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Abstract 

From 1996 to 1999, an European project called WELSONS was led to better understand 

the impacts of changes in climate and land-use on soil degradation by wind erosion for 

agricultural soils in a semiarid region of north-east Spain (Central Aragon). This paper 

presents the main results obtained from the measurement activities of the WELSONS project 

aimed to generate an original data base to study wind erosion processes. The first objective 

was to evaluate the effects of climate and anthropogenic processes on surface characteristics 

of agricultural soils. During the whole WELSONS experiment, a physical dynamics 

characterization of the soil surface and of the atmosphere near the ground were determined 

for each field plot studied. Results from the characterisation of soil surface shows that 

reduced tillage (RT) lower soil erodibility by wind compared to conventional tillage (CT). 

Soil crusting, which is a common feature of soils in the area, can also be considered as a 

protecting element against wind erosion. The second objective was to study the mobilisation 

processes of soil-particles into the saltation layer. Strong and erosive Cierzo winds occurred 

frequently in the area of the experimental field, but because a soil surface crust was present, 

only a limited supply of material was available for wind erosion. However, a measured 

saltation transport flux could be obtained for each sampled period from the measurement of 

the mass of saltating particles transported during each erosion event. The third objective was 

to assess the atmospheric emission of fine dust into the suspension layer. Significant vertical 

dust flux of PM20 was observed only in the CT plot because, as the erosion events are 

supply-limited, a lower amount of material lying on the crust was transported by the wind and 

sandblasted to provide suspended dust. Finally, the sandblasting efficiency calculated in the 

present experiment could be interpreted as the result of a higher binding energy for silt loam 

soil particles compared to sandy loam, loamy sand and sandy textured soils. 

Keywords: soil, aerosol, erosion, saltation, sandblasting, Spain 
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1. Introduction 

Soil erosion is a major environmental and agricultural world problem, which has 

intensified in recent years. At the global scale, 75 x 109 tons of soil are removed from the land 

by wind and water erosion, with most coming from agricultural land. Soil erosion rates in the 

United States and Europe average 10 tons ha-1 year-1 by water and 7 tons ha-1 year-1 by wind 

(Barrow, 1991). But, according to recent reports of the U.S. Department of Agriculture, wind 

erosion appears to be worsening, while water erosion appears to be declining. In addition, the 

annual cost of erosion prevention and damage is estimated higher by wind than by water. 

Because of their peculiar climate, the arid and semiarid regions of the world, where 

wind erosion frequently overcomes water erosion, are clearly the principal 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 

concentration of eolian components which constitute a major part of the sediment found 

around the world, both on the continents and in the oceans, would increase with increasing 

aridity in the source area (Rea et al., 1985; De Angelis et al., 1987). The short-term 

meteorological and climatic variations, such as those resulting from anthropogenic activities, 

can also be liable to increase the aridity and consequently to lead to an increase in the 

frequency and intensity of soil deflation events (Prospero and Nees, 1986). 

In agricultural environments, wind erosion can even be exacerbated by human activity 

and/or land-use change, including that driven by climate. It has been generally recognised that 

land-use change and degradation driven by economic, social, and political pressures are 

probably more profound than the effects of climate. Only in agricultural semiarid regions the 

effects of climate are likely to be at least as critical as anthropogenic effects. Recent model 

calculations (Tegen and Fung, 1995), indicate that about 50% of the total atmospheric dust 
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mass originates from disturbed soils (those affected by cultivation, deforestation, erosion, and 

frequent shifts in vegetation due to droughts and rains).  

Wind erosion represents a long-term soil loss. This process is selective, removing the 

finest particles that contain disproportionately greater amounts of plant nutrients. Therefore, 

wind erosion reduces soil productivity because of the loss of plant nutrients, the reduction of 

storage capacity for plant-available water, and the degradation of soil structure. However, 

nutrient loss has the greatest effect on the reduction of crop productivity over the short term 

as well. Moreover, the loss of soil nutrients due to water erosion is well documented while 

fewer data are available on the loss of nutrients due to wind erosion. 

More knowledge of the processes that contribute to erosion of idealised surfaces like 

desert soils has been obtained. For estimation of regional desert dust production by wind 

erosion, models were developed (for example, Gillette and Passi, 1988). For these models, 

variations in the emission of dust are generally reflected in the change of wind, vegetation and 

soil conditions. In fact, desert soil surfaces barely resemble the complexity of agricultural soil 

surfaces. Large differences between desert and agricultural soil conditions exist because of 

working of land in agriculture, vegetation and land use. Thus, recent interest has been 

expressed in evaluation of dust emission from open sources such as agricultural soils. So far, 

no study was done to quantify the net loss of soil nutrients from agricultural soils. However, 

there is an urgent need to understand how climate and land-use changes can interact on land 

degradation by wind erosion. 

The main objective of the WELSONS project was to provide a better understanding of 

the impacts of changes in climate and land-use on soil degradation by wind erosion for 

agricultural soils in a semiarid region of the Northern Mediterranean threatened by 

desertification. This project was aimed to (1) investigate the processes leading to the removal 

of fine soil particles by wind erosion, and (2) develop a soil-nutrient emission model 
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expressed in terms of parameters which are likely to be modified by changes in climate and 

land-use. 

Within the WELSONS project the work was subdivided into four main scientific tasks 

(Gomes, 2000). The first three ones were aimed to generate an original data base. Its overall 

specific objectives were (1) to evaluate the effects of climate and anthropogenic processes on 

surface characteristics of agricultural soils ; (2) to study mobilisation processes of soil-

particles into the saltation layer ; (3) to assess the atmospheric emission of fine dust into the 

suspension layer.  

In addition, a modelling activity was also conducted for the WELSONS project. Its goal 

was to test dust emission models by applying to agricultural soils the knowledge gained in 

studies on surface conditions in desert soils. The RWEQ model (Fryrear et al., 1998) was first 

tested for single events to calibrate and validate it. A main objective of this project was also to 

improve and validate the source function used in a current Dust Production Model (DPM) 

obtained by combining models of saltation and sandblasting, the two processes that lead to 

soil aerosol release in semi-arid areas.  

The aim of this paper is to present the main results obtained regarding the first three 

tasks. The modelling activities are presented in companion papers. (Sterk, this issue; Gomes 

et al., this issue). 

