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Abstract. This study presents the preliminary results of
the local energy budget and dynamic characteristics of the
surface atmospheric boundary-layer (SBL) during the
WELSONS (wind erosion and losses of soil nutrients in
semiarid Spain) experiment. Some Mediterranean re-
gions su�er land degradation by wind erosion as a
consequence of their particular soil and climate condi-
tions and inappropriate agricultural practice. In Spain,
where land degradation by water erosion is well known,
the lack of ®eld studies to quantify soils losses by wind
erosion resulted in the European Community organizing
a scienti®c program for this speci®c issue. The European
programme known as WELSONS was devoted to study
the wind erosion process in central Aragon (NE Spain).
This multidisciplinary experiment, which began in 1996
and ®nished in 1998, was carried out over an agricultural
soil which was left fallow. Within the experimental ®eld,
two plots were delimited where two tillage treatments
were applied, a mould-board ploughing (or conventional
tillage denoted CT) and chisel ploughing (reduced tillage
denoted RT). This was to study on bare soil the in¯uence
of tillage method on surface conditions, saltation ¯ux,
vertical dust ¯ux, erosion rates, dynamics characteristics
such as friction velocity, roughness length, etc., and
energy budget. The partitioning of the available energy,
resulting from the dynamics of the SBL, are quite
di�erent over the two plots because of their own peculiar
soil and surface properties. The ®rst results show that the
RT treatment seems to provide awind erosion protection.
Because of the long data recording time and particular
phenomena (formation of a crust at the soil surface, very
dry conditions, high wind speed for instance), these
microclimatological data acquired during the WEL-
SONS programmes may be helpful to test atmospheric
boundary-layer models coupled with soil models.

Key words: Hydrology (deserti®cation) ±
Meterology and atmospheric dynamics (general)

1 Introduction

Soil erosion is a major environmental and agricultural
issue that has worsened during recent decades. Soil
erosion rates in the United States and Europe average
10 tons ha)1 year)1 by wind (Barrow, 1991). Because of
their particular climate, the arid and semiarid regions,
where wind erosion frequently is dominant over water
erosion, are clearly the main sources of atmospheric soil
dust transported over great distances. The production of
dust is closely connected to major changes in climate.
For instance, it has been suggested that the concentra-
tion of aeolian components which constitute a major
part of the sediment found both on the continents and in
the oceans, would rise with increasing aridity in the
source area (e.g. De Angelis et al., 1987; Rea et al.,
1985). The short-term meteorological and climatic
variations, such as those resulting from anthropogenic
activities, are likely to increase the aridity and, conse-
quently, to extend the frequency and intensity of soil
de¯ation events (Prospero and Nees, 1986). In agricul-
tural environments, wind erosion can even be aggrav-
ated by human activity and/or land-use changes, includ-
ing those driven by climate. It has been acknowledged
that land-use changes and degradations due to econom-
ic, social or political pressures are probably greater than
those brought about by climate alone. The e�ects of
climate may be at least as critical as anthropogenic
e�ects in agricultural semiarid regions only.

Wind erosion is also an important process in geology,
especially in the formation of soils and deep sea
sediments. On the continents, the millenary sedimenta-
tion of windblown dust is responsible for loess forma-
tion where the vegetation plays a crucial role in trapping
dust. However, there is no accumulation of dust where,
for instance plant cover was erased by aridity, since
these areas are eroded again by wind. For semiarid
Canadian prairies, Larney et al. (1995) conclude that,
assuming the fastest renewal rates reported for the A
horizon material (25.4 mm per 30 years), it would takeCorrespondence to: J.-P. Frangi
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about 17 years of natural soil formation to regain the
topsoil (the ®rst centimetres of soil particles from the
soil surface) lost during this study (14.4 mm of topsoil
removed between April 1991 and May 1992). Wind
erosion represents a long-term soil loss. This process is
selective, removing the ®nest particles that contain
disproportionately greater amounts of plant nutrients,
the reduction of storage capacity for plant-available
water, and the degradation of soil structure. However,
nutrient losses have the greatest e�ect on the reduction
of crop productivity over a short-term period as well.

Losses of soil nutrients in Europe due to water
erosion are well documented, with many experiences
during the 1980s, the latest being the great project on the
Mediterranean Deserti®cation and Land Use (MED-
ALUS), described in Kosmas et al. (1997). On the other
hand, only few data are available on the loss of nutrients
due to wind erosion on agricultural lands in Europe, and
thus, despite the concern expressed, about its environ-
mental and economic impact too (Eppink and Spaan,
1989; Frielinghaus, 1991). A few experiments were
performed in Europe in the past to study wind erosion
but they only concerned northern and central Europe
(Moller, 1986; Richter, 1980; Stebelski, 1985). This lack
of information stimulated the European Community to
carry out a research policy concerning the speci®c issue
of Mediterranean agricultural soils. Arable lands in the
semiarid European Mediterranean region are particu-
larly prone to wind erosion because of aridity and soil
moisture de®cit, irregular but intensive precipitation,
weak soil structure and limited vegetation cover (Con-
acher et al., 1998).

WELSONS (wind erosion and losses of soil nutrients
in semiarid Spain) is a European research project
devoted to study deserti®cation and land degradation
by wind erosion in the European Mediterranean area. In
the ``Soil Erosion Map of Western Europe'' (De Ploey

et al., 1989), the central Aragon region (northern Spain)
is mentioned as one of the potential wind erosion areas
in Europe. This area is one of the driest in the Iberian
peninsula and also one of the most semiarid areas in
western Europe. Its unique climatic and lithological
characteristics make this area possibly subject to land
degradation by deserti®cation process. Recent studies
show this region is extremely sensitive to erosion by
water (e.g. Sala et al., 1991), but studies on wind erosion
are very scarce (Quirantes, 1989), and so far no attempt
has been made to assess soil degradation due to wind
erosion. A preliminary study on dust emissions in this
area was set up for a short period in 1995 (Lopez et al.,
1998). This ®rst experiment showed the need to monitor
the wind erosion processes and their relationship with
agricultural practices (tillage e�ects) more precisely.
Factors a�ecting windblown dust in central Aragon can
be grouped into three categories: soil type, land use and
management, and climate.

The main objective of the WELSONS project is to
provide a better understanding of the impacts of climate
and land-use changes on soil degradation by wind
erosion for agricultural soils in semiarid region of the
northern Spain. This can be done over a short-term or a
long-term period, ®rst, by investigating the removal of
nutrient-rich soil particles due to wind erosion, and then
by developing a soil nutrient emission model expressed
in terms of parameters which are likely to be modi®ed
by those changes. The scienti®c partners involved in
WELSONS are complementary experts in soil, soil
erosion, aerosols and micrometeorology, as mentioned
in Table 1.

The aim of our work as (partner 5 in Table 1) in the
WELSONS project is to analyze the physical processes
within the soil/atmosphere interface in order to quantify
the transfer of energy, momentum and matter between
the soil and the atmosphere. Wind erosion occurs only

Table 1. Scienti®c partners and goals in the WELSONS project.
The WELSONS experiments were performed by ®ve di�erent
institutions, experts in atmospheric dust and airborne particle

characterization, soil science, saltation and horizontal ¯ux, and
micrometeorology, making for a total study of the wind erosion
process

Organization Measured quantities Instrument type Purpose

Laboratoire Interuniversitaire
des SysteÁ mes AtmospheÂ riques
(LISA, CreÂ teil, France)

Dust concentrations at two
levels of atmospheric
resuspension ¯uxes and
mass-size distribution of dust

Isokinetic low-volume ®ltration
system; low-volume cascade
impactor

Physicochemical
characterization of dust

Consejo Superior de
Investigaciones Cienti®cas-
Estacion Experimental de
Aula Dei (CSIC-EEAD,
Zaragoza, Spain)

Particle size distribution, % of
aggregate, EC, pH, organic
mater and CaCO3 content,
humidity, density, roughness...

Light-scattering particle size
analyser, pHmeter (H2O/KCl),
penetrometer; electromagnetic
sieve shaker...

