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ABSTRACT 

The airborne dust prevalent in West Texas and many other arid areas is known 

to become charged through triboelectric charging, which can be observed through 

measurements of the atmospheric electric field.  Laboratory studies have focused on 

predicting and understanding the extremely near-surface correlations between dust 

composition, wind speeds and electrical charge, but few observational studies have 

occurred outside of the saltation layer or with relatively high frequency observations.  

An observational station was deployed on the western side of Lubbock, Texas in order 

to examine the correlation of the wind speed and electric field within the suspended 

dust layer using a downward-facing, reciprocating-shutter electric field mill at two 

meters and an ultrasonic anemometer at 1.68 meters above the surface. Measurements 

were taken at a frequency of one hertz and filtered to produce a three decibel power 

decrease at 7.1 seconds.  

Data were examined from eleven blowing dust events during 2012 in addition 

to 22 electrical fair-weather cases for comparison. While the diurnal fair-weather 

electric field pattern and its fluctuations were similar to that expected from the global 

electrical circuit and the electrode effect with an average value of -110.4 volts per 

meter, greatly different values were associated with the presence of blowing dust.  

During blowing dust events the electric field had large fluctuations and reached 

positive values over ten kilovolts per meter with total event averages up to two 

kilovolts per meter, indicating large amounts of negatively charged dust suspended 

above the two-meter measurement height. At low frequencies the correlation between 
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the electric field and the wind speed is expected to be positive based on previous 

research, where increased winds loosen more dust from the surface which charges 

predictably and creates stronger electric fields. This study confirms the positive 

relationship through correlation coefficients up to 0.81 for five minute average values 

and by mostly positive covariance values in each case with respect to averaging 

durations greater than ten minutes. However, the covariance for each case was found 

to be either negative or near zero with respect to averaging durations less than thirty 

seconds, suggesting a higher frequency negative correlation. This was confirmed by 

negative correlation coefficients up to 0.23 in magnitude for fluctuations of less than 

thirty seconds.  The minimum length of averaging window necessary to resolve a 

positive covariance differed in each case and appears to have some dependence on the 

concentration of blowing dust, approximated by the visibility.  No time lag between 

the wind speed and the electric field was resolved, suggesting a direct linkage. A basic 

charge model analysis found that this phenomenon is likely due to the vertical 

rearrangement of charge from the expected steady-state profile and the inclusion of 

positively-charged soil from the surface. 
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CHAPTER I 

INTRODUCTION  

 The purpose of this project is to examine the impact of blowing dust and the 

variations in the wind speed on the vertical electric field within the suspension layer.  

The electric field under fair weather conditions is known to be dominated by the 

global electric circuit between the ionosphere and the Earth.  The electric field points 

downwards with a consistent diurnal pattern, but can vary from local impacts such as 

topography and season.  The fluctuations in the fair-weather electric field have been 

well studied and primarily occur through the interaction of turbulence with the 

electrode effect in the absence of local charge sources or large charge carriers such as 

in polluted environments.   

However, under active weather conditions, including blowing dust, the electric 

field can change greatly from the expected diurnal pattern.  Dust is known to become 

highly charged primarily through triboelectric (frictional) charging.  The triboelectric 

charging process between identically composed insulators results in the larger 

particles gaining a positive charge while the smaller particles become negatively 

charged.  Triboelectric charging is capable of producing electric fields observed in 

dust devils of over 120 kilovolts per meter (Jackson & Farrell, 2006). The 

effectiveness of this process depends largely on the composition of the particles, the 

size distribution and the environmental conditions such as humidity.  Triboelectric 

charging can be expected to be highly efficient in the Southern High Plains due to the 

insulating nature of the soil and generally low humidity levels.  
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Soil particles must overcome the surface interparticulate forces and gravity to 

be lifted by the wind.  This process is enhanced by strong electric fields, thermal 

diffusion and friction with particles impacting the ground, making airborne dust 

production a positive feedback process.  During wind-driven motion, the dust particles 

vertically separate by size and either become suspended, saltate (bounce against the 

surface) or creep (roll along the surface) which results in a general separation of 

charge with the positively charged particles found closer to the surface.  The largest 

rates of charging, dust concentrations and mass flux are found in the saltation layer, 

which is below one meter and varies based on soil composition (Bagnold, 1941).  The 

dust concentration generally decreases with height above the surface, but the 

concentration profile can vary greatly between different soil types and cases. 

The West Texas area is a prime location for the study of blowing dust as dust 

events have been known to occur more frequently near Lubbock than in any other 

location in the United Stations (Orgill & Sehmel, 1976).  Dust events in Lubbock 

occur most often in the late winter and spring months when barren soil and the 

daytime mixing of strong winds aloft down to the surface are common.  Most of the 

airborne dust is produced by playa lakes and cultivated soil around the region. Dust 

has been observed from these events over 7.6 kilometers in height (Warn & Cox, 

1951) and causes significant reductions in visibility.   

The electrical characteristics of suspended dust with respect to wind speeds 

have not received much attention at periods less than one minute.  Although laboratory 

studies have shown that the charge concentration on triboelectrically charged dust 



Texas Tech University, Vanna Sullivan, August 2013 

3 

particles increases with increasing height and decreasing particle size (Jianjun et al., 

2004) as would be expected in the suspension layer, much work has focused on the 

charging in the saltation layer due to the higher mass transport rates.  Within the 

saltation layer, an increase in wind speed is associated with an increase in airborne 

particles and a corresponding increase in the magnitude of the electric field.  Similarly, 

low frequency measurements and steady-state laboratory experiments have confirmed 

a positive correlation between the three variables in the suspension layer (Yackerson 

& Zilberman, 2005; Jianjun et al., 2004).  However, it remains to be proven if a 

positive correlation exists at higher frequencies or if contributions from other factors 

such as the turbulent nature of the boundary layer cause a different correlation. 

This study examines the higher-frequency fluctuations of the vertical electric 

field in the suspension layer and the horizontal wind speed with measurements at one 

hertz frequency through a station installed on the western side of Lubbock, Texas.  

