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Abstract—The Alpilles-ReSeDA program was initiated to develop and test methods for interpreting remote sensing data that could lead to a bet-
ter evaluation of soil and vegetation processes. This article presents the experiment that was setup in order to acquire the necessary data to
achieve this goal. Intensive measurements were performed for almost one year over a small agricultural region in the South of France (20 kilo-
meters square). To capture the main processes controlling land-atmosphere exchanges, the local climate was fully characterized, and surface
energy fluxes, vegetation biomass, vegetation structure, soil moisture profiles, surface soil moisture, surface temperature and soil temperature
were monitored. Additional plant physiological measurements and a full characterization of physical soil parameters were also carried out. After
presenting the different types of measurements, examples are given in order to illustrate the variability of soils and plant processes in the area in
response to the experienced climate.

surface energy fluxes / evapotranspiration / soil moisture / soil physical properties / experiment / vegetation characterization

Résumé — Suivi des échanges d’énergie et de masse au cours de I’expérimentation Alpilles-ReSeDA. Le programme Alpilles-ReSeDA a été
mis en place pour développer et tester des méthodes permettant une meilleure utilisation des données de télédétection pour le suivi du fonction-
nement des sols et des cultures. Cet article présente I’expérimentation qui a été réalisée pour acquérir un jeu de données permettant cette analyse.
Des mesures intensives ont été réalisées pendant presque une année sur une petite région agricole du Sud de la France (20 kilométres carrés). De
fagon a suivre I’ensemble des processus controlant les échanges surface-atmosphére, I’ensemble des paramétres climatiques locaux ont été me-
surés, ainsi que les flux d’énergie de surface, les caractéristiques de structure de la végétation et du sol, I’humidité et les températures du sol, la
température de surface. Des mesures des parameétres physiologiques des plantes et des caractéristiques physiques des sols ont également été en-
treprises. Apres avoir présenté les différents types de mesures réalisées, des exemples présentant la variabilité des couverts végétaux et des sols
dans la zone d’étude sont présentés.

flux d’énergie de surface / évapotranspiration / propriétés physiques des sols / expérimentation / caractérisation de la végétation
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1. INTRODUCTION

The Alpilles-ReSeDA program was initiated to develop
and test methods for interpreting remote sensing data that
could lead to a better evaluation of soil and vegetation func-
tioning (biomass production, crop yield, energy balance and
water budget). ReSeDA stands for Remote Sensing Data As-
similation (the full name being: Assimilation of multisensor
and multitemporal remote sensing data to monitor soil and
vegetation functioning). The proposed approach is based on
the assimilation of remote sensing data into soil and vegeta-
tion functioning models (Olioso et al. [27] and Prévot et al.

[33]).

Among these models, Soil-Vegetation-Atmosphere
Transfer models (SVAT models) have been developed to de-
scribe our current understanding of the physical and biophys-
ical processes that occur between the atmosphere, vegetation
and soil. They describe the physical processes that control en-
ergy and mass transfers in the soil-vegetation-atmosphere
continuum (radiative, turbulent and water transfers) and pro-
vide estimates of the time course of soil and vegetation state
variables with a fine time step compatible with the dynamics
of atmospheric processes. They have been mainly used for
energy and water balance assessments in meteorological, cli-
matological and hydrological studies. They may also be used
to estimate the surface temperature that can be measured in
the thermal infrared domain, and for some of them, the sur-
face soil moisture that might be measured in the microwave
domain. They have been proposed for monitoring energy bal-
ance or soil moisture by using remote sensing data by means
of'assimilation procedures [5-7, 28,31, 37, 38,41]. Some au-
thors have also proposed forcing vegetation characteristics
estimated from reflectance measurements into SVAT models
[25, 31, 36].

In the framework of the Alpilles-ReSeDA program, a
large experiment was set up to characterize transfer of energy
and water between the soil, the vegetation and the atmo-
sphere on the scale of a small agricultural region over one
year. This experiment included a large range of remote sens-
ing measurements from satellite or airborne sensors, as well
as a large number of ground measurements of meteorologi-
cal, soil and vegetation variables. The setup of the experi-
ment was based on the following concept:

(1) ground measurements were made on some specific fields
in order to calibrate and test procedures for assimilating
remote sensing data;

(2) remote sensing measurements were made over the whole
experimental area in order to extrapolate assimilation
procedures to this area.

In this paper, we present the measurements performed at
the ground level and give an overview of the soil, crop and
climatic conditions that we encountered during the experi-
ment.

2. A GENERAL VIEW OF THE EXPERIMENT

The experiment covered the whole growing season of win-
ter and summer crops from October 1996 to November 1997.
The experimental site was located near Avignon (SE of
France, Fig. 1) in the Rhone valley (N 43°47” and E 4°45’;
elevation: 8 m). Its maximum dimension was approximately
4 km by 5 km. It was a very flat area with fields large enough
(200 m by 200 m) to extract pure pixels from high spatial res-
olution satellites, as well as to implement atmospheric flux
measurements (Fig. 2). The main crops were wheat (30%),
sunflower (20%), orchard (15%), corn, vegetable and forage
(5% each).