 

2. Background 

 

At the initial stage of their atmospheric cycle, soil nutrients are mostly emitted from soil 

surface as fine particulate matter, or aerosol. Although this concept is universally accepted, it 

needs to be more accurately investigated because the processes involved in soil-dust emission 

are not clearly understood. From a physical point of view, the particle motion initiated by 
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wind is controlled by the forces acting on the particles. These forces are weight and 

interparticle cohesion forces which are size dependent, and wind stress which is depending on 

the transfer of wind momentum to the erodible surface. This transfer is controlled by the 

presence of roughness elements on the surface which determine the threshold wind stress 

required to initiate particle motion. The friction velocity, u*, is defined by the square root of 

the wind stress divided by the density of the air. Therefore, the threshold friction velocity, u*t, 

is simply related to the threshold wind stress. Micrometeorological parameters, as the friction 

velocity and the roughness length, are therefore very useful parameters needed to quantify 

wind erosion. 

The total amount of matter in motion is located near the surface in the saltation layer. It 

is represented by the vertically integrated horizontal flux. The dependence of the horizontal 

flux, Fh (in g m-1 s-1) with the wind friction velocity has been largely investigated, mainly by 

wind tunnel experiments, leading to various predictive flux equations. A review of theses 

expressions was given by Greeley and Iversen (1985). Most of these expressions generally 

involve a power law function of the wind friction velocity and include a threshold wind 

friction velocity. 

The fine suspended particles (<20 µm) constitute the dust flux, which is referred as the 

vertical flux density, Fv (in g m-2 s-1). Since dust production experiments can hardly be 

performed in a wind tunnel, the physical processes of dust emission are not yet well identified 

and described. Up to now, the vertical flux is only assessed to be closely proportional to the 

stream wise flux of saltating sand grains, involving a formulation which has the same form. In 

the WELSONS experiment, the suspended material was regarded as lost through the top of 

the saltation layer, and its deposition is not considered because it generally occurs over a 

larger area than that encompassed by the studied region, and usually at great distance from the 

source area. In other words, during dry and windy periods the soil may be eroded and 



 

 7

otherwise fertile soils become less fertile by the removal of lighter particles (dust) into the 

atmosphere, where it successively may get transported very far away and deposited over 

much more hostile areas, or even lost in the sea. This net loss of dust is generally due to a 

combination of wind shear and saltation impact forces. Indeed, much of the erosion produced 

during dust storms is caused by blowing soil particles striking the soil surface and dislodging 

other erodible particles. This abrasion process, called sandblasting, allows the breakdown of 

non-erodible-size particles and crust to wind-erodible sizes. 

 

3. Study site 

3.1. Characteristics of the study area  

The WELSONS project was carried out in Central Aragon, a region occupying the 

semiarid middle part of the River Ebro valley in north-east Spain (Fig.1). This region is 

mentioned as one of the areas prone to wind erosion in Europe (De Ploey et al., 1989).  

In Central Aragon, soils are predominantly alkaline, with low organic matter content, 

high total carbonate content and a dominant loamy texture (López and Arrúe, this issue). On 

the other hand, saline and gypsiferous soils are quite common in Aragon, having the Zaragoza 

province, where the study area is situated, the largest extension of gypsiferous soils in Spain. 

In that province, 25% of gypsiferous soils occur in areas with less than 400 mm of annual 

precipitation (Machín and Navas, 1998).  

Generally, wind erosion is more important on agricultural fallow lands, where the 

vegetative cover is removed seasonally and soil surface horizons are disturbed by tillage 

operations. According to recent statistics, about half of total rainfed arable land in Aragon 

(1.38 106 ha) is mostly located in Central Aragon in areas with an average annual 

precipitation below 400 mm. In these areas, the traditional cereal-fallow rotation lands 

extends over 430.000 ha (López and Arrúe, this issue).  
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Rainfall pattern in semiarid Central Aragon is characterised by a high between-year 

variability and uniformity of average monthly rainfall distribution (McAneney and Arrúe, 

1993). This distribution for the 1941-1989 period at Monegrillo, a locality within a few 

kilometres of the WELSONS experimental site, is shown in Figure 2. An indication of the 

aridity and chronic deficiency of water in the region is given in this figure by the disparity 

between rainfall values and Priestley and Taylor (1972) monthly evaporation (ETo) figures 

calculated from sunshine data tabulated by Faci and Martínez-Cob (1991).  

The climate of Central Aragon is strongly influenced by the winds and their particular 

characteristics due to the specific orography of the region. In fact, the channel formed by the 

Cantabrian Mountains in the north-west, the Pyrennees in the north and the Iberian Range in 

the south of the Ebro River canalise air flows, which explains the main WNW and ESE wind 

directions. The Cierzo is defined as the wind from the WNW direction. It is a very cold air 

stream in winter and cool in summer. Two main meteorological situations can explain its 

appearance. The first is an anticyclone on the Cantabrian Sea, the area of the Atlantic Ocean 

close to the north of the Iberian Peninsula, and a low-pressure system above the 

Mediterranean Sea; the second is a strong low-pressure system above the north of the Europe 

coupled with a high pressure area over the Azores. The first situation generates dry (by foehn 

effect), strong and continuous winds. Cierzo events with gusts over 30 m s-1 are common, 

especially during the summer (Biel and Garcia de Pedraza, 1962). In the second case, the air 

flow which blows over the whole Europe has strong oceanic characteristics and causes a wet 

weather with heavy swell conditions on the Atlantic coastline.  

Average annual wind speed at the Zaragoza Airport weather station is close to 5 m s-1 at 

a height of 10 meters (Puicercús et al., 1994) and the frequency of having winds, measured at 

2 m on an hourly basis, with a velocity higher than 5 m s-1, is higher than 20% (A. Martínez-

Cob, personal communication). Figure 3 shows the frequency distribution of wind direction 
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(97,045 values) measured at the Zaragoza Airport weather station in the 1943-1960 period 

(Biel and García de Pedraza, 1962).  

 

3.2. Location of the experimental site 

 

The selection of the experimental site for intensive field campaigns was made on the 

basis of best criteria regarding land use, cropping system, tillage practices and wind 

erodibility. The site was located in Los Monegros area (41º 36' N, 0º 32' W), about 35 km east 

of Zaragoza city (Fig. 1), at 285 meters above sea level, within a collaborating commercial 

farm called El Saso that belongs to the municipality of Villafranca de Ebro. The climate of the 

area is semiarid with an average annual rainfall of 380 mm and an average annual air 

temperature of 14.3 ºC. The field experimental site was nearly level within an undulating 

landscape with its largest dimension in the direction of the prevailing wind and situated on a 

large (70 ha) barley-fallow field representative of the main semiarid dryland cereal production 

areas in Central Aragon. The soil is silt loam (coarse-loamy, gypsic, thermic Gypsiorthid) 

(Soil Survey Staff, 1975). 