The fair-weather diurnal pattern for the area must first be determined as a baseline 

against which the full impact of dust on the electric field can be understood.  This 

study examines the correlation of the electric field with the horizontal wind speed 

during blowing dust events primarily through the comparison of the covariance 

between the fields with respect to different averaging lengths as compared to that 

during the fair-weather cases.  A simple charge model is used to examine the possible 

contributors to the calculated covariance values.  
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CHAPTER II 

BACKGROUND 

Atmospheric Electric Field 

The Earth’s atmosphere has long been known to be electrically active and has 

often been modeled as a leaky spherical capacitor.  The ionosphere, approximately 50 

kilometers above the Earth’s surface, and the Earth itself are treated as the positive 

outer and negative inner conductors, respectively, with the atmosphere serving as a 

dielectric between them (Adlerman & Williams, 1996).  Within the atmosphere, the 

boundary layer has the greatest electrical resistance due to the low mobility of ions 

near the surface (Hoppel et al., 1986).  This leads to an average vertical electric field 

of -126 volts per meter near the Earth’s surface, under fair-weather conditions, without 

any local sources of charge (Mauchly, 1923). Ion pairs are produced continuously 

within the atmosphere from radiative effects.  The gas decay of naturally radioactive 

substances emitted by the Earth, primarily uranium and thorium also feed the fair 

weather current within the global electric circuit.  Larger charged aerosol particles can 

be produced by weather sources such as blowing dust, snow, storms or the breaking of 

water films (Hoppel et al., 1986).  This contributes to an average air-earth conduction 

current of 3.2x10
-16 

amperes per square centimeter (Mauchly, 1923) and an 

approximated total fair-weather current to the whole Earth of 1630 amperes 

(Chalmers, 1954) meaning that large amounts of charge must be generated to 

contribute to a reverse balancing current. The historically favored theory of 

maintaining the charge difference between the Earth and the ionosphere has been the 
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movement of charge due to lightning activity through thunderstorms preferentially 

lowering negative charge.  The effectiveness of this theory in providing enough charge 

or in reproducing fluctuations within the circuit has been debated even before there 

were any global observations capable of verifying the idea (Dolezalek, 1972). 

The fluctuation in the global circuit is the diurnal pattern known as the 

Carnegie curve in the fair weather atmospheric electric field.  Verified in a collection 

of 24 time series from the Carnegie cruises in the Pacific, Atlantic and Indian Oceans, 

the average magnitude of the vertical electric field oscillates between negative values 

of 90-140 volts per meter throughout the day reaching its minimum globally around 

1900 UTC (Mauchly, 1923).   This pattern has also been observed at land stations and 

at higher altitudes (Dolezalek, 1972), but no significant variation in the conductivity of 

the fair-weather atmosphere occurs, which implies that the changes must be due to a 

regular change in the ionosphere’s potential (Chalmers, 1954). Not all locations, 

however, experience the Carnegie curve throughout the year and may experience 

multiple peaks or different timing in the oscillations seasonally, as recorded by 

Mauchly (1923) in the mid-Pacific.  This variation is in part due to simplifications in 

the spherical conductor assumption by neglecting local ground curvature, pockets of 

space charge from local sources and the imperfect nature of the Earth as a conductor 

(Ravichandran & Kamra, 1999). 

The expected Carnegie curve of the electric field in undisturbed locations 

allows for a more detailed examination of the global electric circuit theory. In the 

Carnegie curve, the convection in the Americas provide the maximum contribution, 
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but the lightning activity over Africa dominates the global lightning pattern.  Williams 

(2009) suggested that this difference in timing could be explained with the inclusion of 

electrified rain clouds that do not produce lightning as a supplier of global current.  

Mach et al. (2011) provided observations demonstrating that inclusion of such weakly 

electrified clouds better simulated the Carnegie curve.  It is also logical that other 

sources such as sun activity should influence the global circuit, but because departures 

from the traditional Carnegie pattern often remain unpublished and undisturbed distant 

measurements are not taken or compared, the magnitude of local variability is not 

often known (Williams, 2009).  The curve also varies seasonally in timing (Mauchly, 

1923) and magnitude.  At non-tropical stations the electric field values peak during 

each hemisphere’s winter, which is mostly attributed to local peaks in the 

concentrations of aerosols less than one micrometer in diameter, or Aitken aerosols, 

during winter due to less convective mixing resulting in reduced conductivity which 

creates a higher potential gradient (Adlerman & Williams, 1996).   

A local fluctuation in the electric field is caused by the electrode effect, a 

lower-boundary based electrical phenomenon in the atmosphere.  Absent other forces, 

the constant movement of ions under the electric field can produce a surplus of 

positive charge near the surface.  Muir (1977) implicated the electrode effect in 

observations of the increased magnitude of the electric field on calm, clear nights.  

This effect is reduced by turbulence in the boundary layer (Hoppel, 1969).  With the 

onset of turbulence of the boundary layer, the electrode layer begins to erode as 

modeled by Willett (1978) and observed by Anderson (1982). The turbulence erodes 
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the variations in space charge density and produces more uniform density profiles of 

positive and negative ions.  Large, less mobile ions still remain nearer the surface 

under the effect of gravity.   However, if the turbulent fluctuations do not exceed one 

centimeter per second, as found beneath the shielded sublayer in a plant canopy of 

dense, fibrous roughness elements, the molecular diffusion and the electrode effect 

will dominate the near surface movement of ions (Willett, 1978, 1973).  This effect 

implies that ion densities could vary due to the interaction of the background electric 

field and turbulence, causing conductivity to be field dependent near the surface 

(Hoppel et al., 1986) in contrast with the constant atmospheric conductivity used by 

Chalmers (1954).  This effect also implies that the current to the surface varies based 

on the structure of the boundary layer due to the turbulent diffusion of charge (Willett, 

1983). 