We chose to study 3 crops in more details because they
have very different cultural cycles (wheat, sunflower and

Figure 1. Location of the Alpilles-ReSeDA site on a AVHRR image
of France.
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Figure 2. Land use map of the Alpilles test site (5 km by 4 km). The
seven calibration and validation fields are numbered (101, 102, 120,
121,203, 214 and 501).
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Table I. The different types of investigated fields.

Crop Type of field Field number

Wheat Calibration 101

Sunflower Calibration 102

Alfalfa Calibration 203

Wheat Validation 120 214

Sunflower Validation 121 501

Wheat remote sensing 124208 210 300
Sunflower remote sensing 104 107 205 217 304 503
Alfalfa remote sensing 306

Corn remote sensing 112 113 125 126 311 500 504
Grass remote sensing 301

alfalfa, see Tab. I). A limited number of measurements were
also performed on corn and grass fields (Tab. I). The spatial
sampling strategy allowed a good characterization of the field
scale, that revealed the variability within fields, and of a re-
gional scale as may be observed by coarse resolution sensors.
To calibrate and validate SVAT models we performed a con-
tinuous monitoring of surface energy balance components,
surface temperature, albedo, soil water balance, standard me-
teorological data (wind speed, air humidity and temperature,
rainfall and incident radiations), vegetation characteristics
(height, biomass distribution and LAI), soil characteristics
(temperature, moisture and water pressure profiles, surface
soil moisture, surface roughness and surface dry bulk den-
sity). Additional measurements such as root density profiles,
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leaf water potential, leaf photosynthesis and stomatal con-
ductance, soil hydrodynamic and thermal conductivities, dry
bulk density profiles and soil texture, were performed at criti-
cal periods on some fields. Thus, most of the data required to
run and test the different models were acquired during the ex-
periment.

A detailed characterization was carried out on “calibra-
tion” fields (one wheat, one sunflower and one alfalfa field,
see Tab. I). It will be used for the setup and the calibration of
models and methods. A less detailed characterization was
carried out on “validation” fields (two wheat and two sun-
flower fields, see Tab. I) which will be used for validating
models and methods. Additional measurements were made
on “remote sensing” fields concurrently with aircraft cam-
paigns and some satellite image acquisitions. They will be
used for testing further the procedures to estimate surface
properties from remote sensing data (surface soil moisture,
roughness, texture, dry bulk density, vegetation structure,
biomass, height, water content, surface temperature, LAI and
canopy cover fraction). Some of the general characteristics of
the sampled fields are given in Table II.

A classical meteorological station was also settled to ac-
quire climatic data that were consistent with the data that are
usually available for an operational implementation of mod-
els. It must be noticed that the climatic conditions experi-
enced during the experiment were characterized by a very
wet winter and a very dry spring period, both situations quite
unusual for the South-East of France’s Mediterranean-type
climate.

As the experiment was spread over two years, we defined
a specific timescale giving the Day of the Experiment (DOE)

Table II. Field characteristics. (a) Soil type classes are silty clay for class 10, silty clay loam for 7 and silt loam for 4 (classes from Clapp and
Hornberger [11]). These classes were derived from granulometry measurements in the 0—30 cm top soil layer. (b) Methods used for determining
field capacity, wilting point and saturated water content are not described in this paper, but they can be found in Braud and Chanzy [4] and Olioso
etal. [30]. (c) Due to the irrigation method (flooding) we do not know exactly the amount of this water supply. The day of experiment (DOE) cor-

responds to the number of days since January the first, 1996.

Field number 101 102 120 121
Soil type (a) 10 7 10 10
Field capacity (mm) (b) 0.362 0.360 0.368 0.368
Wilting point (mm) (b) 0.239 0.217 0.239 0.229
Saturated water content (mm) (b) 0.381 0.380 0.380 0.400
Crop wheat sunflower  wheat sunflower
Cultivar Armet  Lucil Armet  Lucil
Sowing (DOE) 312 496 323 495
Harvest (DOE) 547 642 548 631
Irrigation (mm) no no 100-120 no
©
Date (DOE) 457460

203 208 210 214 300 304 501

7 10 7 10 4 7 4

0.349 - - 0.368 - - 0.337

0.227 - - 0.241 - - 0.146

0.360 - - 0.390 - - 0.442

alfalfa  wheat wheat wheat wheat sunflower sunflower
Armet  Armet  Acalou Armet  Lucil Lucil

- 297 304 409 314 444 447

479 548 530 563 540 603 607

529

563

597

no no no no no no no
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Table III. Periods of measurements in the different calibration and validation fields (DOE: day of experiment corresponding to the number of
days since January the first, 1996). * TDR measurements were also performed at the time of microwave remote sensing measurements outside of

the nominal period.

Field 101 101 102 102 120 121 203 214 501

Crop wheat bare soil bare soil sunflower  wheat sunflower  alfalfa wheat sunflower
Neutron probe 338-541 618-703 345-432 509-648 396541 485635 375-634 436-555 558-611
Capacitance probe hourly 443-541 621-703 393-432 551-647 403-537 - 570-634 - 558-611
Capacitance probe daily - - - - - 563-635 450-531 451-554 -

TDR probe 345-533 626-703 345-424 497-633 378-536*  485-633*  345-591 424-555*%  451-606*
Tensiometers 345-484 - - 507-568 403-536 509-633 378-464 439-555 -

Soil temperature 338-542 620-700 339-432 501-649 402-537 514-635 380-635 431-557 558-611
Micrometeorological measurements 338-542 620-700 346432 501-649 402-537 514-635 388-635 436-555 558-611

which corresponded to the number of days since the first of
January 1996. The time periods for each type of measurement
performed in the various fields are presented in Table III.