 

4. Methods and experimental 

 Experimental plots for each field campaign were located on the half of the field which 

lies fallow every two years (Fig. 1). Within the experimental field, two adjacent plots of 135 x 

180 m, with a separation of 20 m, were delimited by CSIC-EEAD in collaboration with the 

farmer in order to test two types of tillage management: conventional tillage (CT), that is, the 

traditional primary tillage operation in the area during the fallow period, and reduced tillage 

(RT), as an alternative practice of conservation tillage. The CT treatment consisted of 

mouldboard ploughing, to a depth of 30-35 cm, followed by a pass of a clod-breaking roller 
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with a cutting blade in front. The RT treatment consisted of a single pass of chisel plough to a 

depth of about 15-20 cm. In both cases, tillage operations were done in the WNW direction 

(292.5º).  

Three intensive field campaigns were conducted during the summer season between 

1996 and 1998. In 1996, the plots were tilled only once at the beginning of the experiment on 

July 6. During the 1997 campaign, after the field preparation (June 16), it was decided to 

repeat twice (on July 15 and September 3) the tillage operations (pass of roller on the CT plot 

and chisel ploughing on the RT plot) in order to disrupt the surface crust formed after rainfall 

events. Only the CT plot was implemented in the 1998 campaign. During that season, the 

tillage operation was first carried out on June 22 and repeated on July 8. The area surrounding 

the plots was never tilled in order to create a non-erodible zone with a dense cover of weeds. 

 

4.1. Soil surface properties 

Prior to preparation of the experimental plots, soil samples were taken from 0-20 and 

20-40 cm depth on the experimental field and analysed for particle size distribution, by using 

a light-scattering particle size analyser (COULTER LS 230), and basic chemical properties 

(pH, electrical conductivity, organic matter content, CaCO3 content and gypsum content) by 

using standard methods. The results of this preliminary soil characterization for El Saso 

experimental site are given in a companion paper (López and Arrúe, this issue). The high 

variation found in the gypsum content over the experimental field, ranging between 50 and 

500 g kg-1 for both soil layers (coefficients of variation >60%), is a distinctive feature of the 

agricultural fields in the area. Due to the fragility and high susceptibility to degradation of 

gypsiferous soils, special attention must be paid to their agricultural use and proper 

management. 
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Soil surface properties affecting wind erosion were measured immediately after the 

application of the tillage treatments. The dry bulk density of soil was determined in the upper 

2.5 cm by the core method. Gravimetric soil moisture measurements at the soil surface were 

also made at this time and at different dates during the field campaigns. Soil samples for dry 

aggregate size distribution were collected from 0-2.5 cm depth using a metal frame (15 x 15 

cm) with a cutting edge. The samples were carefully transported to the laboratory where they 

were air-dried and sieved with an electromagnetic sieve shaker (CISA, Barcelona). The 

aggregate size distribution was obtained after separating the soil in fourteen size fractions 

from 38 to <0.04 mm in diameter. The wind erodible fraction (percentage of soil aggregates 

<0.84 mm in diameter) was also determined. Then, the dry size distribution of the erodible 

fraction of the soil was fitted to lognormally distributed populations using the data inversion 

method described by Gomes et al. (1990) with an iterative procedure based on a least square 

routine. Soil surface roughness was measured in the WNW (cierzo) direction (random 

roughness) using the chain method (Saleh, 1993). Frontal and basal areas occupied by clods 

(aggregates >38 mm in diameter), crop residues and pebbles were estimated with a 10 x 10 

cm grid within a 1 x 1 m frame. All above determinations were made at 12 points in each plot. 

In 1997 and 1998, when soil crusting occurred, soil crust was characterized in terms of 

thickness and maximum penetration resistance, measured with a hand surface penetrometer 

(Type IB, Eijkelkamp, The Netherlands). The amount of loose aggregates lying on the crust 

was collected by using a portable vacuum system. 

 

4.2. Meteorological profile measurement 

A micrometeorological ground station (MGS) was set up on each plot (CT and RT) of 

the experimental field. The MGS is an instrument that combines sensing and computing 

functions in a single package to make continuous measurements of micrometeorological 
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parameters. It records wind speed profile and the radiative and thermodynamic measurements 

as well during wind erosion events. Each wind speed file was associated with an energy 

budget file to correlate energetic and aerodynamics data. Moreover, getting wind profiles on 

both sites enabled us to compare dynamic characteristics of the two parcels which had 

different surface features. 

The wind profile was recorded every second from 5 cup anemometers put along a 

vertical mast of 4 m of height (Frangi and Poullain, 1997). Other measured radiative and 

thermodynamic parameters, (3 min.-measurements and 30 min.-means) included net radiation 

flux, ground heat flux, soil and surface temperature, air temperature and humidity. Surface 

temperature probe was just covered with a fine thickness of soil. Soil temperature probe was 

buried at the same depth than the ground heat flux plate. Air temperature and air relative 

humidity were measured at two levels from an alternative air aspiration system as described 

by Cellier et al. (1993). 

The friction velocity (u*) and the roughness length (Zo) were determined from the wind 

profile measured at a sample rate of 1 Hz by taking into account the stability effects which are 

determined by the friction velocity itself, the temperature scale (θ*) and the specific humidity 

scale (q*). A specific methodology, based on wind profiles and energy budget measurements 

and a statistics theory, was developed for the WELSONS experiment. The determination of 

the friction velocity and the roughness length, as others scaling parameters, was improved by 

adding the energy balance equation in the set of equations describing the SBL. Moreover, the 

uncertainties on computed parameters could be established. A complete description of this 

methodology, with a discussion on the error measurements and their quantification, is 

available in Frangi and Richard (2000). During the WELSONS experiment, a great deal of 

data file on wind speed profiles were recorded and allowed us to characterize the surface 

roughness and the wind friction velocity on each plot RT and CT. 
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4.3. Saltation measurement 

Saltation transport was quantified with saltiphones and Modified Wilson and Cooke 

(MWAC) sediment catchers. The saltiphone (Eijkelkamp, The Netherlands) is an acoustic 

saltation sensor (Spaan and Van den Abeele, 1991; Sterk et al., 1998) that continuously 

records impacts of saltating sand grains with a microphone with a membrane of 201 mm2. The 

microphone is placed inside a steel tube (diameter = 0.05 m, length = 0.13 m) that protects it 

from severe weather conditions. The tube is mounted on a ball bearing and has two vanes at 

the back to keep it oriented into the wind. During erosion, part of the saltating sand grains that 

move through the tube hit the microphone and create high frequency signals. By amplifying 

these signals and filtering low frequency signals, saltating sand can be distinguished from 

other noises like those created by wind and rain. Every amplified signal, or pulse, is cut off 

after 1 ms, so, theoretically, a maximum number of 1000 grains per second can be recorded. 