Developing a better understanding of the electrode effect under turbulence has 

led to the proposed use of the electric field to monitor boundary layer structure.  In a 

non-turbulent environment without large amounts of aerosols, and with a typical 

ionization rate of ten pairs per cubic centimeter per second, the electrode effect should 

only exist in the lowest three meters above the surface due to the production of ions 

near the surface.  During mixing it has caused fluctuations recorded up to 160 meters 

above the ocean surface (Hoppel et al., 1986).  Muir (1977) recorded an increase in the 

local fair-weather electric field that was observed ten to fifteen minutes before sunrise 

and before measureable changes in the temperature or humidity fields at the surface, 

which has often been attributed to the turbulent electrode effect (Hoppel et al., 1986).  
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The “sunrise effect” is most pronounced at low altitudes but still observed above three 

kilometers above sea level (Muir, 1977).  The electric field variability also increases as 

the boundary layer becomes more convective in nature, as verified against profiler 

data resolving the erosion of low level nocturnal inversions, before other surface-

based observations such as the wind and temperature fields show the changing 

structure of the column (Piper & Bennett, 2012).  Similarly, the surface-based 

meteorological signal for the convective boundary layer does not decay as rapidly as 

the electrical signature (Hoppel et al., 1986).  

The fair weather electric field in turbulent boundary layers varies with regular 

patterns on fair weather days (Ogden & Hutchinson, 1970).  From observations taken 

in Pune, India, the electric field only varies within two percent of the mean value per 

minute but under more convective boundary layer conditions it may vary up to fifteen 

percent of the mean per minute (Ravichandran & Kamra, 1999).  Higher frequency 

observations in Russia, however, resolved short term fluctuations of 0.001-1 hertz 

reaching values of up to fifty percent of the mean (Anisimov et al., 2001).  These 

fluctuations at 0.01-1 hertz correspond to 10-110 meter surface-based structures, as 

determined by an array of electric field meters, and can have a lifetime of 10-20 

minutes as estimated by a simulation of the observations under turbulent conditions 

(Anisimov et al., 1999).  These fluctuations result in electric field spectra bound by a 

spectral slope of -11/3 under homogeneous turbulence and the turbulence spectral 

slope of -5/3 under structured turbulence due to the integrated nature of electric field 

measurements (Anisimov et al., 2001). 
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The local electric field can also be highly influenced by local charge and 

pollution sources.  Air masses from different environments can carry unique 

concentrations of charged particles impacting the electric field as demonstrated at a 

coastal observation site in Durlston Head, Dorset in England by Bennett and Harrison 

(2007).  Space charge can also be generated by electrical equipment, cooling units, etc. 

and can influence the electric field measurements near such buildings (Piper & 

Bennett, 2012). A “reversed electrode effect” has also been recorded from the trapping 

of either natural radioactive substances or space charge from local sources under 

temperature inversions causing a decrease in the magnitude of the electric field (Piper 

& Bennett, 2012).  The testing of nuclear weapons is known to have impacts on the 

electrical properties of the atmosphere (Williams, 2009).  Smoke is theorized to 

provide excess negatively charged aerosols to the environment (Hoppel et al., 1986).  

Due to the reduction of molecular diffusion of these larger ions in the boundary layer 

as compared to the turbulent forcing, these larger ions behave more as passive tracers 

of turbulence resulting in a charge density spectral slope closer to the turbulent -5/3 

value as verified using 1000 hertz measurements in Russia in a heavily polluted area 

(Anderson, 1982). 

Active weather also heavily influences the electric field, and because of its 

usefulness in resolving patterns in observed weather, especially in fog situations, 

Bennett and Harrison (2007) have suggested augmenting automated weather stations 

with electric field measurements for weather monitoring.  Suspended water droplets 

reduce the air's electrical conductivity, increasing the magnitude of the electric field, 
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and can resolve the formation of fog before it is visible (Bennett & Harrison, 2007).  

The dissipation of fog, likewise, causes variability in the electric field before the 

visibility or humidity signatures signify the decrease in the fog concentration (Piper & 

Bennett, 2012).  Rain typically carries a negative charge near the surface and is 

associated with large amounts of variability, but the electric field signature is often 

much less than that of the cloud itself (Bennett & Harrison, 2007).  Snow generally 

carries a positive charge, but contains more gradual changes in the electric field than 

are caused by rain (Bennett & Harrison, 2007).  Clouds can become electrified in the 

earliest stages of development and during high growth rates can double the electric 

field values underneath them within a few minutes (Hoppel et al., 1986) with the 

deeper clouds containing much higher charge amounts (Bennett & Harrison, 2007).  

Lightning, through its ability to transfer ten Coulombs of charge in a ten second 

interval (Hoppel et al., 1986), is associated with very large changes averaging 5.02 

kilovolts per meter in surface based electric field values as measured under storms 

over Kansas (Gunn, 1965), although above the storms the inverse of the fair-weather 

pattern is often seen (Hoppel et al., 1986).  Airborne dust is also known to be highly 

charged as has been long recorded in dust storms in Africa, which cause a reversal 

from the normal electric field polarity and values over five kilovolts per meter (Rudge, 

1913).   

Charging of Airborne Dust 
The primary charging mechanism of blowing sand or dust is triboelectric 

charging, which occurs in any process involving winds and dust mixing through 

turbulence (Farrell et al., 2004).  Triboelectric charging is the frictional charging of 
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solid particles such as dust or snow (Latham, 1964) which depends on factors such as 

the chemical composition, conductivity and surface properties of the particles and the 

surrounding environment.  Particles which are less conductive are known to 

experience greater triboelectric charging, as are particles with smooth surfaces or 

particles in contact for a longer periods of time (Yair, 2008).  This can occur between 

particles of identical size, shape and composition, different particles or between an 

airborne particle and the ground.  The overall rate of charging is greatest when the 

airborne particles contain a large distribution of sizes due to the increased chance of 

collision, and when the electric field of blowing dust can be high enough to cause 

corona discharges (Yair, 2008). 

The effectiveness of triboelectric charging does depend on the surroundings, 

and it cannot occur in inert gas environments (Shinbrot et al., 2008).  Its effectiveness 

does have some dependence on the environmental temperature, but little change is 

noticeable below 117 degrees Celsius (Xie & Han, 2012).  The relative humidity is a 

larger environmental factor, which has been attributed to the water vapor becoming 

ionized around the particles and supplying free ions to the particles(Xie & Han, 2012).  