Soil surface properties;
collection of soil and
climate data relevant to
the project

Wageningen Agricultural
University (WAU,
Wageningen, The
Netherlands)

Vertical pro®le of saltation
particles; horizontal transport
in saltation mode

Modi®ed Wilson and Cooke
(MWAC) catchers; saltiphones

Threshold friction velocity

Fraunhofer Institut fuÈ r
Toxikologie and Aerosolfor-
schung (PhITA, Hannover,
Germany)

Airborne particle size
characterization

Standard soil resuspension
test (SSRT)

Determination of the soil
erodibility

Laboratoire Environnement
et DeÂ veloppement (LED,
Paris, France)

Micrometeorological parameters
and wind pro®les

Special micrometeorological
ground station (MGS)

Dynamics and energy
budget of the SBL
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when a threshold value of the wind velocity is reached.
This threshold depends on the soil surface features and
the characteristics of the ¯ow just above the soil surface,
this ¯ow being itself in¯uenced by the soil surface. The
mechanical energy of the wind is transferred to the soil
particles by the shear stress at the surface. The latter is
directly linked to the friction velocity and surface
conditions. The threshold friction velocity is mainly
in¯uenced by the roughness of the surface which acts to
absorb a part of momentum of the wind, the particle size
distribution at the surface (e.g. Chepil, 1951), and the
humidity of the soil. Using theoretical considerations, it
is possible to parameterize the surface and atmospheric
properties in¯uencing wind erosion process, namely by
using a limited number of parameters which interact:
friction velocity, roughness length, latent heat ¯ux,
retention curve and matrix potential of the soil, soil
particle distribution, vegetation cover, etc. Micromete-
orological parameters, such as the friction velocity (and
the threshold friction velocity), the roughness length and
evaporation, are very useful parameters to quantify
wind erosion (e.g. Fryrear et al., 1993; Gillette et al.,
1974; Marticorena and Bergametti, 1997; Quiroga et al.,
1998; Zobeck, 1991). Among them, friction velocity is
one of the most important since it quanti®es the energy
source of that moves soil material. The roughness length
has a signi®cant e�ect on the evaporation rate, the solar
radiation re¯ection, the soil particle emission and
trapping during a wind erosion event (e.g. Armbrust
et al., 1964; Bowers et al., 1965). Evaporation plays a
role in inter-particle capillary forces (characterized by
the soil moisture) which are the main factors responsible
for the increase of the wind erosion threshold (e.g. Bisal
et al., 1966; Chepil, 1956; Marticorena et al., 1997). The
friction velocity and the roughness length allow us to
describe the wind pro®le, and ultimately to predict wind
erosion. As a consequence, from a micrometeorological
point of view, understanding the wind erosion processes
requires acquaintance with dynamic parameters and the
establishment of the radiation balance at the surface.

Many studies of the SBL have taken place during the
last decade, but only a large scale and for representative
selected climates: HAPEX-MOBILHY in southwest
France (AndreÂ et al., 1986), EFEDA in arid and
semiarid Spain (Bolle et al., 1993) and HAPEX-Sahel
in the semiarid tropics (Goutorbe et al., 1994), FIFE in
central USA (Sellers et al., 1988) and BOREAS in
Canada (Sellers et al., 1995). These experiments studied
the land-atmosphere interaction in order to improve the
parametrization of land surface atmosphere relations (at
the global circulation model gridbox scale) and hydro-
logical processes. The ECLATS experiment (Druilhet
and Tinga, 1982) studied mainly the interaction between
energy budget, aerosols and turbulent transfers in the
boundary-layer in the Sahel region. All these studies
showed that the energy budget strongly depends on
environmental factors, which allows a better under-
standing of the microclimate. Therefore the WELSONS
project has established original local microclimatologi-
cal data on the semiarid surface layer of the northern
Spain.

This study is organized in the following manner:
general characteristics of the WELSONS experiment are
given in Sect. 2, along with a brief description of the
experimental site. In Sect. 3, the methodology is applied
and results are presented, the latter being subdivided
into time series presentation and dynamics of the SBL;
conclusions are provided in Sect. 4.

2 The WELSONS experiment

2.1 Description of the experimental site

In central Aragon, soils can be de®ned as mostly
alkaline, with low organic matter content (<1.5%), high
total carbonate content (>30% in many case), and have
a dominant sandy loam to loam textural class (Mon-
tanes et al., 1991). Due to these characteristics, soils in
this region are inclined to erosion both by water and
wind. As a ®rst approximation, and applying the
empirical index proposed by Lee et al. (1994) for the
average clay content of these soils (17.6%), the soil
erodibility for wind lies in a class intermediate to those
found in other semiarid regions (e.g. southern High
Plains, USA).

The soil moisture regime in the central part of the
Ebro River basin is markedly arid. The distribution of
aridisols in Spain according to Dregne (1976) shows
these soils are present in much of the Ebro Valley.
According to o�cial 1993 statistics (Gobierno de
Aragon, 1994), land use distribution in Aragon
(47 668 km2) is reported as follows: agricultural lands
(37.2%), rangelands (14.5%), forests (30.8%) and other
uses including marginal lands (17.5%). About 75% of
total dry-farmed croplands (1 357 283 ha) are semiarid
areas with an average annual precipitation of 500 mm or
less, with herbaceous crops cultivated on approximately
750 000 ha and 430 000 ha of fallow lands. Almost half
of fallow lands are concentrated in central Aragon
where the traditional farming system of cereal-follow
rotation extends over 250 000 ha. Lopez et al. (1996)
describe the sequence of this rotation in which soil lies
fallow for about 16 months. Wind erosion is generally
more important on these agricultural lands since the
vegetation cover is removed seasonally and soil surface
horizons are disturbed by tillage. Attention should be
paid to less known processes such as tillage erosion
(Gomes et al., 1997) to assess the impact of land use
changes on erosion rates. Without measures to maintain
clods and lumps of soil and crop residues on the surface,
the soil during the fallow period is smooth and bare.
This potentially erosive condition extends until the
newly seeded crop has grown to protect the soil surface
from wind erosive forces again.

The rainfall regime in central Aragon is characterized
by the lack of any well-de®ned rainy season, and a high
probability of months where no rain falls or amounts
are extremely low (McAneney and Arrue, 1993). This is
in contrast to many other semiarid regions with a clear
Mediterranean-type climate, such as those in the south-
eastern part of the country. The climate of this region is
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strongly in¯uenced by the winds because of their
particular characteristics. These winds are due to the
speci®c topography of this part of Spain, as can be seen
from Fig. 1. In fact, the channel formed by the
Cantabrico Cordillera to the northwest, the PyreÂ neÂ es
Mountains to the north and the Iberian Cordillera to the
south of the Ebro River, funnels each air ¯ow, resulting
in the main wind directions of WNW and ESE. The
Cierzo is the wind from the WNW direction, a very cold
air stream in winter and cool in summer. Two main
meteorological situations can explain its appearance.
The ®rst is an anticyclone over the Cantabrico Sea and a
low-pressure system above the Mediterranean Sea; the
second is a strong low-pressure system to the north of
Europe coupled with a high-pressure area over the
Azores. The ®rst situation generates dry (from the foehn
e�ect, see Schneider, 1996), strong and continuous
winds. Cierzo events with gusts over 30 m s)1 are
common in this region, especially during the summer
(Biel and Garcia de Pedraza, 1962), and according to
Skidmore (1965), erosive winds are those exceeding
5.3 m s)1 at 2 m height. In the second case, the air ¯ow
which blows over the whole Europe has strong oceanic
characteristics and causes wet weather with heavy swell
conditions on the Atlantic coastline. In the opposite
direction blows the Bochorno, with an ESE main
direction, which appears when a pressure gradient exists
between Mediterranean Sea and the Cantabrico Sea,

with a low pressure ®eld over the latter. The Bochorno is
generally a light wind (except in stormy conditions), and
its direction is less well-de®ned; it is temperate and moist
in winter, and dry in summer with a Saharan in¯uence.