The actual number of impacts may be higher due to overlap of particle impacts during the 1 

ms pulse duration (Sterk et al., 1998).  

On each plot, three saltiphones were connected to an automatic weather station and 

installed with the centre of the microphones positioned at 0.10 m height. The output, in counts 

per minute, shows the temporal variability of the saltation flux. These data were used to 

determine the exact starting time and duration of storms, as well as the relative intensity of 

saltation transport. Wind speed (measured with a cup anemometer at 2.0 m), wind direction 

(with a wind vane at 2.0 m), and precipitation (with a tipping bucket rain gauge at 1.2 m) 

were also continuously recorded on each weather station. All sensors were connected to a 

Delta-T logger (Delta-T Devices LTD, U.K.). Average values of wind speed, wind direction, 
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,a  

and total rainfall data were stored once every minute. The pulses created by the saltiphone 

were continuously counted and stored at one-minute intervals. 

Total mass transport was quantified with MWAC sediment catchers (Sterk, 1993; Sterk 

and Raats, 1996). This catcher traps aeolian material at seven heights between 0.05 and 1.00 

m, which means that the material is a mixture of saltation and suspension particles. The 

overall trapping efficiency of the catcher is 49% (Sterk, 1993). Through the seven 

observations of horizontal particle mass fluxes, a model was fitted to describe a vertical 

profile of measured mass fluxes (Sterk and Raats, 1996): 

)exp()1()(
βα
zczazq b −++= −  [1] 

where q(z) is the horizontal mass flux (kg m-2 s-1) at height z (m), and     α, b,  c,  and  β are 

regression coefficients. For each catcher, a total mass transport rate (kg m-1 s-1) of wind-

blown sediment at the point of sampling was obtained by integrating Eq. [1] over height from 

z = 0 to z = 1 m, and correcting for the trapping efficiency of the sampler. Multiplying by the 

storm duration resulted in a total mass transport value (kg m-1), which is equal to the total 

mass of material below 1 m height that passed a strip 1 m wide and perpendicular to the mean 

wind direction. Hence, this value includes creep, saltation and suspension transport. However, 

when only particle masses are considered, the contribution of saltation transport is far more 

important than the contributions of the other two transport modes (Chepil, 1945; Sterk and 

Raats, 1996).  

Transections of ten MWAC catchers were installed in the direction of the Cierzo wind 

in the experimental plots. Distances from the upwind boundary of the plot during Cierzo wind 

were: 0, 5, 15, 30, 50, 70, 90, 110, 130, and 150 m in 1996 and 1997, and 0, 5, 15, 30, 50, 75, 

100, 125, 150, and 175 m in 1998. 
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4.4. Dust flux measurement 

Vertical dust fluxes of soil particles < 20 µm can be computed from the measured 

concentrations of the PM20 suspended dust and from atmospheric micrometeorological data 

by using a gradient method and the flux equation derived by Gillette (1977): 

 

F = k u* [C(z1) - C(z2)] / [ln(z2/z1) - Ψ(z2/L) + Ψ(z1/L)] [2] 

 

where k is Von Karman constant, u* is wind friction velocity, C is elemental concentration at 

heights z1 and z2, and Ψ is a corrective function for non neutral conditions of the atmospheric 

vertical structure indicated by the Monin-Obukhov stability parameter, z/L. This method is 

successively used in routine at LISA to calculate elemental fluxes in various dust source 

regions around the world. For each gradient, the period of collection is about 20 minutes. This 

corresponds to an averaging time which samples frequencies having non-negligible vertical 

velocity spectral power. Friction velocities were corrected for atmospheric stratification 

effects for the 20-min means. Beside the micrometeorological data (wind speed and 

temperature profile) needed to estimate u*, the experimental measurements required to 

implement this gradient formula are suspended dust concentration profiles.  

A dust sampling tower was set up on the downwind south-east edge of each plot (CT 

and RT respectively) near the micrometeorological station to document the vertical flux of 

suspended sediment. Each tower was 5.5-meter high and equipped with a low-volume 

filtration system for concentration measurement of PM20 soil particles at two levels (z1=1m 

and z2=5m). Each unit was composed of portable filter holders, a modified version of the Liu-

Pui inlet for sampling inhalable particles,  designed to effectively collect particles of diameter 

less than 20 µm during conditions of high winds and extreme dust loading. The portable filter 

sampler collected aerosols on 47-mm Nuclepore filters at flow rate of about 15 l mn-1 using a 
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battery driven pump. The maximum number of sampling periods in a day was limited due to 

the number of units available. A low-volume cascade impactor was also used for mass-size 

distribution evaluation. This impactor is a single-jet cascade impactor with five stages and a 

final back-up filter and is operated at a nominal flow rate of 16 l mn-1. The fifty percent 

aerodynamic equivalent cut-off diameters are then 8.75, 3.9, 1.95, 1.25, 0.65. This device was 

also developed to be totally autonomous regarding power. 

Elemental concentrations of Al, Si, Mg, Na, K, Ca, S and Fe, representing the main 

elements included in soil dust, were determined by analysing the collected mineral dust with a 

wavelength dispersive X-ray fluorescence (XRF) spectrometer available at LISA. The total 

amount of dust material was estimated by taking the sum of the elemental oxides. Filters were 

also examined using a transmission electron microscope (TEM) coupled with an image 

analysis system to determine shape, nature and effective size of individual particles and 

mineral species. The elemental composition of some individual particles was also investigated 

by an X-ray energy dispersive spectrometer (XEDS) interfaced with the microscope adding 

valuable information on the presence of individual compounds from the cultivated field. 