In wind tunnel experiments using dune sand from the Minquin and Shapotou Deserts 

in China, the maximum charging occurred with a one percent water to sand ratio in the 

environment by weight (Jianjun et al., 2004).  However, a wind tunnel study of sands 

from the Badain Jaran Desert in China by Xie and Han (2012) reported that at 

different wind speeds, the relative humidity for the most effective charging differed 

between within 3 percent of 31.5 and 38.3 percent, with the higher relative humidity 
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values being required for the faster wind speeds. Reducing the relative humidity 

resulted in a linear decrease of the resultant electric field and increasing them resulted 

in an exponential decrease of the resultant electric field (Xie & Han, 2012). 

The triboelectric charging of identically composed particles of different sizes 

has been long known to result in the larger of the particles gaining a net positive 

charge and the smaller of the particles gaining a net negative charge.  One of the 

historically favored explanations for the differential charging is ion movement due to 

the differential temperatures that result from the frictional impact (Shaw, 1926).  

Henry (1953) estimated that only one ion for every 10
5
 molecules in contact would 

need to move between particles to reproduce charges observed with triboelectric 

charging.  Researchers such as Latham (1964) favored the movement of H
+
 and OH

-
 

ions as being responsible due to the H
+
 atoms being more mobile and leaving the 

smaller particles warmed more by friction. However, the polarity of charging under 

controlled experiments does not depend on the sliding speed, used to create thermal 

differences between the substances, and cannot solely be the product of thermal 

differences (Lowell & Truscott, 1986a).   

Given the difficulty in explaining the triboelectric charging process, other 

investigations have started looking at atomic effects.  It has also been observed that the 

polarity of charging between equally sized and composed objects experiencing the 

same friction is random and reuniting the charged objects only increases the strength 

of the charge on each (Shinbrot et al., 2008) while continued friction can cause a 

decrease.  A more recent proposal is that the charging is due to the non-equilibrium 
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electron distributions in each insulator moving to the opposite insulator into vacant 

states at lower energy, with more electrons moving to the smaller particle (Lowell & 

Truscott, 1986b).  This method of preferential tunneling of electrons in high energy 

states from the larger particle to the smaller has been supported by recent modeling 

attempts by Lacks et al. (2008) and Kok and Lacks (2009) in duplicating observed 

charge densities over 10
14 

electrons per square meter. 

Regardless of the exact transfer mechanism, large dust particles were expected 

to charge positively and smaller ones negatively. Observational work has confirmed 

this expectation (Latham, 1964).  It has been modeled that when a particle undergoes 

saltation, a bouncing motion along the ground, the ground itself can act as the larger 

particle and receive an increased positive charge from the collision (Kok & Renno, 

2008).  The probability of the charge polarity on any given airborne dust particle in a 

blowing dust event depends on the environment and the distribution of particles size.  

If the charging takes place within the volume of airborne dust, then the charge in a 

volume of dust should by necessity be bipolar, whereas if most of the charging takes 

place against the surface, then it would be possible for all of the dust to carry a single 

charge polarity (Williams et al., 2009).  Most observations have shown a distribution 

of charges within blowing dust, although dust devils and clouds in Pune, India have 

been observed to contain mostly negative charge (Ravichandran & Kamra, 1999).  

Zheng et al. (2003) found in a wind tunnel study that the size discriminating the 

positive and negatively charged particles varied from 250-500 micrometers based on 

the size distributions of the sand sample used from the Tengger Desert in China and 
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that with a larger distribution of overall sizes, the rate of collisions and overall charge 

generated was higher than with narrower distributions.  In a similar experiment, 

Forward et al. (2009) found that in cases with only two sizes of particles in which the 

weight of the large particles were less than half the total weight of the sample, the 

small particles would charge both positively and negatively.  The greatest segregation 

of expected charge by particle size occurred when the weight of the large particles 

made up 77 percent of the total weight (Forward et al., 2009).  Sow et al. (2011), 

however, recorded an unusual case in Niger after the settling of a dust storm in which 

the majority of surface particles with a negative charge were the larger particles over 

100 micrometers and those with a positive charge were the smaller particles, although 

the collection processed was biased towards the smaller particles and the electric 

measurements towards the larger ones. 

The modeling of triboelectric charging and mass separation alone can produce 

the high electric fields observed in dust devils (Farrell et al., 2003).  These electric 

fields in have been measured over 4.3 kilovolts per meter in Nevada and Arizona 

(Farrell et al., 2004), over 20 kilovolts per meter (Farrell et al., 2003), and over 120 

kilovolts per meter in the Mojave Desert (Jackson & Farrell, 2006), in each case 

saturating the electric field meters.  Such high fields cause static contamination on any 

exposed electrical system (Farrell et al., 2004).  The charge on a single dust grain from 

a dust devil can reach the order of 10
-12

 coulombs due purely to triboelecric charging 

(Farrell et al., 2003).  This can lead to charge concentrations in a dust devil up to 10
6
 

electrons per cubic centimeter
 
(Farrell et al., 2004).  Measurements of charge on sand 
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or dust grains have also varied largely from different studies and locations.  Charge to 

mass ratios of 60 microcoulombs per kilogram on 150 micrometer particles were 

measured in the sand northwest of Rawlins, Wyoming (Schmidt et al., 1998).  In the 

Israeli Negev Desert, Yackerson (2002) recorded total charge concentrations per grain 

around 10
9 

electrons per cubic meter with higher concentrations occurring on airborne 

dust during night hours.  Fuerstenau and Wilson (2004) were able to produce a 

maximum charge density of 10
14

 electrons per cubic meter on the surface of identical 

insulators in laboratory experiments. 

Triboelectric charging is not the only process that is capable of producing 

charge on aerosols, but it is the most effective charging method.  Aitken aerosol 

charging, the direct collection of free ions by an aerosol, is capable of producing 

charge on the smallest of dust particles, but is generally of small magnitudes.  

Photoelectric charging, the process by which high ultraviolet radiation causes the 

release of free electrons, is also possible, but it is most pronounced in a vacuum with 

no atmospheric absorption (Yair, 2008) and has a larger impact on conducting grains 

than the generally nonconducting soil particles (Sickafoose et al., 2001). 