The experimental ®eld is located in an area called El
Saso (41°36¢N, 0°32¢W, 285 m above mean sea level)
between Osera de Ebro and Monegrillo, 40 km apart
from Zaragoza in the Ebro Valley (see Fig. 1). At the
experiment time the ®eld was in the fallow year of a
barley fallow rotation, with its largest dimension in the
direction of the prevailing wind, Cierzo (WNW). It was
surrounded by ®elds with very sparse vegetation on the
upwind edge. Beyond both sides were wheat ®elds with a
vegetation height <30 cm at a distance of about 200 m;
fallow stubble ®elds ®lled area between wheat ®elds and
the experimental plot. The soil was a silt loam,
containing 19.3% of sand, 67.6% of silt and 13.1% of
clay in the ®rst 20 cm from the surface.

Within the experimental ®eld, two adjacent plots
were delimited for the application of two tillage treat-
ments with a 20 m separation: conventional tillage (CT)
and reduced tillage (RT). The dimensions of one plot
were 130 by 160 m. The CT treatment consisted of
mould-board ploughing, to a depth of 30±35 cm, then a
compacting roller was used to obtain a very ¯at surface.
The RT treatment is an alternative practice of conser-
vation tillage, and consisted of a single pass of a chisel
plough to a depth of about 15±20 cm, resulting in a

Fig. 1. Map of the area studied. Top shows the Aragon region in dark
greywithin Spain. TheWELSONS experiment site is situated between
Osera de Ebro and Monegrillo, at about 40 km from Zaragoza in the
Ebro Valley. The bottom-right map allows us to visualize the speci®c
geography of this region, with the PyreÂ neÂ es Mountains (1) which

separates Spain from France, the Cantabrico Cordillera (2) in
northern Spain and the (3) Iberico Cordillera to the south of the
Ebro Valley. This geographical con®guration causes special e�ects on
winds blowing through this region, and in¯uences the climate regime
in this part of northern Spain
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surface with furrows. In both cases, all the tillage
operations were done in the WNW direction. Thus the
®elds were in a bare soil state, but with surface
conditions that were very di�erent during the whole
experiment. This work only presents the 1997 WEL-
SONS experiment (29 June±25 September) which was
the most intensive and over the longest measurement
period. Data have been recorded over the two di�erent
plots, and Table 2 gives the di�erent periods in the 1997
WELSONS experiment.

2.2 Instrumentation and measurements

Two micrometeorological ground stations (MGS) have
been developed and set up on the experimental ®eld (see
Fig. 2) with one on each of the plots and close to the
dust ¯ux tower (LISA) on the downwind edge of the
®eld to avoid a fetch e�ect. The MGS is an instrument
that combines sensing and computing functions in a
single package to make continuous measurements of
micrometeorological parameters. This kind of equip-
ment has already been used in agrometeorological
applications (Frangi et al., 1996) such as irrigation
management, and has been adapted for the WELSONS
experiment. It records the radiative and thermodynamic
measurements (FT data) and also wind speed at ®ve
levels during wind erosion events (WS data). The wind
pro®le is measured independently of the energy budget
parameters (radiative and thermodynamic measure-
ments as wind speed, wind direction, air temperature
and vapour pressure, net radiation ¯ux, ground heat
¯ux, soil and surface temperature, atmospheric pressure)
which are not a�ected and the MGS continue to
measure them every 3 min (Frangi and Poullain,
1997). Each wind speed ®le has an energy budget ®le
to correlate energetic and aerodynamics data (both form
the WS database). Moreover, it has been possible to
ensure wind pro®les that were common in time to the
two stations, and this enabled us to compare dynamic
characteristics of the two parcels, which have di�erent
tillage modes.

Statistical errors for each sensor are presented in
Table 3, where the error on wind speed concerns the
anemometer coupled with vanes. Other anemometers
involved on the wind pro®le determination were cali-

brated in a wind tunnel, with a ®nal error on each of
about 0.1 m s)1. The inversion process involves a time
di�erence between the measurement of the air temper-
ature (as much for humidity) at the low level and the
measurement at the upper level. That implies an error on
the estimation of the temperature and humidity gradi-
ents because natural conditions may have changed

Fig. 2. Two micrometeorological ground stations (MGS) were set up
during the WELSONS experiment. The wind pro®le, recorded every
second, is measured with 5 cup anemometers marked A1, A2, A3, A4
and A5 along a vertical mast 4 m in height (right side of picture), near
the station which is a datalogger with sensing and computing
functions. Other measured parameters, radiative and thermodynamic
data for the determination of the energy budget, are the following
(3 min-measurements and 30 min-means): wind speed and direction
by a cup anemometer and wind wane marked CAW on the ®gure; the
net radiation ¯ux sensor is Rn; Tsol, Tsurf and G are respectively the
soil temperature probe, the surface temperature probe and the ground
heat ¯ux sensor. All these sensors are buried, except the surface
temperature probe which is very close to the soil surface; in fact, this
probe is laid on the soil surface and covered with a ®ne layer of sifted
soil. The soil temperature probe has been placed at the same depth as
the ground heat ¯ux plate. Air temperature and air relative humidity
are measured at two levels from an alternative air aspiration system as
described by Cellier et al. (1993). In the ®gure, Tal is the air
temperature at the lower level, Tah the one at the upper level, and RH
the relative humidity of the air measured in the captor chamber. To
allow stabilization of air temperature and humidity sensors, no
measurements of these parameters is made during the ®rst 45 s
following the inversion. The atmospheric pressure sensor is inside the
station. Precise makes of instruments are speci®ed in Table 3

Table 2. The rain coupled with the high net radiation ¯ux and
speci®c soil texture results in a crust on the soil surface. We had to
remove it twice during the 1997 WELSONS experiment (15 July
and 3 September) by new tillage operations, and consequently this
experiment has been divided into three periods. These repeated
tillage processes allowed us to record enough data to characterize
erosion processes and micrometeorological features. These periods
must be distinguished because after a tillage operation, the soil
structure is di�erent, such as roughness length and soil properties

Experiment Start-end date (total number of days)

Phase I 19 June±5 July (26)
Phase II 16 July±3 September (49)
Phase III 4 September±25 September (21)
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during the two recordings (such as a cold gust of wind,
¯uctuations of atmospheric parameters due to the
turbulence, non steady-state conditions, convection cells
in the SBL for instance). The error on the air temper-
ature gradient has been estimated experimentally by
comparing values of the temperature gradient when
temperatures at two heights were measured simulta-
neously, with the temperature gradient measured by the
MGS (so making a time di�erence of 3 min); the error
value was 0.5 K. The same work was not possible for the
relative humidity gradient, and the error on the air
speci®c humidity gradient was computed from errors on
the RH gradient value (1%), on the temperature probe
of the RH captor (0.1 °C) and on the pressure captor
(1 hPa), given a lower limit of 0.3 g kg)1. Assuming that
these errors on the gradients are randomized, an average
over N values reduces these statistical errors by a factor
1/N1/2. In this study, 3-min measurements are averaged
over 30 min, so N = 10, that involves rDh = 0.2 K
(rounded to the highest value) and rDq = 0.1 g kg)1.
The location of the sensors during the di�erent periods
of the 1997 WELSONS experiment is summarized in
Table 4.

3 Methodology

On a bare soil, without advection e�ect, and assuming a
state of equilibrium, ¯uxes at the soil surface must be
true to the one-dimensional surface energy balance
equation given by

H � kE � ÿ Rn� G� � �1�
all ¯uxes directed toward the surface are positive and
vice versa.

A ®rst method to compute ¯uxes in the SBL is based
on the Monin-Obukhov similarity theory (e.g. Monin
and Obukhov, 1954; Obukhov, 1946; Panofsky et al.,
1960). Taking into account the water vapour e�ect on
the atmospheric stability (e.g. Brook, 1978; Busch, 1973;
Riehl et al., 1978) and di�erent roughness lengths for
momentum, heat and humidity (e.g. Brutsaert, 1975;
Garrat and Hicks, 1973; Mascart et al., 1995; Wood and
Mason 1991), the vertical pro®les of wind, temperature
and speci®c humidity for turbulent ¯ows in the surface
layer can be described by the following equations:
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� �
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L � u2�hv

kgh�v
� u2

�h 1� 0:608q� �
kg h� � 0:608�hq�
ÿ � �5�

The roughness length z0m used for this experiment is the
local roughness length. This local roughness length is
related to the geometry of the surface roughness
elements, but should be seen as empirical coe�cient in
Eq. (2). It is di�erent from the e�ective roughness length
which represents the total e�ect of roughness elements in
an inhomogeneous area (e.g. Beljaars and Holtslag,
1991; Garrat, 1980; Holtslag, 1984). Actually, our study
only concerns a particular wind direction (between 285°
and 315°); and also the ®eld is assumed to be homoge-
neous over 1 km upwind in this direction. The speci®c

Table 3. Sensors used for the SBL study during the WELSONS
experiment. Makes of sensors and errors for each sensor are also
given. Temperature indicates soil as well as air temperature probes.