Elemental analysis of the filters and particles were also essential to separate field-derived dust 

from other aerosols. Because of the very expensive costs of chemical, mineral and microscope 

analysis, suspended dust were only sampled and analysed when the saltiphones indicated 

saltation events. 

 

5. Experimental results and discussion 

5.1. Wind erosion events 

Weather conditions during the 1996 field campaign (July-September) were 

unfavourable for the experiment. In July and August, 59.2 mm of rain was recorded, which is 

33% above the long-term average. This rainfall reduced soil erodibility in the experimental 
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plots by increasing cohesion between soil particles and in particular by crust formation at the 

soil surface. In July 1996 there were four days (13, 24, 25 and 26 July) with some saltation 

transport occurring in the CT plot just before rainfall started. The first three events were 

caused by convective rainstorms, and were very short (a few minutes only). During all three 

events, saltation transport was considered negligible. The event on 26 July resulted from a 

strong Cierzo wind, but unfortunately there was also 8.8 mm of precipitation, which stopped 

all saltation transport after only 12 minutes. Three days later, on 29 July, rainfall occurred 

again. In total, 10.8 mm was recorded, but the instantaneous rainfall intensity was 180 mm h-1 

during one minute. This high-intensity rainfall caused a strong crust at the soil surface. It was 

decided to leave the crust in the field as it represented the natural condition, but it completely 

protected the soil from further erosion as well. Consequently, no significant transport was 

observed after 29 July, despite 14 days with moderate (5 - 10 m s-1) to strong (>10 m s-1) 

Cierzo wind. Hence, the first field campaign was considered a failure in terms of wind erosion 

measurements, and it was decided that tillage would be repeated if crusting happened again 

during the 1997 and 1998 campaigns. 

The 1997 summer was also characterised by much precipitation. A total of 138 mm of 

rain was recorded during the three months measurement period (June-September), which 

again resulted in severe soil surface crusting. The second tillage operation on July 15 removed 

the surface crusts in both plots that had developed during the previous month. The crusts, 

however, returned immediately during rainfall in the same week. A total of 17 days with 

moderate to strong Cierzo wind were recorded during the 1997 field experiment. Significant 

saltation transport was never recorded in the RT plot on those days. Hence, chisel ploughing 

reduced the erodibility sufficiently to provide adequate wind erosion protection. In the CT 

plot significant saltation transport was observed on ten days (Table 1). Four of these events 

were associated with Cierzo wind, whereas unstable weather conditions or convective 
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rainstorms caused the other events. The Cierzo wind erosion events had durations of several 

hours, usually starting in the morning or early afternoon, and finishing in the evening. The 

non-Cierzo wind erosion events had duration varying from 15 to 40 minutes (Table 1). Given 

the wet circumstances during the 1997 experiment, it is likely that saltation transport was 

much reduced due to high threshold wind speed conditions and soil surface crusting. Most 

wind erosion events were preceded by rainfall. The Cierzo events of July 17 and 18 were 

preceded by 18.2 mm of rain on the 15th and 16th, while the Cierzo events of July 24 and 25 

were preceded by 24.6 mm of rain, also during the previous two days. The non-Cierzo events 

on August 4, 7 and 17 were preceded by rain as well, either on the same day or the day 

before. 

Although the 1998 field campaign lasted one month only (June-July), the most serious 

erosion was observed during this last measurement period. A total of 27 mm rainfall was 

recorded, of which most (24.4 mm) fell on July 1st, 1998, and caused soil surface crusting. 

Three saltation events were recorded in the first half of July. All three events were driven by 

Cierzo winds (Table 1). The first event on July 7, 1998, (Fig. 4) occurred when a strong crust 

was present at the soil surface. Still, a high saltation flux was recorded soon after the wind 

speed increased after 10:00 am. However, despite the continuously high wind speed between 

10:00 am and 21:00 pm, saltation flux decreased and became negligible around 15:00 pm. 

This means that saltation transport was supply-limited. All saltation-size particles that were 

present on top of the surface crust were removed within a few hours. This was also observed 

during other events. Conventional tillage (CT) was repeated on July 8 to remove the crust that 

had developed during the rainfall of July 1st. On that same day there was also a strong Cierzo 

wind (Table 1), which caused saltation transport. However, the saltiphones were removed 

from the field to protect them against the tillage implement, and were only re-installed by the 

end of the day. This coincidence of strong wind and tillage (which needed to be planned by 
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the farmer in advance) was rather unfortunate, because no saltiphone data were gathered 

during most of the event. The last event (14/15 July 1998) is the only Cierzo event without a 

surface crust in the field and during which a complete data set was collected. 

 

5.2. Soil surface conditions 

Table 2 shows the soil surface conditions after CT and RT for the different dates of 

tillage operations during the experimental period (López et al., 2000). Overall, the wind 

erodible fraction was significantly higher (P<0.05) after CT than after RT. In all cases, the 

percentage of soil cover by crop residues and clods and the frontal area of these protective 

elements were significantly higher under RT than under CT. These more favourable soil 

surface conditions against wind erosion after RT were also observed on a different 

agricultural soil of the Zaragoza province (see López and Arrúe, this issue). However, 

significant changes in soil erodibility may occur in short periods of time, it being possible to 

reach a condition of limited supply of particles available for erosion (López, 1998). This 

situation was observed in the CT plot during the 1998 campaign by comparing the soil 

aggregate size distribution after tillage on July 8 to the distribution obtained from samples 

collected on July 16, after a dry a windy period (López et al., 2000). In this relatively short 

period of time, the wind erodible fraction was significantly reduced from 48% to 31%.   

On the other hand, due to the high evaporation rate during the summer season, soil 

aerosol production at the study site was strongly conditioned by soil surface crusting rather 

than by soil moisture. Gravimetric soil water content for the uppermost 10 mm of the soil at 

the CT plots was about 4-6 % most of the time (Fig. 5). Table 3 shows the characteristics of 

the soil crust formed after intermittent rainfalls received during the 1997 and 1998 campaigns 

(López et al., 2000). In the two years, a thin and consolidated crust was formed, giving to the 

CT treatment the highest values of penetration resistance and mass of both total and erodible 
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aggregates on the crust. However, as discussed by López et al. (2000), regardless of tillage, 

the initial protection from wind erosion provided by crusting, as well as by cloddiness, can be 

temporary.  