Blowing Dust Mechanics 

Wind-driven mass transport of soils occurs through the creeping, saltation and 

suspension of particles by the wind.  Creeping involves the rolling of large particles 

along the surface, saltation the bounding of smaller particles against the surface, and 

suspension the carrying of the smallest particles by the wind.   

Suspension typically occurs when the terminal velocity of a particle is less than 

one fifth the ambient wind speed (Bagnold, 1941), although the turbulent 
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characteristics of the wind do have an impact as well.  Smaller particles, especially 

those under 70 micrometers in diameter, are most easily suspended, but are often 

harder to remove from the surface due to clumping, especially when moisture 

increases interparticulate bonds.  This leads to a critical diameter around 200 

micrometers for suspension in typical environmental conditions (Bagnold, 1941).   

The saltation layer is defined by the layer where more than 50 percent of the 

mass flux occurs through particles undergoing saltation (Anderson & Hallet, 1986), 

which typically accounts for 75 percent of the total mass transport of wind-driven soil 

(Bagnold, 1941).  The height to which particles reach during saltation depends on the 

grain characteristics (Wu et al., 2012) and surface characteristics (Bagnold, 1941), but 

is independent of wind speed (Wu et al., 2012) and always smaller than the horizontal 

extent over which the particles travel.  Increasing wind speeds, however, do increase 

the amount of particles undergoing saltation (Bagnold, 1941).  The transport rate of 

creeping particles also depends on the environment.  An increase in the wind velocity 

or in the fetch of the wind increases the total creeping transport rate, as shown in the 

Shapotou Desert wind tunnel studies (Dong et al., 2004).   It is notable that the size 

distribution of the particles is not equal to that of the original sample at any height in 

the saltation or the suspended layers due to the vertical size sorting process (Williams, 

1964). 

Several forces impact the lifting of surface particles and their motion within 

the air including gravity, drag and the interparticulate forces between surface particles.  

The interparticulate force is in part due to the cohesional forces between particles from 
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the van der Waals, liquid, chemical, and electrostatic forces between particles.  The 

resulting force is not well understood for particles smaller than 50 micrometers in 

diameter due to a lack of measurements and a lack of understanding the chemical 

forces on small particles (Shao & Lu, 2000).  It is known that small particles 

experience a greater interparticulate force than larger particles while the larger 

particles experience greater fall speed than the smaller particles, which results in the 

wind speed threshold for the lifting of surface particles to be the smallest for particles 

with diameters near 100 micrometer (Bagnold, 1941). The actual friction velocity 

required by the wind to overcome the interparticulate forces depends on the soil 

texture, moisture, salt content, surface crust, vegetation and roughness elements (Shao 

& Lu, 2000).  One force often overlooked in modeling the movement of airborne 

particles is the Magnus force, the force due to the rotation of a particle in the wind, 

which can result in decrease of the saltation heights of 20-60 percent in a model 

without the Magnus force (Anderson & Hallet, 1986).  The impact of these forces 

have a high dependence on the shape of the particles, with the more spherical shapes 

requiring a longer fetch to overcome the interparticulate forces and reaching the 

highest saltation heights in a wind-tunnel study as compared to more irregular shapes 

(Williams, 1964).  Another factor often overlooked is the thermal diffusion, or 

convection (Yue & Zheng, 2006), from a hot sand bed or barren soil surface to the 

cooler air, which causes vertical winds on the order of 1meter per second immediately 

above the surface.   Thermal diffusion increases transport rates and decreases the time 

required to reach steady state (Yue & Zheng, 2007).  As the amount of dust or sand in 
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the air increases, however, the momentum the air transfers to the particles causes the 

horizontal wind speeds above the surface to decrease, resulting in wind profiles that do 

not follow the expected log-law at low levels (Nickling, 1978).  As shown through a 

numerical model, these moving grains determine a new effective roughness length 

which corresponds more directly with the concentration of the grains and less with the 

height reached by the grains (McEwan et al., 1999). 

Once motion has been sustained by the airborne particles, the rate of particles 

released from their surface bonds can increase quickly.  A wind tunnel experiment 

using soils from the Amarillo, Texas area proved that the impacts against the surface 

from saltating particles are the primary mechanism for the ingestion of fine soil by the 

wind, which are easier to suspend (Gillette et al., 1974).  The process of sand 

impacting the surface, as discussed above, results in the charging of the saltating 

sands.  Kok and Renno (2006) demonstrated that this charging can increase the 

upward forces felt by surface particles and make the interparticulate forces easier to 

overcome.  Since the Earth is relatively conductive, the uppermost surface particles 

can gain an inductive charge by the electric field caused by the saltating particles, 

effectively doubling the electric field felt by the uppermost layer of soil particles, to 

the order of the gravitational force.  In a modeled environment for surface particles 

with diameters 50-200 micrometers, an electric field of 80 kilovolts per meter can 

reduce the threshold friction velocity by over ten percent and a field greater than 150 

kilovolts per meter is capable of directly lifting surface particles (Kok & Renno, 

2006).  Verified in a wind tunnel study, an electric field of 160-280 kilovolts per 
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meter, values which have been observed in nature very near the surface (Schmidt et 

al., 1998), can increase the mass transport by an order of magnitude when compared to 

no electric field cases (Rasmussen et al., 2009).  The amount of particles in motion 

cascades after a threshold electric field is reached, as verified by both laboratory 

experiments and models, due to the overcoming of the interparticulate bonds by the 

combination of the impacting of other particles and the upward electrostatic force 

(Kok & Renno, 2006).  While the impact of thermal diffusion on motion is much less 

than that of the electrostatic force, its inclusion in a model can still result in a 12.55 

percent higher saltation rate. The effect of thermal diffusion is smaller on sustained 

motion as the sand bed cools to some limit when the top layer is removed and motion 

reaches a steady state (Yue & Zheng, 2007).  During the beginning of saltation, 

however, the thermal diffusion is important in increasing the upward force on the 

surface particles and the initial airborne particle production, which increases the 

electrostatic force on surface particles (Yue & Zheng, 2006).  Recent local weather 

also has a high impact on the motions of surface particles, with saltation and creeping 

motion resuming sooner after a rain event than suspension as observed by Nickling 

(1978) in the Yukon.  In the Southern High Plains, rain can help loosen the 

interparticulate bonds of the clay and make the soil more susceptible to suspension 

after the initiation of saltation and creeping motion. 