Forwind speed,we give informationon the cup anemometer coupled
with wind vane only (CAW in Fig. 1) since other cup anemometers
used for the wind pro®le were calibrated in a wind tunnel

Table 4. Sensors' location during the di�erent phases of the 1997
WELSONS experiment. Locations are quite similar between both
MGS, so this table only presents the values for the station CT. The
two latter phases are joined (phase II and phase III in Table 2)
because no change occurred during this whole period

Sensors Height (cm)

19 June±15 July 16 July±25
September

Net radiation 115 117
Ground heat ¯uxa 5 5
High level of aspiration 110 119
Low level of aspiration 21 30
Cup anemometer and vane 170 170
Soil temperaturea 5 5
Surface temperaturea 0.2 0.2
Anemometer 1 25 28
Anemometer 2 50 53
Anemometer 3 100 118
Anemometer 4 199 203
Anemometer 5 399 402

a Indicates that the value is related to depth

Measurement Sensors Errors

Net radiation ¯ux Net radiometer (REBS Q*7.1) 3%
Ground heat ¯ux Soil heat ¯uxmeter (FRITSCHEN HFT-1) 5%
Temperature Pt resistance 1000 W (Heraeus Sensor) 0.1 °C (at 25 °C)
Relative humidity Resistive captor (General Eastern RH2) 2%, hysteresis <1%
Atmospheric pressure Pressure transmeter (VAISALA PTB101B) 1 hPa
Wind direction Wind vane (NKE) 3°
Wind speed (m s)1) Cup anemometer (NKE) 0.3 m s)1
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humidity was computed from the relative humidity
measured by the MGS by using the W.M.O. formula
(e.g. AFNOR, 1994), and expressed by

ln ew�T � � ÿ6096:9385 � Tÿ1 � 21:2409642

ÿ 2:711193 � 10ÿ2 � T � � � �
� 1:673952 � 10ÿ5 � T 2 � 2:433502 � ln T

with 173:15K < T < 373:15K �6�
Di�erent forms of the stability functions have been
derived and used in the literature (e.g. Beljaars and
Holtslag, 1991; Businger et al., 1971; Dyer, 1974;
Hogstrom, 1996). According to the recent review
of Hogstrom (1988), the early formulations obtained
by Paulson (1970), Dyer and Hicks (1970) and Hicks
(1976) are still good approximations for an unstable
surface layer. Their stability function can be used in
this work (z/L < 0), and the formulations are given
by

Wm � 2 ln
1� x
2

� �
� ln

1� x2

2

� �
ÿ 2 arctan x� � � p

2
�7�

Wh � 2 ln
1� y
2

� �
�8�

where (Dyer, 1974),

x � 1ÿ 15
z
L

h i1=4
and y � 1ÿ 15

z
L

h i1=2
�9�

Under stable conditions (z/L < 0), empirical data from
Webb (1970) suggests

Wm � Wh � ÿ5 z
L
: �10�

In both cases, we assumed equality between Wh � Wq.
The temperature and humidity scales are related to

the sensible heat ¯ux and latent heat ¯ux as follows:

H � cpqu�h�v
E � qu�q� :

�11�

This ®rst method is called the pro®le method. On the
left-hand side of Eqs. (2)±(4), the horizontal wind
speed, temperature di�erence and speci®c humidity
di�erence can be directly determined by the MGS
measurements. On the other hand, this method does
not use the surface energy budget measurements (Rn
and G). Due to limited accuracy in the observational
data, the total ¯ux H + kE computed by the pro®le
method could be signi®cantly di�erent from the
observed value of Rn + G and thus violate the energy
balance equation.

A second method is the well-known Bowen ratio
energy balance (BREB) method (e.g. Bowen, 1926;
Fritschen and Simpson, 1989). Sensible and latent heat
¯uxes are determined from the energy balance equation
and the expression of the Bowen ratio de®ned by
B = H/kE, with H and E expressed as a function of air
temperature and humidity gradients as follows:

H � ÿcpqKh
@h
@z

E � ÿqKq
@q
@z

:

�12�

So, assuming that Kh and Kq are equal, and that
similarity laws for temperature and speci®c humidity are
identical, an expression for the Bowen ratio is given as

B � cp

k
� Dh
Dq

: �13�

Knowing the Bowen ratio by measurement of the
temperature and speci®c humidity gradients, such as
the net radiation and the soil heat ¯uxes, we can express
H and kE as

H � ÿ Rn� G
1� 1=B

kE � ÿRn� G
1� B

:

�14�

The energy balance is easily obtained by this way. The
BREB method has generally been considered the most
conservative and reliable all-weather technique for ¯ux
computations (e.g. Fritschen and Simpson, 1989;
Priestley and Taylor, 1972). However, the BREB
method does not use all the information in Eqs. (2)±
(10) provided by the similarity law, although Eq. (13) is
derived from the ratio between Eq.(3) and Eq. (4) or
from Eq. (10). It is also well known that the BREB
method will become computationally unstable when the
Bowen ratio is in the vicinity of )1 (e.g. Bertela, 1989).
In this case, as we can see from Eq. (14), a small
observational error in Rn + G or B will entail very
large errors in the computed ¯uxes. During the
WELSONS experiment, the speci®c humidity di�erence
may be very small with a very high relative error, that
usually involved some uncertainty on the B value; for
the use of the BREB method, this problem can be an
important limiting factor in semiarid area (e.g. Cellier
and Olioso, 1993).

Xu and Qiu (1997) combined these two methods into
a variational method by considering that the roughness
length is not a parameter to determine. They assumed
that it does not change during a selected period, and
determine it by another way. But with strong erosion
events, it is possible that the high dust concentration in
the ®rst few centimetres of the SBL increases the z0m
value temporarily (Scott, 1995), and so the roughness
length must be regarded as a parameter in our study.
The variational method used here takes into account the
system formed from Eqs. (2)±(4), and another equation
to evaluate the mismatch d between the computed
H + kE and observed Rn + G, given by

d � Rn� G� cpqu�h�v � kqu�q� �15�
The roughness length appears only in Eq. (2) with the
friction velocity, thus involving a high covariance
between those parameters. In order to decrease the
weight of the roughness length against the friction
velocity, we added other equations expressing the
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di�erence of wind speed between two heights, and
summed up by the following equation:

Duj
i � u�zi� ÿ u�zj� � u�

k
ln

zi

zj

� �
ÿWm

zi

L

� �
�Wm

zj

L

� �� �
�16�

In Eq. (16), index ``i'' is 1 £ i £ 5 and index ``j'' is
i < j £ 5. In fact, the best value of the friction velocity
in the Eq. (16) is not necessarily the one for Eq. (2); so
the minimum for the friction velocity is found by taking
into account Eq. (2) and Eq. (16). This does not decrease
the strong covariance between u* and z0m in Eq. (2) but
the computation of the friction velocity is more
accurate, especially because the calculation of the
roughness length is sensitive to errors on wind speed.