3. METEOROLOGICAL AND
MICROMETEOROLOGICAL MEASUREMENTS

3.1. Central meteorological station

Meteorological measurements were performed approxi-
mately at the center of the experimental site over a bare soil
surface (North-West corner of field 205) with a 15-second
time step and an averaging period of 20 minutes. Air tempera-
ture and vapor pressure were acquired at 2 meters above the
ground using a Vaisala HMP35D platinum thermistor and ca-
pacitive probe. Soil temperatures were measured at 3 depths
in the soil (10 cm, 50 cm and 1 m) with chromel-alumel
thermocouples. Wind speed at 2 meters was measured by a
Vector Instruments A100L2 cup anemometer. Wind direc-
tion and atmospheric pressure were also recorded.

Incident radiations were measured over the whole solar
spectrum (Kipp pyranometer), the PAR region (Li-190SB
Quantum sensor) and over the thermal domain (Eppley
pyrgeometer). Incident diffuse solar radiation was also mea-
sured using a pyranometer with a shadow ring. Rainfall was
recorded using an automatic rain gauge. All the sensors were
calibrated before and after the experiment. A comparison of
the data against the data acquired in Avignon (20 kilometers
to the North of the site) did not show any major failure. Dur-
ing the last month of the experiment it was necessary to dis-
mantle the meteorological site and a reconstruction of the
meteorological data was done from the Avignon and
Saint-Rémy (10 km to the East of the site) meteorological
network measurement stations. Daily data are presented in
Figure 3.

300
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Figure 3. Meteorological conditions during the experiment (Ta is the
daily mean air temperature, ea the daily mean air vapor pressure, Rg is
the daily incoming solar radiation and Ra is the daily incoming atmo-
spheric radiation). The day of experiment (DOE) corresponds to the
number of days since January the first, 1996.

3.2. Measurements of in-situ meteorological variables
and fluxes

Micrometeorological measurements were performed over
calibration and validation fields with a time step of 15 sec-
onds and an averaging period of 20 minutes. The instrumen-
tation was installed at least 100 meters from the upwind edges
of'the fields. It consisted of air temperature measurements us-
ing thermocouples (chromel-alumel) in comparison with ref-
erence temperature measurements by platinum thermistors,
relative humidity measurements by means of Vaisala
HMP35D capacitive probes (these measurements were trans-
formed into vapor pressure values), and wind speed measure-
ments by means of Vector Instruments A100L2 cup
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anemometers. All the instruments were calibrated and
inter-compared before and after the experiment. The mea-
surements were performed at two levels above the canopy (at
about 1.5 times and 3 times the canopy height) with the idea
of computing turbulent heat fluxes by means of the Bowen ra-
tio method or the combined aerodynamical method. Vapor
pressure gradients were obtained by pumping air alterna-
tively at the two measurement levels using a system inspired
by [8]. However, failures in the instrumentation were fre-
quent, generating errors in the system for measuring vapor
pressure and temperature gradients which did not allow com-
putation of the fluxes with good accuracy: at least half of the
measurements were rejected on the basis of the filtering
method proposed by Ohmura [26]. Additional flux measure-
ments were performed as a backup for the previous Bowen
ratio apparatus:

— mono-dimensional eddy-correlation systems (Campbell
CA27T) were used as often as possible and generated a sig-
nificant set of sensible heat flux data over the three wheat
fields and the sunflower field 102;

— measurements using 3D sonic anemometers (Gill R3) were
also performed for some days in June over fields 120 and
121 (see [21, 22]);

— commercial Bowen ratio systems (Campbell) based on
dew point hygrometer measurements, or on direct gradient
measurements by means of a LICOR 6262 gas analyzer
also provided some data on fields 101 and 102 (this system
also provided CO, flux data).

Comparison of different types of measurements is pre-
sented in Figure 4. It shows large scatters in the data and in
some cases overestimations of sensible heat flux by the
home-made Bowen ratio system. Further analysis of the data
showed that it was possible to provide less scattered data us-
ing a smoothing procedure based on the assumption that heat
fluxes to net radiation ratios were constant throughout the
day (Fig. 4). It also showed that latent heat flux estimates
have good behavior in the long term.

Net radiation measurements were performed using Rebs
(Radiation and energy balance systems, Inc.) Q7 instruments
(fields 101, 102 and 120) and Crouzet-INRA devices (fields
121,203, 214 and 501) set at a height of 3 meters (over wheat
and alfalfa fields) or a height of 6 meters (over sunflower
fields). These instruments were inter-calibrated and com-
pared with two reference instruments, which were calibrated
by the constructor, just before and just after the experiment:
root mean square differences were lower than 8 W-m™ be-
tween the different sensors. The sensitivity of the Q7 sensors
to wind speed was accounted for by using the procedure
given in the instruction manual. A comparison of net radia-
tion measurements with calculation from measurements of
reflected solar radiation, surface temperature and incoming
atmospheric radiation made it possible to correct data for pos-
sible problems of sensor leveling (less than 10% of the data).