The vertical distribution of wind-driven soil movement in any event depends 

greatly on the size composition of the soil.  Soil is commonly split into clay (particles 

with diameters less than 2 micrometers), silt (2-50 micrometers) and sand (greater than 
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50 micrometers) categories (Chepil, 1957), although the size divisions used can vary 

between studies.  In wind-driven soil studies, soil is typically only split into dust and 

sand categories, where the dust category contains fine, solid, irregularly shaped 

particles with sizes in the one to ten micrometer (Williams et al., 2009) or the 0.01-20 

micrometer ranges (Chung et al., 2003) as generated by desert, loess, volcanic, fire or 

anthropogenic sources.  The sand category contains any larger particles and is less 

likely to be carried by the wind over significant distances.  The ability of dust to be 

lofted into the air depends on the environment.  Nickling (1978) found the most dust 

production when the near-surface shear velocity magnitude is greater than 25 

centimeters per second, the surface salt concentrations are low, and surface moisture 

less than four percent of the dry weight.  

Carried dust can reach high altitudes above the surface with measurements of 

dust up to six kilometers above the surface in northern China (Chung et al., 2003), 

over 3.6 kilometers above the surface in Kansas and Colorado (Chepil & Woodruff, 

1957), and up to 5 kilometers above the surface in the Sahel where it is lofted on 

thunderstorm outflows and associated with large updrafts (Williams et al., 2009).  The 

dust can remain in the air for long periods of time, such as in cases of dust being 

transported from northwestern China into Korea in which it is not uncommon to 

remain suspended for three days (Chung et al., 2003).  Overall the wind is estimated to 

transport 5x10
8
 metric tons of dust on Earth (Schmidt et al., 1998), although dust may 

only be a smaller portion of total soil transport, due to its lesser weight than sand.   
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The saltation path is highly impacted by the electrostatic force acting 

downwards on most saltating particles which causes them to move closer to the 

surface and at lower horizontal speeds than otherwise, which is important to 

replicating the natural motion observed (Kok & Renno, 2008).  The majority of 

saltation is known to occur close to the surface and below 0.46 meters, but can reach 

heights of two meters depending on the soil composition and surface cover (Bagnold, 

1941).  The height of saltation is typically higher over surfaces with more gravel than 

pure sand surfaces (Bagnold, 1941), but the total transport over sand is much larger 

than over gravel as shown by wind tunnel studies using sand from the Shapotou Desert 

of China (Dong et al., 2004).  Observations of maximum saltation height have had a 

large amount of variability, from one meter in the Sahel (Williams et al., 2009) to 0.3 

meters in one wind tunnel study (Kawamura, 1964), to only 0.1 meters in another 

(Anderson & Hallet, 1986).  Some of the difference could be attributed to the more-

laminar nature of wind in laboratory experiments, although past research often 

subscribed to the idea that saltation is not influenced by turbulence as the amount of 

time a saltating sand particle remains in the air is much smaller than the turbulent wind 

period (Kawamura, 1964).  However, the turbulence structure in the saltation layer is 

not well understood and could be much different from that which is expected (Shao, 

2005).  This is partly due to the fact that actual measurements near the surface are 

highly unreliable due to measurement errors resulting in high uncertainty on the lower 

boundary (McEwan et al., 1999).  Past models have found differences in particle 

trajectory heights and lengths of only ten percent using different surface wind profiles, 
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meaning that the actual lower boundary characteristics may be more important to the 

amount of lofting than to motion of lofted particles (Anderson & Hallet, 1986).  

Another issue with measurements of flux and particle concentrations is the preferential 

collection of particles sizes due to the largest and smallest of particles being more 

likely to bounce out of trap measurements or be carried out by the wake motion 

associated with the trap itself (Ellis et al., 2009). 

The vertical structure of soil mass flux has been much debated.  Generally the 

flux is known to decrease with height above the saltation layer, often decreasing 

exponentially for each particle size.  Some models use an exponential decrease in flux 

with height throughout the saltation layer such as that proposed by Bagnold (1941), 

used by Kawamura (1964), verified in a purely sand wind tunnel study and in low 

wind speeds with large particles over a primarily gravel surface (Dong et al., 2004), 

and numerically simulated using only large particles in relatively weak turbulence 

(Shao, 2005).  Many studies since have instead found a three-layer flux pattern for 

steady state saltation resulting from low wind speeds near the surface and little total 

mass transport at higher heights (Zheng, He, & Wu, 2004).  The lowest layer has a 

linear increase in mass flux with height due to increasing wind speed with height near 

the surface.  The middle layer is saturated.  The upper layer has an exponential 

decrease in flux with height beginning above 0.2 meters in wind tunnel experiments 

by Greeley, et al. (1982) and Shao (2005).   This type of stratified flux model has been 

numerically verified by using an exponential distribution of grain liftoff velocity (Wu 

et al., 2012), a Gaussian distribution of lift-off angle, a distribution of particle sizes, 
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and the inclusion of turbulence (Shao, 2005), regardless of the electric charge of the 

grains.  In situations with large amounts of turbulence but only small particles, 

however, a Gaussian mass flux distribution with height occurs (Shao, 2005).  A 

similar Gaussian distribution of flux was also observed at high wind speeds in a wind 

tunnel study using sand from the Shapotou Desert over a gravel surface, in which the 

height of the peak flux did vary with wind speed (Dong et al., 2004).  

Similarly, different studies of the vertical distribution of particle size and 

concentration have resulted in a variety of profiles.  Basic profiles assume the 

decreasing of concentration or particle size with height, such as the inverse 

relationship between dust concentration and some power of height as observed in 

Kansas and Colorado (Chepil & Woodruff, 1957), in a dust storm in the Big Spring, 

Texas area (Chen & Fryrear, 2002), in a source region in the Yukon (Nickling, 1978), 

and wind tunnel observations of the concentrations of any single grain size (Anderson 

& Hallet, 1986).  The average particle size or total concentration, however, does not 

continuously decrease in all cases as was shown in a wind tunnel studies by Williams 

(1964) and by Anderson and Hallet (1986).  Observations from 25 cases of beach 

saltation in Brazil showed a decrease in the average particle size from the surface to 

0.05-0.15 meters, then an increase in average size to 0.35 meters (Farrell et al., 2012).  