 

5.3. Aerodynamic parameters 

Due to the various tillage operations carried out all along the experiment, different 

periods during which the soil surface remained undisturbed were distinguished. In 1996, only 

one period was considered. In 1997, the crust was removed twice (on July 15 and September 

3), defining 3 different periods. Finally, in 1998 only 2 periods were distinguished (before and 

after July 8). During a period, the surface dynamic characteristics were assumed constant, 

excepted maybe during strong wind erosion (very limited in time since this process is not 

continuous) because of a possible interaction between the saltation layer and the surface 

boundary layer. For each period, a normal law was fitted to the probability density functions 

of computed roughness lengths (not shown). The parameters of this statistical study, mean 

and standard deviation, are given in Table 4. During the whole experiment, the roughness 

lengths on the RT plot were found one order of magnitude higher than those measured on the 

CT plot. This is mainly explained by the difference in tillage treatment. The roughness length 

was not found constant all along the day. However, these variations cannot be seen as 

physical changes in time of the roughness length since this parameter is normally distributed 

around a mean value because of statistical error on the measurements of wind speed, air 

temperature and specific humidity gradients.  

In keeping with surface conditions and roughness length, the friction velocity was 

generally 25% greater on the RT plot than on the CT plot. However, this higher value on the 

RT plot never exceeded the threshold friction velocity for erosion that is much higher for that 

plot compared to the CT one. This explains why significant saltation transport and dust 
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vertical emission were never observed in the RT plot. Consequently, only observations and 

measurements on the CT plot were considered hereafter. 

 

5.4. Saltation transport 

Saltation material in the CT plot was trapped with the ten MWAC sediment catchers 

described above. The bottles of the catchers were changed four times; on 31 July 1997, 8 July 

1998, 9 July 1998, and 16 July 1998. Hence, the material collected during the 1997 field 

season was from four Cierzo days (17, 18, 24 and 25 July). The other non-Cierzo events 

during that season were too small to have sufficient material trapped. 

For each catcher, a mass transport value (g m-1) was calculated with Eq. [1]. The 

obtained values were plotted as a function of distance from the non-erodible boundary at the 

upwind edge of the field during Cierzo wind (Sterk et al., 1999). Assuming that the 

transection of ten catchers is representative for the whole CT plot, the loss of saltation 

material during all Cierzo wind erosion events was calculated from a simple mass balance to 

be 1.4 Mg ha-1. Compared with other studies, e.g. Sterk and Stein (1997) reported a loss of 

45.9 Mg ha-1 during four convective storms in the Sahelian zone of Niger, the total loss from 

the experimental field was very small. This can be attributed to the low soil erodibility, and 

the wet and crusted soil conditions during the field campaigns. 

On the other hand, it was possible to get a set of measured saltation transport fluxes for 

various short erosion periods. These saltation fluxes were quantified with the MWAC 

sediment catchers, by apportioning the total mass of saltating particles transported during a 

whole erosion event with the saltiphone counts recorded during the duration of short sampled 

erosion periods. The saltation fluxes estimated during the 1997 and 1998 measurement 

campaigns for periods of significant dust emission (see below) associated with significant 

saltation transport in the CT plot are reported on figure 6. The range of values for the saltation 
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fluxes reported here (0.05 - 1.5 g m-1 s-1) is quite comparable with data reported by different 

studies for field experiments or wind tunnel tests operated in the same conditions of wind on 

various soil texture (Gillette, 1978; Gillette et al., 1997). 

 

5.5. Dust flux 

In 1996, regarding dust sampling, the first field campaign conducted during the summer 

season was unsuccessful because of very unusual weather conditions. As a consequence, it 

was not possible to measure any resuspension flux of soil-aerosols. A grand total of 22 dust 

gradients was collected in 1997 on each plot during the experimental campaign. From this, 

only three major rising dust events were observed on July 25 and September 10 and 13 in the 

CT plot. However, by comparison with saltation transport events, only the event on July 25 

was considered as a cierzo event during which saltation was taking place. In 1998, during the 

third field campaign, a grand total of 50 dust gradients was collected on the plot between July 

7 and 28, 1998. From this, only two major rising dust events were observed on July 7 and 8, 

1998. Both events were characterised as cierzo events with saltation observed. 

For data to be relevant to this experiment designed to relate vertical and horizontal 

fluxes, selection criteria need to be met. Data must be collected during a wind erosion event, 

when dust and soil flux levels are elevated above ambient levels showing saltation transport. 

Dust concentrations must decrease with height, showing active wind erosion rather than 

deposition of previously eroded particles. Wind direction, expressed as direction of the wind 

run for the duration of the event, must be close to the direction of the main erosive wind for 

the region (Cierzo). For example, some days the wind direction was almost perpendicular to 

the cierzo direction.  

Table 5 summarises the dust events selected all along this project that meet all the 

above criteria. They are all characterised by strong wind (Cierzo) and soil particle 



 

 23

mobilisation due to saltation. The vertical flux was finally calculated from the measured wind 

data and dust concentrations. The estimate of uncertainty for suspended dust concentration 

data were 7% for the sampling periods selected, but the total uncertainty for Fv was estimated 

to be about 30%. The small amount of data reflects the unfavourable weather conditions 

which have been described in details in preceding sections, the difficulty of the field 

operations, and a total field project time that was only a few months long. 

The vertical flux of soil aerosol for the selected periods of wind erosion ranged between 

0.4 and 70 µg m-² s-1. This rate can be compared with other absolute vertical flux of fine soil 

particles reported elsewhere for different soil textures but is rather small compared to them. 

Vertical mass flux of suspended dust was plotted versus u* for each of the sampled erosion 

event selected during cierzo events. Figure 7 shows that plot where vertical dust flux appears 

to be a significant increasing power function of u*. This is in agreement with work done on 

different soil surface types (Gillette, 1977 ; Nickling and Gillies, 1989), showing high 

sensitivity of the CT plot to wind erosion.  

However, a decay in dust emission occurred on July 7, 1998. This reduction is rather 

rare for field observation and is often attributed to a limited supply of material available for 

wind erosion, probably due to a fast depletion of soil particle from the crusted surface by high 

wind speeds as observed on this particular day. If large soil aggregates were not disintegrated 

during this sampling period, a gradual depletion of fine soil particles may be expected after 

the first erosion event (Lopez, 1998). Since the soil surface was covered with a strong crust 

during the event of July 7, only material lying on this crust could be transported by the wind 

and be sandblasted to provide suspended dust. On July 7, 1998, the flux rate for the crust after 

10:00 am local time was not completely depleted but just less abundant than before 10:00 am. 