The Eq. (5) is the formulation of the Monin-
Obukhov length, and universal functions must be
explicitly expressed as a function of it in Eqs. (2)±(4),
(16). Finally, in the system formed with Eqs. (2)±(4),
(15), (16), there are four knowns, and 17 equations in
total since ®ve levels for the wind speed are available.
The aim is then to ®nd the scaling parameters (u*, h*, q*
and z0m) which solve this set of equations. A general
method is to de®ne a merit function (denoted v2) which
quanti®es the square of deviations between the observed
and calculated values to minimize them (Aloysius, 1978;
Nieuwstadt, 1978; Xu and Qiu, 1997). We can express
the merit function for our case by

v2 �
X4
i�1

X5
j>i

�Duj
i ÿ �Duj

i�m�2
�rDu�2 �

X5
i�1

�ui ÿ um
i �2

ru� �2

� Dhÿ Dhm� �
rDh� �2

� Dqÿ Dqm� �
rDq� �2

� d

rd� �2
; �17�

with the di�erent quantities de®ned in the list of
symbols. The minimum of the v2-function gives the
optimal estimates of (u*, h*, q*, z0m). When standard
deviations on measured quantities [represented by (rA)2

terms] are known and taken into account in the merit
function, it allows us to ®nd optimized parameters with
an error on their estimates. To make the minimum
search, it is necessary to compute gradients components
(the covariance matrix), partial derivatives of the v2-
function with respect to parameters. As the v2-function
depends on (rA)2 terms, the value of these partial
derivatives which determine the way to ®nd the optimal
solution and the minimum of the v2-function, is strongly
in¯uenced by their presence. Therefore, the values of the
standard deviation of the di�erent quantities must be
estimated as precisely as possible. The following esti-
mated values, which derived from those already discus-
sed in the previous section, were used: rDu =

���
2
p

:ru

with ru = 0.1 m s)1, rDh = 0.2 K, rDq = 0.1 g kg)1.
As far as the rd term is concerned, the computational
programme calculates it at each step of the computation
because of its dependence on the value of the net
radiation ¯ux (with 3% of error on it) and the soil heat
¯ux (5% of error). Moreover, errors on estimated
parameters (u*, h*, q*, z0m) have to be taken into

account, and are calculated at each step from the
covariance matrix (they are initially set up at unity for
the ®rst step). For more details about v2-distribution, its
application and the use of covariance matrix for the
optimisation of nonlinear problems, we can refer to
Press et al. (1986). Marquardt's method has been used
(mixture of the steepest descent and the Gauss-Newton
technique) to ®nd the minimum of this multivariate
function (Marquardt, 1963; Nieuwstadt, 1978).

As far as the energy budget equation is concerned
(see Eq. 1), soil heat ¯ux has to be known at the surface.
There are several methods to estimate the soil heat ¯ux
at the surface from temperature measurements and soil
heat ¯ux measured at di�erent depths in the soil. The
null-alignment method (Kimball and Jackson, 1975), the
harmonic (Horton et al., 1983) and the ®nite di�erence
method (Sharratt et al., 1992) are based on soil temper-
ature measurements at several depths. The combination
method (Massman, 1992) uses temperature with heat
¯ux measurements. All those methods need volumetric
heat capacity as well as thermal di�usivity (except the
combination method for which only the volumetric heat
capacity is required). By considering a soil temperature
measured at the same depth as the heat ¯ux plate and a
surface temperature, Massman (1993) showed that it
was possible to compute the soil heat ¯ux at the surface
by using a mathematical Kirscho� type transformation
applied to the transient heat conduction equation.
Passerat de Silans et al. (1997) during the HAPEX-
Sahel experiment used this technique because of the
impossibility to determine accurately the thermal prop-
erties (due to a vertical inhomogeneity of these). From
the temperature and soil heat ¯ux measurements in the
soil, it has been possible during the WELSONS exper-
iment to compute the ground heat ¯ux at the surface,
and to estimate the apparent thermal di�usivity, without
knowing the thermal properties (they are always di�cult
to measure precisely in heterogeneous soil). This method
involves the use of the Fourier series decomposition of
the soil temperature, the surface temperature and the
ground heat ¯ux. For instance, the temperature wave
can be expressed as (see list of symbols for the meaning
of each term)

T �z; t� � T0�z� �Real
X1
n�1

An�z� � exp i � x � n � t � Pn� �� �
" #

�18�

Because An(z) is complex and a function of depth, it will
contain the information on how the wave is damped and
how its intrinsic phase is shifted as it propagates through
the soil; on the other hand the associated phase Pn is an
arbitrary constant for any given harmonic and is usually
assigned by convention. Passerat de Silans et al. (1997)
used 18 harmonics to ensure a good ®t between
measured quantities and their Fourier series representa-
tion. If this operation is mathematically exact, it could
produce some unrealistic values of the soil heat ¯ux
estimated at the surface. In fact, this Fourier represen-
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tation assumes the periodicity of parameters, and the use
of too many harmonics may entail periods that are
physically unrealistic. We used six harmonics for the
Fourier decomposition, that gives a good description of
the mean variation of the parameters (temperatures and
soil heat ¯ux) during daytime, but not so much during
the night because the periodic assumption is less valid
(since the strong periodic characteristic of the course of
the sun during the day vanishes with darkness). This
number of harmonics allows us to exclude the residual
¯uctuations for which the associated damping depth is
unrealistic from a physical point of view (Frangi and
Druilhet, 1988).

The scaling parameters (u*, h*, q*, z0m) can be
obtained during wind pro®le measurements only. To
evaluate ¯uxes over longer periods during similar
meteorological conditions (Cierzo or wind direction
in the WNW sector with a wind speed >2 m s)1), the
same method was used and applied to the FT database
(measurement every 30 min). However, we must mod-
ify the set of equations used, because the wind speed
was measured at only one level, so Eq. (16) is
removed. With temperature and speci®c humidity
gradients, we have now four equations and four
unknowns, and it is normally possible to ®nd a
solution. From Eq. (2) we can see that the roughness
length will be optimized so that Eq. (2) is adjusted
whatever the friction velocity value input may be, thus
the friction velocity will be found to optimize Eqs. (3)
and (4), and then the roughness length will be deduced
by Eq. (2). To avoid this, the roughness length must
not be a ®tted parameter; so we assume that it is
known from wind pro®les measurements, and constant
during the considered period. The optimized scaling
parameters (u*, h*, q*) allow us to compute ¯uxes
using Eq. (11).

4 Data analysis

We present some meteorological and microclimatolog-
ical features (from FT database) for the whole 1997
experiment. Data values (collected every 3 min) are
averaged over 30 min. They involve atmospheric pres-
sure (measured at station 2 on the RT plot only), the net
radiation ¯ux, the temperature and relative humidity of
the air, the soil and surface temperatures, the wind
direction and speed. For all the ®gures, the time
reference is universal time (UT). Some data are missing
because of breakdowns of the MGS due to a malfunc-
tioning of the solar panel. Most of data are from station
number 1 installed on the CT plot; for soil and surface
temperature, and ground heat ¯ux, data are from station
2 because surface temperature probe at the station 1 was
out of order in August. Data on rainfall measured by
partner 2 (CSIC-EEAD, Table 1) are also presented. All
these data give information about the general microcli-
matic conditions of the area studied. Thereafter data on
the SBL are presented for the second period; they
concern scaling parameters and the energy budget
components, as well as a comparison of those quantities
between the two plots.

4.1 Rainfall, atmospheric pressure and relative humidity

The 1997 summer was characterized by unusual rainfall
with few big storms in June and August (as we can see
by looking at the chronology of the atmospheric
pressure in Fig. 3). To give exact information on
the amount of rain (Fig. 4), we summarize here the
main rainy days with their day-mean value of precipi-
tation during this experiment: 28 June (23 mm day)1),
2 July (10 mm day)1), 9 July (9 mm day)1), 16 July

Fig. 3. Time series of the atmo-
spheric pressure (in hPa) for the
1997 WELSONS experiment.
Data are from the station in-
stalled on the RT plot, and
missing data in this time series
(4 July, 13±18 July, 22±23 July
and 3 September) are due to a
malfunction of the solar panel
causing power supply break to
the MGS
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(16 mm day)1), 21±23 July (25 mm in all), 4±10 August
(more than 42 mm, with 30 mm day)1 the 10), 1
September (5 mm day)1), 13±15 September (2 mm in
all). It was a rainy period (23 rainy days with a total of
138 mm of rain recorded during these three and a half
months), compared with the average annual rainfall in
the area, about 380 mm for the 1941±1989 period
(McAneney and Arrue, 1993). Rainfall strongly in¯u-
ences the energy budget by increasing the soil moisture,
and consequently, the surface evaporation. Interactions
between evaporation, soil moisture content and the SBL
structure are quite complex, and the di�erent stages in
the drying of a ®eld soil have been studied (e.g. Idso
et al., 1974; Kobayashi et al., 1998). Surface evapora-
tion can reduce the surface heating, and consequently,
the evaluation of daytime boundary-layer development
(e.g. Pan and Mahrt, 1986).