Measurements of ground heat flux were performed using
heat flow transducers (Rebs HFT—1 and HFT 3.1) installed at
a depth of 5 cm. They were corrected by the change in ther-
mal storage from the transducer level to the soil surface, us-

ing two soil temperature measurements (see Sect. 5) and esti-
mates of the soil heat capacity. The latter was computed from
dry bulk density and TDR soil moisture measurements in the
layer between the soil surface and the transducers. The cali-
bration done by the manufacturer was used since it was repre-
sentative of the soil in the ReSeDA experimental site. The
transducers were installed at four locations within an area of
about 2 m by 2 m and accounting for the variability due to the
row. Comparison of corrected measurements of ground heat
flux against fluxes computed by a heat storage method was
satisfactory when the zero flux plan was not too close to the
surface. Occasional comparison with transducers settled
close to the surface (less than half a centimeter) gave similar
results.

Incident solar radiation was measured on two fields (101
and 121) giving very similar values to the central meteorolog-
ical measurements site. Reflected solar radiation was mea-
sured over every field using Kipp pyranometers (fields 101,
121 and 203) and Skye SP1110 pyranometer sensors (fields
102, 120, 214 and 501). Instruments were settled at the same
height as net radiation sensors. All these instruments were
inter-calibrated before and after the experiment, and com-
pared with anewly calibrated reference sensor at the Avignon
INRA centre. However, the spectral response of the Skye in-
struments was not adequate for measuring reflected solar ra-
diation and a correction procedure was required in order to
obtain accurate values [15]. This procedure was based on
simulations done by a radiative transfer model. As informa-
tion on spectral distribution of incident radiation in cloudy
conditions was not available, this procedure was not imple-
mented for days with a diffuse fraction in the solar radiation
above 0.50.

Surface temperatures were measured using Heimann
KT15 thermal radiometers (fields 101, 102 and 120) and
Heimann KT17 thermal radiometers (fields 121, 203, 214
and 501), which were installed at the same height as net radia-
tion sensors. These instruments measured the radiation origi-
nating (emission plus reflection) from the canopy in the 8 to
14 um waveband. Measurements were made with a 18.5° ze-
nith angle to the vertical in the south direction; they had a 16
degree field of view (8.6 m —or 2.6 m — spot at the soil surface
depending on the sensor height). They were calibrated by
looking at a black body at various temperatures. Output sig-
nals were directly converted into temperatures using a regres-
sion equation. The effect of ambient temperature on KT17
measurements was taken into account during the calibration
and the measurements, using a temperature probe installed in
the body of the instrument. No such effect was found for
KT15 sensors. The effects of emissivity and reflection of at-
mospheric radiation were not corrected. Thus, only thermal
brightness temperatures were provided.

Cimel CE-312 thermal infrared radiometers were also
used to address the brightness temperature directional varia-
tions of vegetated areas. This was done on three fields (203,
120 and 102) for 2 days in each field in June and July. Two ra-
diometers were looking simultaneously at the same surface
(same IFOV) under two different directions (nadir and 55°
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forward zenith angle to mimic the ATSR instrument capaci-
ties on ERS satellites). The calibration was done on-site using
black bodies viewed by the radiometers every 2 minutes. The
whole acquisition process was automated, using CIMEL ro-
bots.

Emissivity measurements in the 814 um window were
performed in April and July using the box method on bare
soil, plants and crops (30 measurements for each type of sur-
face). They are detailed in [12]. Soil samples were also col-
lected and measurements with a four band CIMEL
radiometer (CE-312) were performed in the laboratory, giv-
ing quite similar values to the field measurements and show-
ing a moderate spectral contrast in the 8—14 um window. This
was also confirmed by spectra measurements carried out at
the Jet Propulsion Laboratory.

4. PLANT MEASUREMENTS

Leaf Area Index measurements were performed using two
different methods: (i) the green leaf area of 6 samples
(0.25 m?) was measured using a planimeter, every week or
two weeks; (i) LICOR LAI2000 measurements (ten mea-
surements at ten random locations within each field) were
also performed every two weeks as soon as the canopy was
developed enough. Large differences were noticed between
the two types of measurements (see an example in Fig. 5).
They might be explained either by the fact that the LAI2000
measurements included the effect of stems and ears (notice,
however, that these measurements were made by setting the
instrument above the senescent leaf layer in order to account
only for the green part of the canopy), or by non-ideal condi-
tions for the LAI2000 measurements, which were made in
some cases under clear sky conditions. Biomass measure-
ments were performed at the same time as planimetric mea-
surements, including fresh biomass, dry matter, and their
repartition by organs (leaves, stems, flowers and ears).

Plant heights were measured using a simple ruler on 20 to
50 individual plants every one or two weeks.

Stomatal conductance and leaf photosynthesis were mea-
sured throughout the day at least once every month by means
of a CIRAS (PPSystem) or a Li6400 (LiCOR) gas exchange
analysis system on the wheat and sunflower calibration
fields. These measurements were associated with measure-
ments of leaf water potential using a Schollander chamber.