Thanks to conventional tillage repeated on July 8 to remove that crust, the coincidence with a 

strong cierzo during this day caused more saltation transport responsible for a higher dust flux 
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rate. After tillage operation, the field site apparently switched from a less available crust to a 

more available soil aggregates cover. However, the low dust flux rate generally measured 

during this experiment seems to correspond to a rate smaller than a maximum rate when a 

deep layer of available erodible particles is present, indicating a particle-limited flux all along 

the sampled erosion events.  

As expected by the sandblasting theory (Gillette, 1977; Alfaro et al. 1997; Gomes et al., 

this issue), there is a well established relationship between the vertical mass flux and the 

horizontal saltation flux (Fig. 8). The proportion of the mass flux in suspension versus 

saltation can be related to the abundance of easily-disaggregated fine particles (efflorescent 

gypsum and clays) in the soil sediments. The ratio of vertical flux of dust to horizontal flux of 

total particle mass in saltation can be defined as the sandblasting efficiency. Figure 9 shows 

these ratios for the WELSONS field site surface material, nominally of silt loam texture. 

When plotted within the range of values (10-7-10-2 m-1) obtained for other soil textures 

reported by different authors for wind-erodible agricultural soils in the south-western part of 

the US (Gillette, 1977 ; Nickling and Gillies, 1989), they appear rather independent of wind 

friction velocity. On the other hand, the calculated sandblasting efficiency is within a similar 

range of values obtained for agricultural US soils, characterised by surface material of sand, 

loamy sand or sandy loam, for which values range between 10-5 and 10-3 m-1. Referring to 

theory and models (Shao et al., 1993 ; Alfaro et al, 1997), a lower sandblasting efficiency 

value could be interpreted as a difference in binding energy for silt loam soil particles and for 

sandy, sandy loam and loamy sand soil particles. In addition, the cohesion between particles 

of the Spanish silt loam soil can be reinforced by the relatively high gypsum content of the 

topsoil. However, no significant difference was noted between these various soils of different 

texture. This result has been confirmed by a comparison with sandy soils of Niger (Gomes et 

al., this issue). 
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Finally, from the saltation transport values calculated for all Cierzo wind erosion events 

(ranging between 2 and 9 kg m-1) and a mean value of sandblasting efficiency (estimated to be 

5 10-5 m-1), the loss of soil nutrient (i.e. fine particles smaller than 20 µm) was assumed to 

range between 1 and 4.5 kg ha-1 for each Cierzo event. For comparison, a loss of fine soil 

particles (< 20 µm) was recently reported for a cultivated field of a Sahelian area in Niger by 

Rajot (in press). This study indicates a mean value between 14 and 71 kg of soil nutrients lost 

per ha and per erosion event, which is larger than the loss estimated in Spain. Nevertheless, in 

Niger the amount of sediments < 20 µm yearly exported from the field is largely compensated 

by the amount of deposited sediments coming from upwind dust sources which is certainly 

not the case in Spain. 

 

6. Conclusions 

From all these results, conclusions can be drawn to provide a new perspective on the 

interdependence of the various factors affecting wind erosion with global change and a better 

understanding of the impacts of changes in climate and land-use on agricultural soil 

degradation by wind.  

Results from the characterisation of soil surface conditions after tillage show that RT, 

with chiselling as primary tillage operation, seems more effective than CT (mouldboard 

ploughing followed by a pass of compacting clod breaking roller) in both creating a protective 

ground cover against wind erosion, through a combination of clods and crop residues, and 

reducing the wind erodible fraction of soil surface. The lower soil erodibility by wind under 

RT indicates that this tillage system can be considered as a suitable soil management practice 

for wind erosion control during the fallow period in the study area. On the other hand, since 

soil crusting is a common feature of soils in the area, further research on crust stability is 

needed to assess its temporal character as a protecting element against wind erosion. In this 
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sense, this study shows that significant changes in the soil surface properties associated with 

wind erosion processes may occur in short periods of time.  

From mean wind speed profiles, thermodynamic and radiative measurements, dynamics 

of the surface boundary layer and energy budget were calculated during the whole 

WELSONS experiment. All these data allowed a physical dynamic characterization of the soil 

surface and of the atmosphere near the ground and the determination of dynamics parameters 

for each plot. A comparison of the two plots (RT and CT) shows that, due to surface 

characteristics, the roughness length was 6 to 10 times greater on the RT plot, while the 

friction velocity was 25% greater on the RT plot.  

Strong and erosive Cierzo winds occurred frequently in the area of the experimental 

field, but the magnitude of the related saltation transport was small. Several reasons can be 

given for this reduced saltation transport. The first reason is the low erodibility of the 

particular soil type, which results in a relatively high threshold wind speed for initiation of 

soil particle movement. Two likely causes for the low erodibility can be the high gypsum 

content of the topsoil, which may increase inter-particle cohesion, and the relative low 

content of erodible particles with sizes of approximately 100 µm. The second reason for 

reduced saltation transport is the susceptibility of the soil to surface crusting. Indeed, the crust 

protects the underlying soil from erosion, and hence only the material on top of the crust is 

available for saltation transport. The quantity of this material is limited and hence erosion 

events during periods when a soil surface crust is present are supply-limited.  

Significant vertical flux of soil nutrient identified as fine particles smaller than 20 µm 

(PM20) was never observed in the RT plot because reduced tillage seems to be an adequate 

technique to provide wind erosion protection. Inversely, a high sensitivity of the CT plot to 

wind erosion was observed since vertical PM20 dust flux appears to be a significant 

increasing power function of the wind friction velocity. However, a limited supply of material 
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available for wind erosion has been confirmed all along the experiment, in particular when the 

topsoil was protected by a crusted layer. This limited supply of material was quite likely 

caused by a loose particle layer leaving a crusted surface having fewer loose particles per 

area. It causes a fast depletion of soil particles on top of the crusted surface by high wind 

speeds, resulting in a lower amount of material lying on this crust transported by the wind and 

sandblasted to provide suspended dust. 