The atmospheric pressure ranges between 970 and
1000 hPa for the whole experiment (Fig. 3). The lowest
values correspond to rainy days and thundery showers,
as seen by comparing Figs. 3 and 4. Atmospheric
pressure has a periodic evolution: a decrease from
8 am to 5 pm and then it increases. The maximal
amplitude in any day was 10 hPa (on 28 August), and
the smaller on 27 June (2 hPa only). The relative
humidity (Fig. 5) varies widely throughout the day,
from a few percent during daytime to more than 95%
during the night. As with the other meteorological
parameters, it displays a periodic evolution, with a
maximum at around 6 am and a minimum around 3 pm.
Its daily amplitude is minimum for the very dry period
(until 27 June), or just after a rainy day. After a rainfall,
during the next few days, the daily maximum relative
humidity is constant whereas the minimum decreases.

4.2 Wind conditions

The compass card for the whole experiment is plotted
on Fig. 6, and shows that it is extended in the NW-SE
direction. Prevailing winds come from the 300° sector
(11% of events), and more than 27% of wind events
occurred in the 285°±315° sector, corresponding with
the Cierzo direction. This wind blows over the whole of
the north of Spain, and its characteristics are a main
clearly de®ned direction (due to the speci®c relief of
northern Spain as explained in Sect. 2.1.) and a high
wind speed; it can blow for many days without abating.
As far as the 105°±135° sector is concerned, Fig. 7
shows that wind speeds from this sector are lighter than
those from the 285°±315° sector. Wind blowing from
this direction corresponds generally to transition peri-
ods; its velocities are much slower than that of the
Cierzo. So Cierzo is the strongest wind in addition to
being the prevailing one in this part of the Ebro Valley.
We can see the three main Cierzo events (with wind
speed >10 m s)1) that occurred during the 1997
WELSONS ®eld campaign by looking at Fig. 8: 5
July, 17±18 July and 24±26 July. Lesser events ones
happened on 22±23 June, 26±27 June, 11 and 28 of
August, and 2, 10 and 13 of September. During Cierzo
events, we can see that the behaviour of the wind is
characterized by an increase of the wind from midnight
to midday and a decrease later in the day. The increase
of wind speed with a change of wind direction to the
NW sector is observed six times out of eight after rainy
days. An anticyclonic situation following a low-pres-
sure system explains this behaviour in most cases, as
shown by looking at the atmospheric pressure behav-
iour (Fig. 3).

Fig. 4. Rainfall during the 1997
WELSONS experiment. It did
not rain during the month before
the beginning of the experiment
on 19 June. Thus di�erent states
of soil humidity were encoun-
tered (wet soil, dry soil, very dry
soil with crust formation)
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4.3 Air, soil and surface temperatures

It is important to bear in mind that the soil temperature
is measured at 5 cm depth and the surface temperature
very near the surface. We can see that air temperature
(Fig. 9) can be very high during the day (more than
30 °C), with a minimum of 10 °C at night, and so there
is a range of 20 °C (maximum of 21.7 °C on 2 July). The
highest temperature during the daytime varies between
36.4 °C (3 August) and 15.3 °C (28 June), with a mean
value of 30 °C, and the lowest between 8.6 °C (30 June)

and 21.3 °C (23 June) with a mean value of 15 °C. Its
evolution follows the diurnal cycle; air temperature
increases between 6 am and 3 pm, and then decreases
continuously. Soil and surface temperature are shown
in Fig. 10. Surface temperature can be very high (54 °C
on 25 June), with a range varying between 40 °C (2
August) and 8.5 °C (10 August). After a rainfall, the
di�erence between the soil temperature and the surface

Fig. 5. Time series for the rela-
tive humidity for the 1997
WELSONS experiment. Values
>95% should not be used be-
cause the measurement range of
the sensor extends only from
20% to 95%

Fig. 6. Compass card for the whole 1997 WELSONS experiment.
Wind vane data were classi®ed according to 10° sectors, and the
radius in each cluster is proportional to the number of events
measured in this sector (expressed in % of the total number of data)

Fig. 7a, b. Wind speed distributions in di�erent sectors: a for the 0°±
180° sector and b for the 180°±360° sector. The percentage of events
was calculated from the total number of data recorded during the
1997 WELSONS experiment
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temperature is low, and increases as the soil dries up.
For instance, the computation of the apparent thermal
di�usivity and the soil slab depth, by amplitude, phase,
arctangent and logarithmic method (Horton et al.,
1983), gives following results respectively from the 24
to 29 July (with high rainfall over the three days
before): 0.49, 0.41, 0.31, 0.25, 0.17 and 0.16 mm2 s)1 for
the apparent thermal di�usivity, and 11.6, 10.6, 9.3, 8.3,
7.0 and 6.6 cm for the soil slab depth. Therefore the

thermal characteristics of the soil may vary rapidly
during the drying period (which is in keeping with the
observations of Verhoef et al., 1995), and this behav-
iour strongly in¯uences the partition of the energy
budget. In those conditions, because of the low water
content near the surface, vapour phase transfer may be
assumed to be dominant (e.g. Jackson, 1974) and
involves high values of the matric potential gradients
(Scanlon, 1994).

Fig. 8. Time series of wind speed
for the whole 1997 WELSONS
experiment. Data were averaged
every 30 min, and Cierzo days
are shown in grey

Fig. 9. Time series of air tem-
perature for the 1997 WEL-
SONS experiment measured at
the high level on the MGS,
corresponding with Tah in Fig. 1
(the exact height is given in
Table 4)
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An interesting phenomenon is observed in the air as
well as surface temperature with respect to wind speed.
If we focus on days with dry conditions, such as the 20±
27 June, we observe that air and surface temperatures
decrease during Cierzo conditions, that prove the cold
character of this air stream. Moreover, this wind results
in a decrease of the relative humidity (Fig. 5), but this
situation is only observed at the beginning of the
experiment because the soil which is wet during the next
Cierzo events a situation that prevents any conclusions
being made.

4.4 Soil heat ¯ux

The measured soil heat ¯ux and its estimation at the
surface are shown in Fig. 11. The former may be very
high most of the time, reaching )150 W m)2 during the
day (1 July), and its maximal daily amplitude is greater
than 200 W m)2 (1 July). The soil heat ¯ux may be small
on covered soil, and it is meaningless to correct it at the
surface. In contrast it has an important e�ect on the
energy balance for bare soils; this has been highlighted by
Frangi and Druilhet (1988) during the ECLATS experi-

Fig. 10. Soil (black) and soil
surface (grey) temperatures times
series for the 1997 WELSONS
experiment (see Table 4 for exact
locations). Data are from the
station installed on the RT plot,
and missing data in this time
series (4 July, 13±18 July, 22±23
July and 3 September) are due to
a malfunction of the solar panel
causing power supply failure to
MGS

Fig. 11. Time series of the mea-
sured soil heat ¯ux (black) and
the calculated one at the surface
(grey) for 1997 WELSONS ex-
periment. As for soil and soil
surface temperature, data come
from the station installed on the
RT plot and missing data are
due to the same reasons, except
on 9 July and the 11 September
because a test on the soil heat
¯ux plate was removed from the
soil
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ment. For this reason, its estimation at the surface has
been necessary to improve the energy budget closure,
following the method explained in the methodology
section. A trend analysis clearly shows a decrease of the
daily minimum (from�50 W m)2 at the beginning of the
experiment to �15 W m)2 at the end of September).
That is observed also for the daily maximum, from
�)100 W m)2 at the beginning of the experiment to
�)60 W m)2 at the end of September, although this
decrease was noticed only from the beginning of August
for air and soil temperature. The estimated surface
ground heat ¯ux has the same behaviour. During
daytime, it can reach )190 W m)2 (6 July), with a
minimum during the night of 130 W m)2 (on 2 July at
19 pm). Because of the phase shift, its maximum occurs
around midday, before that of the soil heat ¯ux.