Hu (2012) numerically modeled a similar pattern, but the increase in size with height 

only extended to 0.1 meters above the surface.  These layers in actual events are not 

always as well defined.  In observations from a dust storm in Big Spring, Texas, the 

lowest meter was not well sorted, with the largest variety of sizes near the top of the 
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layer.  Between one and three meters from the surface particle sizes were well sorted 

and particle sizes decreased with height, but the sorting above that decreased with 

height associated with more variety in the particle sizes (Chen & Fryrear, 2002).   

Suspended dust concentrations can vary greatly between local environments 

and individual events.  Between 23 March 1996 and 20 September 1997 the average 

dust concentration in suspension events at Lubbock Lake Landmark in Texas was 19.8 

micrograms per cubic meter but reached a maximum value of 166 micrograms per 

cubic meter (Stout, 2001).  In a dust source region in the Yukon, the dust 

concentrations were much higher and more variable at 1.1-1030.4 milligrams per 

cubic meter (Nickling, 1978) with much higher concentrations below 0.5 meters than 

had previously been found in American observations (Chepil & Woodruff, 1957).  The 

Big Spring, Texas dust storm observations of maximum concentrations at 1.1 meters 

had a value of 1.3 milligrams per cubic meter
 
(Chen & Fryrear, 2002).  These 

suspended clay or dust particles themselves contribute relatively little to the overall 

soil mass transport by weight, as was observed in Kansas and Colorado events, but the 

number of particles is substantial (Chepil, 1957).  In Yukon events the contribution 

from suspension was much greater and varied from 12.5-65.5 percent of the total mass 

transport, depending on the degree of turbulence (Nickling, 1978).  The difference in 

local mass transport by suspension likely has to do with the locality of the suspension 

sources, with more mass transported through suspension in areas with extremely fine 

soil or with more distant sources (Nickling, 1978).  This means that the dust 
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concentration profile in the Lubbock area is likely similar to that observed in Big 

Spring, but the actual variation is unknown without direct measurements. 

Electrical Variations of Blowing Dust 

Due to the nature of triboelectric charging, it can be expected that the charge 

carried by saltating or suspended dust can be high.  As the most energetic collisions 

occur in the saltation layer (Bagnold, 1941), saltating particles are expected to easily 

collect charge.  Some of the first observations of electric fields in dust storms occurred 

in South Africa, where the polarity of the electric field reversed from that of the fair 

weather field and reached values in the suspension layer of over five kilovolts per 

meter, which saturated the instrument, and were less intense with lower concentrations 

of dust (Rudge, 1913).  More recent observations have shown that dust storm events 

with visibilities less than one kilometer can be associated with electric fields greater 

than 200 kilovolts per meter in the saltation layer, while a typical blowing dust event 

can reach electric fields of 160 kilovolts per meter (Kok & Renno, 2006).  

Observations in purely saltating sands without suspension northwest of Rawlins, 

Wyoming have shown maximum electric fields of 166 kilovolts per meter at a height 

of 0.017 meters above the surface (Schmidt et al., 1998).  Currents in saltating sands in 

the Kalmykia region of Russia have proven that the lowest layer of saltation is 

typically positively charged and the upper layer of saltation is negatively charged, 

associated with the expected charging based on the vertical profile of particle sizes 

(Gorchakov et al., 2006).  Suspended dust, either clay or sand, is typically negatively 

charged as shown through observations in the Sahel (Williams et al., 2009).  Each of 
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these observations is consistent with the expectation that triboelectric charging 

promotes negative charge in the smaller particles and positive charge in the larger 

particles or the surface of the Earth.   

Modeling studies have examined the charging of blowing dust near the surface.  

It has been shown that the electric field in blowing dust and saltation can reach an 

equilibrium state in as little as thirty seconds from the initiation of soil motion (Hu, 

2012).  The airborne dust and resulting charge densities and electric fields are 

typically treated as being horizontally homogeneous in the saltation and suspension 

layers (Zheng, He, & Zhou, 2004).   

The profile of the electric field due to dust motion has varied between studies 

of different soils as the height of the saltation layer varies.  Typically, the highest 

electric fields are shown to be near the surface, as was modeled below 0.1 meters by 

Yue and Zheng (2006), and decreasing with height as found in wind tunnel 

experiments using Chinese Minquin and Shapotou Desert sands (Jianjun et al., 2004) 

and modeled by Kok and Renno (2008).  Similarly, the observations of saltation in the 

dunes northwest of Rawlins, Wyoming found a maximum electric field at 0.017 meter 

above the surface and decreased magnitude with height above that to a neutral field at 

0.2 meters above the surface and fair weather electric fields at two meters (Schmidt et 

al., 1998).  The collection of saltating particles from the Rawlins project showed that 

the layer of particles closest to the surface were charged positively and therefore 

negatively charged particles must have dominated immediately below the 0.2 meters 

height (Schmidt et al., 1998), while measurements from South Africa still found 
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primarily positively charged particles at 0.2 meters above the surface (Rudge, 1913).  

A separate wind tunnel study using sand from the Tengger Desert of China found 

positive increasing electric fields up to 0.5 meters from the surface, which were 

associated with a much higher saltation height (Zheng et al., 2003).  However, Zheng, 

He and Zhou’s model (2004), which neglected suspension due to little suspended mass 

overall, but extended further above the saltation layer, resolved three different charge 

layers.  The lowest had positive fields up to several hundred kilovolts per meter that 

decreased rapidly with height. The second had a negative field reaching several 

kilovolts per meter.  Within the third, the field decreased in magnitude to the value of 

the fair weather field. The lack of suspended material resulted in an electric field 

reaching the fair weather field below 0.5 meters from the surface (Yue & Zheng, 

2006).  Observations in the Israeli Negev Desert, however, supported the idea that the 

charge on 0.2-5 micrometers suspended dust particles are the most relevant for 

impacting the electric fields locally, due to the soil size distributions (Yackerson, 

2002).  The observed regional variability means that the charge profile in blowing dust 

conditions in the Lubbock area is likely also unique. 