A measured saltation transport flux could be also obtained for each sampled period from 

the measurement of the mass of saltating particles transported during each erosion event. The 

proportion of the PM20 mass flux in suspension versus saltation flux can be related to the 

abundance of easily-disaggregated fine particles. The ratio of vertical flux of dust to 

horizontal flux of total particle mass in saltation has been defined as the sandblasting 

efficiency. Its value obtained in the present experiment could be interpreted as a high binding 

energy for silt loam soil particles compared to sandy loam, loamy sand and sandy textured 

soils. 
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Figure 1. Geographical location of the study area and layout of the experimental field plots. 
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Figure 2. (a) Average monthly precipitation and reference evapotranspiration in the 

study area (Source: McAneney and Arrúe, 1993). (b). Frequency distribution of 

wind direction at Zaragoza (Source: Biel and García de Pedraza, 1962). 
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Figure 3. Wind speed at 2.0 m and corresponding saltation flux at 0.1 m in the CT 

plot during the Cierzo wind erosion event on 7 July 1998. 

 



  
 

Figure 4. (a) Saltation flux versus wind friction velocity in CT plot for the wind erosion 

events selected in Table 5. (b) Vertical dust flux versus wind friction velocity in CT plot for 

the wind erosion events selected in Table 5. (c) Ratio of vertical flux of dust to horizontal flux 

of total particle mass in saltation (sandblasting efficiency) versus friction velocity for the 

erosion periods selected during the experiment. 
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Figure 5. Vertical dust flux versus saltation flux in CT plot for the wind erosion events 

selected in Table 5. 
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Table 1. Date, time and wind characteristics of periods with significant saltation transport in 

the CT plot during the 1997 and 1998 measurement campaigns. 

 
Date Time 

(hh.mn) 
Wind speed 

(m s-1) 
Wind direction 
(deg. rel. to N) 

Cierzo 

17 July 1997 12.00 - 21.00 11.26 304.0 Yes 
18 July 1997 15.00 - 24.00 11.02 306.3 Yes 
24 July 1997 15.00 - 20.00   8.27 296.1 Yes 
25 July 1997 08.30 - 18.30 10.59 296.6 Yes 
30 July 1997 21.43 - 21.55   9.52   85.1 No 
4 Aug. 1997 16.50 - 17.10   8.25 261.7 No 
7 Aug. 1997 17.00 - 17.35   9.09 111.9 No 

17 Aug. 1997 23.45 - 00.00   7.83   53.8 No 
27 Aug. 1997 18.52 - 19.30   9.90 335.5 No 
24 Sept. 1997 19.50 - 20.08   4.59 223.0 No 

7 July 1998 07.00 - 21.00 12.99 297.1 Yes 
8 July 1998 18.00 - 23.00 11.78 301.4 Yes 

 14,15 July 1998 18.00 - 02.00 11.40 301.9 Yes 
 
 



 
 
 
Table 2. Soil surface characteristics as affected by tillage (CT, conventional tillage; RT, 

reduced tillage); source: López et al., 2000. 

 
Field Tillage Tillage Wind erodible Soil cover (%) Frontal area (cm2 m-2) Random 

campaign date treatment fraction †  
 (%) 

Residues Clods ‡ Residues Clods ‡ roughness §   
(%) 

1996 July 6 CT 43a  ¶ 0.80a 1.24a 80a 65a 3.5a 
  RT 33b 25.21b 24.78b 1970b 739b 13.1b 
         

1997 June 16 CT 39a 0.18a 4.06a 6a 216a 6.4a 
  RT 27b 13.29b 11.13b 483b 967b 14.3b 
 Sep. 3 CT 40a 0.09a 0.25a 2a 15a 2.0a 
  RT 37a 9.33b 12.58b 323b 954b 16.7b 
         

1998 June 22 CT 43 3.42 4.63 103 243 2.6 
 July 8 CT 48 1.00 2.15 16 9 1.4 

†
 Mass of aggregates <0.84 mm in diameter (0-2.5 cm depth). ‡ Aggregates >38 mm in diameter. § Measured in 

the WNW direction (292.5º).  ¶ At the same date, means followed by the same letter are not statistically different 
at P<0.05. 
 



 
 
 

Table 3. Soil crust thickness, maximum penetration resistance and amount of loose 

aggregates on the surface under conventional tillage (CT) and reduced tillage (RT); source: 

López et al., 2000. 

 
 

Field 
Campaign 

Date Tillage 
treatment 

Thickness 
(mm) 

Penetration resistance 
(N cm-2) 

Aggregate mass (g m-2) 

     Total <0.84 mm 

1997 July 28 CT    4.76a † 61a 84.62a 11.63a 
  RT 5.01a 42b 15.85b 6.01b 
       

1998 July 7 CT 7.40 79 54.19 17.70 
†  Means followed by the same letter are not statistically different at P<0.05. 

 
 



 
Table 4. Roughness length values for the whole WELSONS experiment for each plot (CT and 

RT, except in 1998 when only CT was studied). 

 

 

Year Period CT plot RT plot 
  Number 

of data 

mean 

(mm) 

Stand.-dev. 

(mm) 

Number 

of data 

mean 

(mm) 

Stand.-dev. 

(mm) 

1996 > July 06 41 0.86 0.19 98 5.61 0.66 

1997 < July 15 89 0.78 0.11 89 3.54 0.29 

 July 16 – September 03 1024 0.31 0.07 999 2.97 0.40 

 > September 03 260 0.46 0.12 260 3.57 0.61 

1998 < July 07 80 0.13 0.02    

 > July 07 695 0.13 0.04    



 
 

Table 5. Date, time, wind characteristics and roughness height during periods of significant 

dust emission associated with significant saltation transport in the CT plot during the 1997 

and 1998 measurement campaigns 

 

Date start time end time wind speed  
at 1.95m 

wind direction 
(rel. to North) 

U*  Z0  

 hh:mn hh:mn (m/s) (deg.)  (m s-1) (10-4 m) 
1997       

July 25 10:49 11:10 10.9 292.8 0.517 3.56 
July 25 11:15 11:35 10.1 286.4 0.481 3.70 
July 25 12:16 12:45 11.2 298.3 0.528 3.41 
July 25 12:50 13:20 10.8 301.0 0.510 3.33 

       
1998       

July 07 10:40 11:00 13.4 304.1 0.577 1.41 
July 07 11:06 11:26 13.5 303.5 0.598 1.76 
July 07 12:02 12:22 14.9 309.4 0.646 1.39 
July 07 12:30 12:50 14.5 308.5 0.629 1.42 
July 08 19:00 19:20 12.8 302.6 0.536 1.05 
July 08 19:26 19:46 13.2 306.9 0.536 0.80 
July 08 19:55 20:15 12.6 308.8 0.516 0.89 

       
 

 
 