Root density measurements were performed on two occa-
sions: on DOE 402, fields 101 and 120 were sampled at 6 lo-
cations (row + between rows) down to 60 cm using a drilling

Pl

LAl Alpilles site, 1997, field 120
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Figure 5. LAI measurements over field 120 (and standard deviation).
Solid line corresponds to LAI2000 estimates and dashed line to de-
structive planimeter measurements. The day of experiment (DOE)
corresponds to the number of days since January the first, 1996.

auger (7.5 cm diameter and 15 cm long); and on DOE 500 and
527, a hole was opened down to 1.5 m on field 101, and sam-
ples were collected every 11 cm with a 13 cm diameter auger.
The samples were washed through sieves to extract the roots
which were weighed. The root length density was also mea-
sured using an image analysis system.

5. SOIL MEASUREMENTS

Soil measurements were performed to monitor the soil
moisture and temperature status in the root zone and near the
soil surface throughout the experiment, and to characterize
the hydrodynamical properties of the investigated fields.
Thus, it was possible to have information on the factors con-
trolling plant transpiration and soil evaporation as well as wa-
ter and heat transfers in the soil. The measurement periods are
given in Table III.

Soil granulometry was assessed in various fields for the
0-30 cm soil layer and in the 40-60 cm layer on calibration
and validation fields. For each field and each layer, 7 samples
were collected, mixed, and then the fractions of 8 granulometric
classes were determined.

|

Figure 4. Comparison of heat flux measurements by means of different instruments and on different fields. Root Mean Square Difference be-
tween Bowen ratio estimates of sensible heat flux and eddy correlation measurements were as follows:

Field 101, diurnal data, Bowen ratio method: 71 W-m™; smoothed Bowen ratio method: 50 W-m™

Field 101, diurnal+night data, Bowen ratio method: 51 W-m?; smoothed Bowen ratio method: 36 W-m >

Field 214, Bowen ratio method, diurnal data: 73 W-m; smoothed Bowen ratio method: 55 W-m™

Field 214, Bowen ratio method, diurnal data+night: 50 W-m%; smoothed Bowen ratio method: 39 W-m

For latent heat flux, the combined eddy covariance data were computed as LE =Rn— G — H, with H measured using the eddy covariance method.
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The dry bulk density (grcm™) was measured, using three
methods: (i) transmission of gamma rays for the surface soil
layers (0—40 cm); (ii) scattering of gamma rays for the deeper
layers, and (iii) the cylinder method (mainly implemented
near the soil surface). The source and the detector of the
gamma ray transmission probe (built by Laboratoire Central
des Ponts et Chaussées — LCPC, Angers, see [1]) were intro-
duced into two different vertical access tubes 20 to 30 cm
apart and measurements were made every 5 cm from 2.5 to
42.5 cm depth or from 2.5 to 7.5 cm depth (5 to 6 replications
per field). The probe was calibrated on blocks of known den-
sity once before the experiment. Cylinder measurements
were made using various cylinder sizes between 100 and
150 cm at 3 to 6 locations. Measurements in the ploughed
layer (0—10 cm layer), either by cylinder or transmission
probe, were made once between each tillage operation at 3 to
6 locations. The measurements with the gamma ray scattering
probe (SOLO 40 from Nardeux Humisol) were made at the
time of installation of the neutron probe access tube every
10 cm from 25 cm down to 135 cm in calibration and valida-
tion fields. The SOLO40 probe was calibrated by comparison
with LCPC and cylinder measurements.

Soil moisture profiles down to 1.40 m were measured us-
ing neutron probes at two locations in each field (3 locations
in field 101 during the wheat crop). Measurements were
made every 10 cm from 5 cm down to 135 cm and every 4 to
15 days. Two different probes (Solo 40 and Solo 25 from
Nardeux-Humisol) were used. They were calibrated against
averaged gravimetric measurements of 5 profiles in order to
get a soil moisture value representative of the field (one pro-
file was made in the vicinity of each access tube and the oth-
ers were spread over the field). Gravimetric moisture was
converted to volumetric moisture using the soil dry bulk den-
sity measurements. The average of the two (or three) tubes
was used as representative of the soil moisture of the field.
Soil moisture profiles were also measured by means of capac-
itance probes (HMS 9000 from SDEC-France [9, 16]), but
over a shorter period of time (usually starting in March). The
sensors were logged to the Campbell data logger used for at-
mospheric measurements and provided hourly (sometimes
only daily) measurements of soil moisture. Measurements
were made at two locations and at 2.5 cm, 7.5 cm, 15 cm,
25 c¢m, 40 cm, 65 cm and 100 cm depth on fields 101 and 102;
on the other fields, only measurements at 2.5 (120 and 214)
and at 2.5 and 7.5 cm (121 and 501) were performed. As for
neutron probe measurements, the measurements were cali-
brated in order to be representative of the field average mois-
ture for a given soil layer, as proposed by Chanzy et al. [9].
The effect of temperature on the measurements was taken
into account following the procedure described by [2]. An ex-
ample of the evolution of the measurements by the various
methods is presented in Figure 6.

