stress at the end the growing phase. On the
other hand, for models like BEST, ISBA, CSIRO9
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this curve has a bent shape indicating a reduction of
transpiration when soil moisture has been sufficently
depleted. Reduction of bare soil evaporation that was
rather high for BEST in wintertime is also partially
responsible of its behaviour as described in Desbor-
ough et al. (1996-this issue). Other models like
BATS and CENTURY have a step-like behaviour.

A more precise examination is undertaken over a
40-day period having a strong rainy events (Fig. 6).
A 10-day running mean has been done to smooth the
curves, and to retain only the long term trend.
Schemes with one bulk layer in the root zone (1.6 m)
produced high evaporation rates with a rather smooth
time evolution (SECHIBA2, BEST, ISBA, BUCK-
ETP). On the other hand, schemes with a multi-layer
structure (root zone in the 50 cm top soil layer) lead
to periods of low evaporation followed by sharp
increases after rainy events (SSiB, CENTURY,
BATS, PLACE). BIOME2, VIC and BGC have an
intermediate behaviour because they do not have a
superficial layer than can fill up rapidly. The differ-
ence in water holding capacities means that a given
water amount will produce a different effect on
transpiration if spread on a 10 cm, 50 cm or 160 cm
layer. Unfortunately, daily mean observed values are
not available during this period.

4.4. Preliminary conclusions

The previous analysis suggests that part of the
differences is related to the structure of the schemes,
and part is due to the initial water content at the
beginning of the IOP. All three of the ecological
models and also BATS and VIC fall in the low
evapotranspiration group. Models with a bulk layer
in the root zone tend to produce the higher evapora-
tion rates (SECHIBA2, BEST, BUCKETP, ISBA,
CSIRQO9). The ISBA scheme produces relatively low
evaporation in this group due to the high value of
minimum canopy resistance chosen. More than half
of the models agree with observations during IOP.
The only model producing an atypical behaviour is
BUCKETP with too high evaporation rates during
IOP and too low after that. Moreover, this model
produces an unrealistic diurnal cycle of the surface
latent heat flux with an important time lag that may
come from an overestimation of soil heat capacity.
This feature although not new is confirmed by the
present study (Sato et al., 1989; Sud et al., 1990). On
the daily time scale, the concept of supply—demand
used with multi-layer soil models (PLACE, BATS)
produces estimates of latent heat flux that do not
match observations. Mahfouf and Noilhan (1991)
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have also reported the difficulty for this approach to
simulate the diurnal cycle over bare soils. Although
the way latent heat flux has been retrieved from
measurements links it closely to net radiation, it is
unlikely that the very low evaporation rates simu-
lated in dry spells by these schemes are realistic.
This highlights the important sensitivity of the sup-
ply—demand approach to the specification of the
vertical profile of roots within the soil.

S. General conclusions and perspectives

It was clearly demonstrated during the Workshop
that the disagreements among schemes in soil mois-
ture prediction, evaporation and sensible heat fluxes
are largest during the growing period of the soya
crop, caused possibly by profound differences in the
treatment of transpiration. Therefore, much attention
was paid to trying to understand the variation be-
tween models in simulated evapotranspiration and
the changes in soil moisture during the growing
season. Theory of the transpiration formulations was
documented and simulations compared with observa-
tions.

The formulations of transpiration are extremely
variable between the models represented at the
Workshop. Part of this variation is due to fundamen-
tal structural differences between models, such as
different time-steps or different soil layer structures,
and some of it is due to differences in the conceptu-
alization of the transpiration process by the scheme
designers. However, stomatal resistance is com-
monly used to parameterise complicated mechanisms
controlling transpiration involving the interaction of
abiotic with biotic factors.

After comparing the control experiments with ob-
served HAPEX-MOBILHY data and analysis of
additional experiments, it can be concluded that there
appear to be two categories of transpiration compo-
nents in the schemes represented in the Workshop:
those falling into the low evapotranspiration group
and those in the high evapotranspiration group. It is
suggested that these differences are related to the
structure of the schemes. However, because of the
incomplete nature of the observation data sets, it
remains uncertain which of these groups is more
likely to be closer to the truth.

The differences between models during the grow-
ing season results can be explained as follows:

- The initial moisture content at the beginning of
this period resulting from different representa-
tions of bare soil evaporation and drainage;

+ Relationships between soil moisture and transpi-
ration, and associated tunable parameters (e.g. the
minimum stomatal resistance);

- The vertical discretization within the soil produc-
ing differences in the amount of water available
for transpiration.

The last point is certainly the most crucial, since
all schemes having the lowest evaporation rates put
the root zone in the top 50 cm of soil because of the
chosen vertical discretization (VIC, BIOME2, CEN-
TURY, BATS, BGC) and schemes with a bulk layer
including the root zone produce high evaporation
rates (ISBA, BUCKETP, SECHIBA2, BEST). SSiB,
LAPS and CSIRO9 cannot be split this way because
they start in June with too much water in the soil.
This aspect certainly explains part of a debate that
took place at the beginning of the Workshop about
the choice of the wilting point (Experiments 1, 12
and 13). The value of 0.20 m® /m? for Exp 1 fits the
minimum observed soil moisture over the whole soil
column, This choice was correct for models having a
single layer of 1.5 m in the root zone. However, this
value was too high for schemes having roots in the
first top 50 cm. In order to increase water holding
capacity of multi-layer models, a much lower value
has been chosen in experiment 12 (0.12 m* /m?) and
an intermediate one in experiment 13 (0.15 m*® /m°).
With these values, multi-layer models match the
observed minimum of soil moisture over the whole
column, whereas bulk models produce a much lower
minimum because of more important water losses.
The lack of detailed information about the root sys-
tem of soya during HAPEX-MOBILHY has pre-
vented us from having a sound specification of water
holding capacity. Since such observations will not be
available in a foreseable future at larger scale for
which the various schemes are designed, a proper
definition of the water holding capacity will remain a
problem of landsurface parameterizations for a long
time.

Conclusions from this analysis indicate the need
for sensitivity experiments to better understand the
origin of the differences between the responses of
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the land surface schemes during the growing phase
of the soya crop. Differences coming from the initial
soil moisture can be removed by a 4-month simula-
tion during the growing period starting from the
observed soil moisture profile. Sensitivity studies of
that kind are already part of the PILPS Phase 1b
program.

The HAPEX-MOBILHY dataset has proved to
be very useful to evaluate the performance of the
land surface schemes over the whole year period in
terms of soil moisture evolution. However, in order
to go deeper in analyzing the accuracy of the schemes
in providing a sound link between soil moisture and
evapotranspiration, more consistent datasets are
needed. For example, observations of leaf water
potential should be made at least as often as the soil
moisture measurements. These would provide an-
other validation data set and would allow a more
accurate estimation of wilting point and soil pres-
sure—volume curves. Although we recognize that
such measurements could not be expected as tuning
data sets when the schemes are run operationally,
they would provide very valuable information for
this sort of comparison project. Important progress
has been made during the last ten years in increasing
the accuracy of measured surface evaporation over
continental surfaces (correction terms for ground heat
flux in the energy balance method, eddy-correlation
technique). Field experiments following HAPEX-
MOBILHY (FIFE 87, HAPEX-SAHEL 92,
BOREAS 94) have better documented architectural
and biological aspects of plant developments. More-
over, future experiments will be devoted to monitor
long term hydrology and will provide useful datasets
for improving land surface parameterizations.
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