4.5 Net radiation ¯ux

The net radiation ¯ux is plotted in Fig. 12. It ranges
from )80 W m)2 during the night to more than
500 W m)2 on clear days, reaching peaks of more than
600 W m)2 from time to time (607 W m)2 on 2 July
after rain). The inversions of the ¯ux occur around 6 am
and 6 pm, with a maximum at midday of 400 W m)2

and a minimum of )50 W m)2 at 8 pm. The daily mean
value (Fig. 13) clearly shows a maximum between 27
and 30 June, which naturally corresponds with the
summer solstice period. From this period onwards, we
can observe a general decrease, with sudden rises.
Figure 12 shows also that this peak is followed by a
rapid decrease of the daily maximum of the net
radiation ¯ux a few days after. Viewing Fig. 12 and

Fig. 4, we notice an obvious relationship between those
rises of the daily maximum of the net radiation ¯ux and
the rainfall (as on 11 August). Measurements of global
radiation do not follow this feature and the net radiation
sensor was checked every morning. On the other hand,
the rise of the soil temperature gradient (related to the
di�erence between the soil and the surface temperature)
entails an increase of the ground heat ¯ux. Moreover, it
was not cloudy on all those days as shown by the net
radiation ¯ux aspect. As a consequence, this process can
be explained by a di�erent partition of the solar energy;
a hypothesis expounding this phenomenon may be an
increase of the longwave radiation ¯ux from the ground
since we can observe an increase of the surface
temperature during this period, or an increase of albedo
because of the decrease of the soil moisture, that would
be in keeping with results of Idso et al. (1975). During
this drying period, part of the energy is used for
evaporation and not to increase the soil temperature
(Verhoef et al., 1996). Because of the speci®c soil texture
(silt loam), this high net radiation ¯ux coupled with
speci®c Cierzo conditions on 11 August leads to
considerable evaporation, involving the formation of a
crust on the soil surface, a natural property of soils to
limit evaporation.

5 Dynamics of the SBL:
comparison between the two ®elds

5.1 Scaling parameters (u*, h*, q*, z0)

We have chosen 25 July (DOY 205) to establish the
comparison of the scaling parameters between the two

Fig. 12. Time series of the net
radiation ¯ux for the 1997
WELSONS experiment on the
CT plot. Some data are missing
due to the poor functioning of
the solar panel
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plots because of the exceptional recording time of the
wind pro®le at 1 Hz under Cierzo conditions (from
2 pm to midnight, so 36 000 data at 1 Hz for the wind
pro®le). DOY 201 till DOY 204 were rainy days (25 mm
in all), and consequently DOY 205 is characterized by
high evaporation, which is favoured by the Cierzo

conditions. As early as the following day (DOY 206), a
crust formed, thus severely limiting any evaporation
from this day onwards. Figure 14 shows the dynamic
parameters for both stations.

The friction velocity is greater on the RT plot than on
the CT one, that is in keeping with surface conditions on
each plot and roughness length values (respectively
3.0 � 0.27 mm and 0.32 � 0.05 mm by averaging over
the whole period of phase II). Although the friction
velocity is lower on the CT plot than on the RT one,
dust ¯uxes and saltation were observed only on the CT
plot during the whole WELSONS experiment. This
means that the threshold friction velocity is smaller on
the CT plot, and consequently, that the chisel plough
tillage provides possible wind erosion protection. This
protection may be due to many factors such as an
increase of the rough elements at the soil surface (as
aggregates, etc.), stronger evaporation due to hydraulic
properties (e.g. porosity, matric potential), etc. It is not
possible to determine exactly which parameters control
the wind erosion process in this area without comple-
mentary measurements (thermal and hydraulic charac-
teristics), but this study clearly reveals the importance of
tillage e�ect on the wind erosion process in this
agricultural area.

During the daytime, the potential temperature scales
between the two plots are quite di�erent, but very less
for the speci®c humidity scale. The absolute value of
temperature scale is higher on the CT plot whereas
speci®c humidity scale is lower there. Those di�erences
seem to vanish during the night, but the speci®c
humidity gradients are still negative, that involves the

Fig. 13. Daily maximum of the net radiation ¯ux over the whole
experimental period. The least square line is in grey. The daily
minimum (not shown) has an inverse trend

Fig. 14. Scaling parameters of the SBL for both plots CT plot (black)
and the RT (grey) for 24 July (or DOY 205) were calculated every
30 min. Plots show friction velocity (top left), potential temperature

scale (lower left), speci®c humidity scale (top right), and roughness
length (lower right)
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negative sign for the scaling parameter (q*), and an
upward latent heat ¯ux. This phenomenon is unusual,
and we will try to explain this in the next section by
studying the energy budget during this day.

The friction velocity and the roughness length are
important parameters. Their determination enables us
to quantify the atmospheric dust ¯uxes from dust
concentration gradients measured by the LISA partner.
This is made by using the modi®ed ¯ux equation derived
from Gillette (1977) to take into account stability e�ects.
Moreover, these quantities are input data in dust
emission models (Marticorena and Bergametti, 1995;
Marticorena et al., 1996). So their determination during
dust events is crucial to quantify wind erosion for a
long-term prediction of soil losses, which is one of the
aims of the WELSONS experiment.

5.2 Energy budget

The energy budget is presented on both plots for DOY
205. It has been calculated from air temperature and

speci®c humidity gradients, and wind speed at one level
(from the CAW, see Fig. 2). As assumed in the
methodology section, the roughness length determined
using the wind pro®le is presumed to be constant for a
selected period. For phase II, its value has been
computed (see previous section). For both stations, net
radiation ¯ux, soil heat ¯ux, soil and surface tempera-
tures, latent and sensible heat ¯uxes are plotted in
Fig. 15.

During the night, the net radiation ¯ux is quite
similar on each plot (around )30 W m)2). The net
radiation ¯ux curves have the same shape, but that on
the RT plot is higher than on other ®eld during the
daytime, with a maximum di�erence of 110 W m)2 at
midday. Peaks on the graphs indicate cloudy spells, due
to storm remnants after the low-pressure system on 21±
23 July, this is unfortunately invisible in Fig. 3, but
con®rmed by the meteorological station at Zaragoza
Airport. As it was a cloudy day, a mean value of 2 h for
the di�erence between the two ®elds (75 W m)2) is more
signi®cant. This di�erence is high enough to be signi®-
cant since it exceeds the errors of measurement. During

Fig. 15. An example of energy balance for the two ®elds, CT plot
(black) line and RT plot (grey) for 25 July (DOY 205). Net radiation
¯ux and ground heat ¯ux plotted top-left and top-right respectively;
the available energy and the sensible heat ¯ux plotted middle-left and

middle-right; latent heat ¯ux is at bottom-left, and the soil and the
surface temperatures at bottom-right. For soil and surface tempera-
tures, dotted lines represent the soil temperature and solid lines the
surface temperature
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the night, there is no revealing di�erence either on the
net radiation ¯ux or for surface temperatures between
the two ®elds, and so the infrared emissivity of the two
soils can be assumed equal. The maximal di�erence on
surface temperature is <2 K at midday, which involves
a maximal di�erence on the upward infrared radiation
¯uxes of <12 W m)2. On the other hand, the downward
infrared radiation ¯uxes must be very close since the
atmosphere above the experimental ®eld is the same (the
two stations are 200 m apart). Thus we can assume
equal values of infrared emissivities of the soil surface,
of the downward infrared ¯uxes, and of the upward
infrared ¯uxes (because of the small di�erence around
12 W m)2). Then we can express the net radiation
di�erence between the two plots by the following
equation (see the list of symbols for signi®cance of the
di�erent terms):

RnCT ÿ RnRT � �aRT ÿ aCT �Rgÿ er Ts4CT ÿ Ts4RT

ÿ �
:

�19�
By taking into account radiation data over the whole
day, we can ®nd the value of the albedo di�erence by the
least-square method. With an emissivity of 0.90 � 0.09,
which is a wide range, we obtain a di�erence (aRT ) aCT)
between the two plots of )0.06 � 0.01, that is to say
that the albedo on the CT plot is greater than on the RT.
That involves a di�erence of 64 W m)2 (average value
over 2 h) by using Eq. (19), which is consistent with the
observed value of 75 W m)2. This technique works quite
well on clear days; here the equal value of downward
longwave radiation ¯uxes is con®rmed by estimating it
on each plot with the Idso formulae (1981), since mean
air temperature and mean speci®c humidity are very
close to each other. For DOY 205, which is a cloudy
day, the assumption concerning the balance of the
downward infrared ¯uxes may not be true.