Surface soil moisture was monitored using various proce-
dures. Capacitive probes provided hourly data on fields 101,
102, 120, 121, 203, 214 and 501. Gravimetric sampling and
TDR measurements provided data on a larger number of
fields in order to extend the spatial sampling, but with a lower
temporal sampling:
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Figure 6. Comparison of water reserve in the 0—120 cm soil layer as
obtained by different methods of measurement on field 101. The day
of experiment (DOE) corresponds to the number of days since Janu-
ary the first, 1996.

— gravimetric measurements were made by sampling three
layers: 0—1 cm, 1-5 cm and 5-10 cm. Five to fifteen repli-
cations were done, depending on the field and the day of
measurements. The volumetric water content was com-
puted on the field scale by multiplying the average
gravimetric water content by the field average of the dry
bulk density. These measurements were only made at the
time of the microwave remote sensing measurements.

— TDR measurements were made by a TRASE model from
Soil Moisture Equipment using buriable wave guides
which consisted of three 20 cm needles. In each field,
5 probes were installed horizontally at a depth of 2.5 cm,
and left in the field between two tillage operations. A cali-
bration was done for each field and for each period of
probe installation by relating TDR readings to the mean
soil volumetric water content data collected in the top five
soil centimeters, using the gravimetric method. TDR mea-
surements were made almost every week on calibration
and validation fields. They were also performed at the time
of the microwave remote sensing data acquisitions in re-
mote sensing, calibration and validation fields.

Profiles of soil water potential down to 1.30 m were mea-
sured with tensiometers fitted out with either mercury ma-
nometers or electronic manometers (SDEC SKT850C). Two
sites of measurements were installed close to neutron probe
access tubes. At each site, a set of 5 tensiometers (20 cm,
50 cm, 80 cm, 110 cm and 130 cm) was installed in the vali-
dation fields. On calibration fields, two additional depths
were sampled (10 cm and 30 cm). The calibration of
SKT850C manometers was done before the experiment and
accounted for temperature effects. SKT850C provided
hourly measurements, while measurements with mercury
manometers were made at least every week. Measurements
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were performed within the 0—8 m tensiometric range. At the
bottom of the profile, two tensiometers were installed at 110
and 130 cm to measure the soil water potential gradient at
120 cm in order to implement the Darcy law to estimate the
drainage flow.

Soil temperature profiles were measured either by
chromel/alumel thermocouples (fields 101, 102, 203 and
120) or platinum resistances (fields 121, 214 and 501). The
reference measurements for the thermocouples were made
using platinum resistances in a PVC box buried in the soil at a
depth varying between 20 and 30 cm. Temperature probes
were installed in each field at 0.5 cm (2 sensors), 1.0 cm,
2.5 cm (2 sensors), 7.5 cm, 15 cm, 25 cm, 50 cm and 100 cm.
The probes were calibrated at various temperatures prior to
the experiment.

Hydrodynamical and thermal properties were assessed by
combining some of the above measurements and specific
methods. Retention curves may be obtained by relating soil
moisture to soil water potential using the in situ neutron
probe and tensiometric measurements presented above, or
measurements acquired when determining the hydraulic con-
ductivity by the Wind method. Specific pressure chamber
measurements made it possible to enlarge the range of water
potential which was limited to 8 m with tensiometers. Mea-
surements with the pressure chamber method (using a pres-
sure chamber from Soil Moisture Equipment Corporation)
were made both on non-disturbed soil clods (1 to 3 cm) and
on disturbed soil sieved between 0 and 2 mm. Samples were
collected in October 1997 from field 101, 120, 201, 203, 214
and 501 for two different soil layers (0-20 cm and 40—-60 cm).
For each field and soil layer, samples from 5 locations were
mixed together. After being wetted and drained of excess wa-
ter, the mixed soil samples were put into the chamber at a
given pressure until an equilibrium was obtained. Then, the
moisture of the soil sample was measured. Each measure-
ment was duplicated. This was done at different pressure lev-
els from 0.7 m to 150 m.

Soil hydraulic conductivity measurements were made on
undisturbed cores using the Wind method in the laboratory.
This method only required a balance and tensiometers and
provided measurements of the hydraulic conductivity for soil
water potential between —8 m and 0 m [39]. The measure-
ments were made on cylindrical soil cores with a diameter of
15 cm and a height of 7 cm. The balance and tensiometer were
calibrated prior to the measurements. This was done at differ-
ent depths down to 120 cm on field 101 (DOE 502 and 452),
50 cm on field 102 (DOE 481) and 25 cm on field 203
(DOE 481). In situ measurements using infiltrometers and
simplified infiltration tests (the Beerkan method proposed by
Haverkamp et al., cited in Braud [3]) were performed in the
fields, providing estimation of the saturated hydraulic con-
ductivity.

Thermal conductivity was measured using the line source
method described by [23] on field 101, 102, 120, 121 and 214
at different depths (5 cm to 45 cm) and at 3 to 15 locations.

6. SOME ILLUSTRATIONS

During the experiment, the meteorological conditions
were characterized by a very wet winter and dry spring and
summer (see Figs. 3, 7). The spring was very dry since no rain
occurred for almost 3 months between 21st of January
(DOE 387) and 18th of April (DOE 474). After that period,
the rain amount was quite normal for the area (290 mm from
April to the end of October), but it did not compensate for the
large potential evapotranspiration that occurred (914 mm for
the same period).

Table IV and Figures 8 and 9 show some aspects of the
variability of the investigated soils in the area (see also
Tab. II). Most soils have a high clay content, the lower values
being located in the North-West and the highest in the
South-East. This high clay content generated low hydraulic
conductivity values and strong water retention. Hydraulic
conductivities were very close for the three investigated
fields. Apparent differences in Figure 8 actually reflect the
retention curve differences: field 101 appeared to be less con-
ductive than fields 102 and 203 (this was in agreement with
textural data) and, for each field, the conductivity increased
with depth. A higher value of hydraulic conductivity might
be expected for fields with a lower clay content, such as
field 501. Such a result was obtained with the Beerkan
method [3]. For all fields, in situ infiltration tests
(infiltrometers and the Beerkan method) led to saturated hy-
draulic conductivity several orders of magnitude higher than
with the Wind method. This result was linked to the presence
of cracks in the soil (they were very large at the surface),
caused by shrinkage of the dry clay soil. The retention curves
in Figure 9 exhibited a variability in the top soil layer which is
also in agreement with soil texture (lower water content at a
given water potential for the lowest clay content). In deeper
layers, differences between fields were lower, probably be-
cause of a more homogeneous clay content at that depth over
the area.
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Table IV. Soil granulometry (average) for different fields and differ-
ent layers.

Field Depth Clay Silt Sand Organic

number matter
(cm) (%) (%) (%) (gkg?

101 0-30 422 533 45 253

101 40-60 48.0 49.9 2.1

102 0-30 37.6 57.4 5.0

120 0-30 40.7 54.1 5.2 22.0

120 40-60 42.8 533 45

121 0-30 41.5 52.5 6.0 232

125 0-20 459 50.1 4.0

203 0-30 32.8 53.9 133 21.5

203 40-70 432 51.6 5.2

205 0-30 36.7 58.0 5.3

208 0-30 42.5 529 4.6 24.1

210 0-30 39.7 57.0 33 23.0

214 0-30 46.1 50.3 3.6 26.0

214 40-70 50.9 474 1.7

300 0-30 23.4 64.0 12.6 19.6

304 0-30 28.2 64.3 7.5 239

501 0-30 17.0 53.8 29.2 14.6

501 40-70 19.3 55.2 25.5
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Figure 9. Retention curves measured with the pressure chamber
method on sieved samples. Top graph: 0-20 cm soil layer; Bottom
graph: 40—-60 cm depth (>= field 101; V = field 120; A field 201;
< field 203; * = field 214; O = field 501).

Figure 10 shows the evolution of LAI (planimeter method)
during the experiment for various fields. Wheat and sun-
flower crops presented low values which never reached 3.
This was explained by the dramatic climatic conditions that
occurred at the end of winter and the low amount of rain in
spring and summer. The highest wheat LAI were obtained in
fields 120, 210 and 300. Field 120 was irrigated once, at the
end of March. Around 100 mm were given just by flooding
the field from its East side. The other fields were not irri-
gated. The highest sunflower LAI, hardly above 2, were ob-
tained on field 501. The sunflower crops suffered from very
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difficult conditions at the time of sowing and emergence:
sowing was done either in very dry conditions (field 501 on
DOE 447) or very late (fields 102 and 121 on DOE 496). The
low LAl values also reflected a high heterogeneity, with large
zones with almost no plants or very small plants. The sun-
flower crops were not irrigated. The alfalfa presented a high
value of LAI in spring (4.5). After being cut (4 times), the
crop reached lower values of LAIL

Figure 11 presents the evolution of soil moisture in the
0—-140 cm soil layer for calibration and validation fields. High

O 101
r * 120 [
o 210

214

N ‘f\'A‘ 300

LAI
v oW Ao

5 : : ; : . .
O 102

40 * 121 1
o 203

—3H _
z { 501

2. .

1k _

0 . . o X
350 400 450 650

Day of Experiment

Figure 10. Measured LAI (planimeter) for different wheat fields (top
graph: 101, 120, 210, 214 and 300), alfalfa (bottom graph: 203) and
sunflower fields (bottom graph: 102, 121 and 501). The day of experi-
ment (DOE) corresponds to the number of days since January the
first, 1996.
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Figure 11. Evolution of soil moisture in the 0—140 cm soil layer for
the calibration and the validation fields (neutron probe measure-
ments). The day of experiment (DOE) corresponds to the number of
days since January the first, 1996.

water contents (saturation) were noticed in winter due to the
high amount of rain. Soil moisture decreased after that period
because of soil evaporation (and drainage) and the installa-
tion of vegetation. For the various types of crops, differences
between fields appeared clearly. In the case of wheat crops,
the soil moisture in fields 101 and 120 had the same evolution
until the irrigation of field 120 totally re-watered the
0—140 cm soil layer. The late sowing and the low vegetation
amount on field 214 generated a slower decrease in moisture.
Only field 101 was close to its wilting point (see Tab. II). For
sunflower, a lower decrease in soil water content occurred for
field 121 than for field 102, which might be due to sparser
vegetation. The low value of soil moisture in field 501 might
be due to the type of soil, which contained less clay and had a
lower wilting point (see Tab.II). The soil moisture in
fields 102 and 501 reached the wilting point values, which
was also the case for the alfalfa field.