The ground heat ¯ux is quite di�erent between the
two ®elds. At the CT plot, its value is around 40 W m)2

from midnight to sunrise, while it is 50 W m)2 on the RT
plot. During daytime, we can observe a little phase shift;
the maximum on the CT plot is )135 W m)2 around
2 pm, and )90 W m)2 around 2.30 pm on the RT plot,
giving a di�erence of 65 W m)2. The ground heat ¯ux
changes sign well before sunset (more than 2 h). The
ground heat ¯ux is greater near to sunset than later at
night. This is related to the fact that the ground has some
thermal inertia, leaving the ground temperature warmer
than the air temperature over the few hours near sunset
when the ground heat ¯ux has already become positive.
During this short period, the ground is loosing heat not
only to the cooling air, but also by radiation to space;
this causes the temporary bulge in the ground ¯ux at
night. Later in the night, the ground ®nally becomes
colder than the air, allowing some of the heat lost to
space to be replaced by conduction from the air.

As a consequence of the smaller net radiation ¯ux
and the higher ground heat ¯ux on the CT plot than on
the RT one, the available energy at the soil surface
(Rn + G) is greater on the RT plot (with a maximum
di�erence of 170 W m)2 at midday), and is so for the

sum of the sensible heat and the latent heat ¯uxes as
well.

For those ¯uxes, we can observe peaks, mainly due to
the uncertainty in the air temperature and speci®c
humidity gradients. The partitioning of the available
energy into sensible and latent heat ¯uxes is quite
di�erent on each plot. The sensible heat ¯ux is higher on
the CT plot, with a maximum di�erence �40 W m)2

around midday, whereas the latent heat ¯ux is greater
on the RT plot during the daytime, in contrast to the soil
heat ¯ux. On both plots, the sensible heat ¯ux is much
smaller than the latent heat ¯ux: most of the available
energy is used to evaporate soil humidity, and this
process is more e�ective on the RT plot. That explains
the smaller ground heat ¯ux and the lower surface
temperature on the RT plot than on the other. Note that
the soil heat ¯uxes react earlier than the sensible and
latent heat ¯uxes to the net radiation change at sunrise,
since the soil warms up more rapidly than the atmo-
sphere. At the end of the day, the latent heat ¯ux does
not change its sign, and is still important
(�)40 W m)2), whereas the sensible heat ¯ux is positive
(�30 W m)2), which is an unusual behaviour. We know
that during the night, a transfer of energy occurs
between the atmosphere and the soil by conduction. A
hypothesis for this relatively high latent heat ¯ux during
the night would be that part of this energy lost by the
atmosphere is consumed to evaporate a small part of the
soil humidity. Moreover, the high air temperature (>20°
during this night) does not allow condensation of the air
humidity (proved by the relative humidity around 80%),
and the dry Cierzo conditions may favour this process.
The use of soil-atmosphere transfer models, such as the
SVAT model (Blyth, 1995; Franks et al., 1997; Calvet
et al., 1998) or SiSPAT model (Boulet et al., 1996;
Braud et al., 1995) can be useful to describe such
processes more precisely by considering thermal and
hydrological soil properties.

6 Conclusion

We have illustrated the work of the WELSONS project
devoted to study wind erosion in the European Com-
munity. Results of this project are from three measure-
ment campaigns carried out during summers 1996, 1997
and 1998 in northern Spain. Data recorded on two ®elds
with di�erent tillage modes (conventional tillage, CT,
and reduced tillage, RT) over each summer allowed us
to study the wind erosion process in this region, and its
relation to tillage practice. From this study, original
data on dynamics and energy budget of the SBL for a
representative semiarid area in the northern Spain were
recorded. Time series reveal that most of parameters
follow a harmonious evolution during the day in
keeping with the diurnal cycle, and present a great
range between night and day. The two tillage methods
induce di�erences in both dynamics characteristics and
energy budget partition between the two ®elds, by
modifying both surface and soil characteristics. An
analysis of the friction velocity and roughness length
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shows that the RT is able to reduce wind erosion by an
increase of soil aggregation, roughness length and
threshold friction velocity. As a ®rst conclusion, the
wind erosion process in this region is not a continuous
phenomenon: the threshold friction velocity will be
often exceeded because of gusty winds blowing over this
region, but this is only during very short periods.
Complementary measurements of dust and saltation
¯uxes, such as hydrological properties of the soil should
quantify its e�ciency. The friction velocity and the
roughness length allow us to compute dust ¯uxes from
dust gradients measured by the LISA (partner 1). They
will be also used to test an emission model and to
calibrate it. Finally, a prediction of the long-term losses
in this area will be possible. As far as energy budget is
concerned, the ®rst results show a di�erent partitioning
of the energy at the surface. The sensible heat ¯ux and
the net radiation ¯ux are higher on the RT plot, whereas
the ground heat ¯ux and the latent heat ¯ux are higher
on the CT plot, because of tillage e�ects on the soil
structure and surface characteristics. In spite of the low
humidity gradients, the method used enables us to
compute the energy budget and dynamic scaling pa-
rameters of the SBL during WELSONS experiment.
Finally, WELSONS data can be useful to test coupled
air/soil models. Further developments will be the
association of a wind erosion model with a SVAT
model, since dust emissions can in¯uence the energy
budget and the structure of the SBL. All data obtained
during this experiment from the di�erent partners will
be available in a WELSONS database freely accessible
to the scienti®c community.
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List of symbols

a Soil albedo
An Complex amplitude of the temperature wave for the

nth harmonic (°C)
B Bowen ratio
cp = 1004.67 Speci®c heat for air at constant pressure (J kg)1K)1)
ew(T) Saturation vapour pressure at the temperature T

(Pa)
E Evaporation ¯ux (kg m)2 s)1)
k = 0.4 Von KaÂ rmaÂ n's constant
g = 9.81 Gravity acceleration (m s)2)
G Surface soil heat ¯ux (W m)2)
H Sensible heat ¯ux (W m)2)
i The complex number ()1)1/2

K Turbulent exchange coe�cients for heat and water
vapour (m2 s)1)

L Monin-Obukhov length (m)
Pn Phase associated with the nth harmonic of the

temperature wave (rad)
q Speci®c humidity (kg kg)1)
q* Speci®c humidity scale (kg kg)1)
Real Real part of a complex number
Rn Net radiation ¯ux (W m)2)
Rg Incident solar radiation (W m)2)
t Time (s)
T Air temperature (K)
T(z, t) Soil temperature wave at the depth z, at the time t

(K)
T0(z) Mean soil temperature over the period of interest at

the depth z (K)
Ts Soil surface temperature (K)
u Horizontal component of wind speed (m s)1)
u* Friction velocity (m s)1)
z Height (m)
z0 Surface roughness length for momentum (m)
e Emissivity of the soil surface
k = [2.5)0.0024 � T (°C)]106 Latent heat of vapourization of

water (J kg)1)
kE Latent heat ¯ux (W m)2)
h Potential temperature (K)
�h Mean potential temperature in the layer (K)
h* Potential temperature scale (K)
q Air density (kg m)3)
r = 5.67 10)8 Stephan±Boltzmann constant (W m)2 K)4)
(rA)2 Variance on the measured quantity A
Y Integrated stability function
x Pulsation of the main harmonic of the temperature

wave (rad s)1)

Exponents
m Is for measured or observed

Subscripts
1 Is for the lower level
2 Is for the upper level
CT Is for CT plot
h Is for heat
m Is for momentum
q Is for speci®c humidity
RT Is for RT plot
v Is for virtual
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