&
o
-

Soil depth (cm)
[02)
o

4

o

S
T

-120

field 101

140 | 1
01 015 02 025 03 035 04 045 05

Soil moisture (m3 m'3)

Soil depth (cm)

-100

-120 field 120

-140 |
01 015 02 025 03 035 04 045 05

Soil moisture (m3 m'3)

Figure 12. Soil moisture profiles for the different days of measure-
ments in fields 101 and 120.
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Figure 13. Comparison of sensible heat flux (eddy-correlation) for
the three wheat fields on DOE 474.
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Figure 14. Comparison of the differences between surface tempera-
ture and air temperature (meteorological site) at noon on different
fields (wheat: 101, 120 and 214; alfalfa: 203). The day of experiment
(DOE) corresponds to the number of days since January the first,
1996.

Figure 12 gives the evolution of soil moisture profiles in
fields 101 and 120, showing that water uptake occurred in the
deepest measured layer (130-140 cm) in field 101 but not in
field 120. As soil hydraulic conductivities were very low, we
think that this behavior may be closely related to the root
growth; in field 120, the roots reached a depth of about
140 cm, while they went deeper in field 101 (this was con-
firmed by the direct root density measurements on field 101:
roots were found down to 160 cm at least). Roots also went
deeper than 140 cm in field 102, and reached this depth in
fields 214, 121 and 501. In field 203, as the alfalfa crop was
established for more than two years, we expected that roots
reached several meters deep.
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Figure 15. Leaf water potential evolution in wheat fields 101 (*) and
120 (0): average value and standard deviation on DOE 472.

Other aspects of the different behavior of the irrigated
wheat field (120) and the other wheat fields are presented in
Figures 13, 14 and 15: lower sensible heat flux, higher leaf
water potential and lower surface temperature. In fact, for
sensible heat flux, at the same time as the water status, it is
necessary to consider the amount of vegetation, which was
less in fields 101 and 214. In Figure 14, the effect of irrigation
on field 120 is expressed by the decrease in surface tempera-
ture compared with the other fields, starting on day 457.
Other features may be noticed: the temperature for alfalfa
(203) was usually low, even when wilting point was reached;
actually, the alfalfa rooting system usually goes deep in the
soil, down to several meters, allowing a large uptake of water.
However, a sharp increase in surface temperature (around
8 K) occurred on DOE 479. This was due to the harvest of the
above-ground material for forage, drastically reducing the
canopy cover (see Fig. 10). After that, the temperature de-
creased while the vegetation amount increased. The surface
temperature reached the same level as in field 120 about
20 days later. It is also possible to notice the effect of some
rainfalls which occurred on DOE 475 (8 mm), 483 (12 mm),
491 (18 mm), 492 (7 mm), 498 (7mm) and 518 (15 mm). Af-
ter the strongest rain event on DOE 491-492, the difference in
temperature between the fields remained low for several
days.

7. CONCLUSION

The Alpilles-ReSeDA experiment provided a large
ground data set over a small agricultural area in the Mediter-
ranean climate. Most aspects of energy and mass exchanges
between soil, plants and the atmosphere were documented.
This data set may be used for testing crop and SVAT models
(see the articles by Prévot et al. [35], Moulin et al. [24] and
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Demarty et al. [14]). In particular, it will be the framework of
an intercomparison experiment of several SVAT models as
presented by Olioso et al. [30]. It must be noticed that crop
behaviors were affected by the dry conditions imposed by the
climate that year in the South-East of France. Another speci-
ficity of the data set relies on relatively homogeneous soil
conditions.

The Alpilles-ReSeDA data set also includes a large
amount of remote sensing data, either from airborne plat-
forms (POLDER, INFRAMETRICS IRT camera and
ERASME) or from satellites (SPOT-HRV, ERS, RADARSAT
and NOAA-AVHRR). The ground data set will be used for
assessing the possibility of extracting surface variables from
these data and for driving SVAT or crop models. As exam-
ples, various work is currently in progress: estimation of sur-
face soil moisture from backscattering coefficients (Chanzy
et al. [10]), albedo and LAI from POLDER data (e.g. in this
issue, see the articles by Jacob et al. [20] and Weiss et al. [40],
as well as Jacob et al. [18]), crop development from backscat-
tering data (Wigneron et al. [42] and Prévot et al. [34]), en-
ergy fluxes from IRT and POLDER data (e.g. in this issue,
see the papers by Jacob et al. [19] and Lagouarde et al. [21],
or Olioso and Jacob [29]), driving crop and SVAT models
(see the articles by Prévot et al. [35] and Moulin et al. [24]),
and testing hydro-meteorological modeling (Ottlé et al. [32]).
Another aspect of the data set aimed to study the spatial as-
pect, such as the use of mixed-pixel, the aggregation of en-
ergy flux or the spatial distribution of atmospheric variables
(Olioso et al. [27], Lagouarde et al. [21, 22], Courault et al.
[13] and Hobbs et al. [17]).
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