West Texas Characteristics 

Lubbock, Texas is in the Southern High Plains area, where the Blackwater 

Draw Formation overlays the Ogallala Formation.  The Blackwater Draw Formation is 

up to 27 meters thick (Holliday, 1989).  It has a number of layers which are each 

modified by weathering and from the deposition processes that occurred during arid 

periods between the shifts from subhumid tall-grass prairie to semiarid short-grass 

prairie (Holliday, 1991).  The Blackwater Draw Formation has quaternary sediments 
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from eolian sands, lacustrin deposits and fluvial clastics (Reeves, 1972).  The local 

geologic record has shown that wind erosion and periodic aridity have occurred 

throughout the past eleven million years in the Southern High Plains (Holliday, 1991).  

The soil of the region varies from sandy clay loam to clay loam, which is most similar 

to the Loess Plateau region of northern China, although likely of desert origin instead 

of glacial (Holliday, 1989).  An analysis of soils at a depth of 0.3 meters from areas 

surrounding Amarillo (Pullman, Randall and Mansker) showed that the soils were 

fine-mixed, fine-smectitic, and fine-loamy (Logsdon et al., 2009).  It is composed 88 

percent by weight of particles with diameters greater than 50 micrometer, 3.2 percent 

of particles with diameters between 2-50 micrometers and 8.8 percent of particles with 

diameters less than 2 micrometers (Gillette et al., 1974).  The conductivity of soil in 

the Amarillo region varies little between the cultivated and noncultivated soils or by 

area. The conductivity is highly dependent on the water content due to the clay and 

soluble salts in the soil, with a decrease in water content causing a very large decrease 

in conductivity (Logsdon et al., 2010). 

The distribution of soil sizes and uses varies across the region, which when 

combined with climatology impacts the source regions of airborne dust in the 

Lubbock, Texas area. Soil grades across the Southern High plains from sand sheet to 

loess (Lee et al., 2012) with the coarser material found on the southwestern side of the 

Southern High Plains in the Pecos River Valley (Holliday, 1991) and the highest silt 

content to the northeast, away from the Pecos River valley (Holliday, 1989).  The 

region to the southwest of Lubbock typically has the highest soil moisture deficit from 
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the highest average temperatures and the lowest precipitation totals.  The areas to the 

northeast and southeast of Lubbock have more ranching use, limiting the available 

topsoil.  Climatologically lower winds occur from these directions (Lee et al., 1994) 

and any easterly winds also bring increased moisture from the Gulf of Mexico (Warn 

& Cox, 1951).  To the south of Lubbock the soil is highly erodible from the lack of 

moisture, but strong southerlies typically occur when the region has more crop cover.  

The north and westerly directions are more susceptible to erosion due to the lack of 

ground cover during times with climatologically high winds, with the southwesterly 

direction containing less clay and being the most erodible due to the lack of moisture.  

The soil to the north also contains more organic matter and the plant canopy grows 

relatively quickly to the north where more grains are grown (Lee et al., 1994).   

Lubbock has historically had some of the highest frequencies of blowing dust 

events in the United States.  As determined by METAR records from before 1976, 

blowing dust events with visibilities less than seven statute miles were noted in 

Lubbock in an average of 3.1 percent of hourly observations per year (Orgill & 

Sehmel, 1976).  The dust is known to reach heights above 7.6 kilometers above the 

surface and remain suspended in the air even after high winds have subsided at the 

surface (Warn & Cox, 1951).  Modeling these events is challenging as small errors in 

the soil moisture can lead to large errors in the dust emissions.  The area also has high 

seasonal variability in dust emission and the sources are not the typical desert sources, 

which are not well handled by traditional dust models (Park et al., 2009). 
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The majority of blowing dust events in the Lubbock area occur during the late 

winter and the spring seasons (Orgill & Sehmel, 1976).  Out of a study of 1638 

blowing dust events in Lubbock, about 42 percent of the events were associated with 

strong daytime heating mixing down higher speed winds from aloft to the surface. 

Such conditions are common in the spring.  Around 30 percent of blowing dust events 

were associated with frontal passages that brought strong surface winds.  A smaller 

percentage were associated with thunderstorm outflow events or strong winds around 

deep cyclones, with very few total hours associated with the storm outflow cases 

(Wigner & Peterson, 1987).  The lowest seasonal winds in the Southern High Plains 

are associated with summer when there is more ground cover (Stout, 2001). Combined 

with the region having large amounts of bare soil and highest moisture deficit in the 

late winter and spring (Lee et al., 1994), this leads to the most blowing dust events 

occurring in the late winter and spring in the region (Adlerman & Williams, 1996).  

While the frequency of blowing dust events is highest in March and April, there is 

large variability between year to year as Wigner and Peterson (1987) demonstrated in 

a climatology of events from 1946 to 1984.  The spring blowing dust events also 

typically have the most variable concentrations and the highest average concentrations 

of dust as measured at Lubbock Lake Landmark (Stout, 2001). 

Blowing dust events in the Lubbock area are not easily predicted by 

environmental information.  Events are most commonly associated with relative 

humidity values less than thirty percent, with all with events containing suspended 

dust concentrations over 80 micrograms per cubic centimeter having relative humidity 
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values lower than thirty percent (Stout, 2001).  In the Big Spring, Texas dust storm 

observations the gravimetric water contents of the collected airborne dust were 0.91-

3.78 percent (Chen & Fryrear, 2002). However, the frequency of blowing dust events 

has little correlation with climate variables (Lee et al., 1993) and cannot be determined 

by combinations of climate indexes such as the Palmer Drought Severity Index and 

wind speeds, as they can be identical between dusty and clear conditions (Lee & 

Tchakerian, 1995).  Winds over 20 meters per second at a ten meter height produce 

blowing dust events only 17 percent of the time in Lubbock (Lee & Tchakerian, 

1995). The average blowing dust event in the Lubbock area is estimated to transport 

121.8 tons of sediment per hour per five mile cross section (Warn & Cox, 1951) with 

the most dust transport occurring through high-frequency, low-magnitude blowing 

dust events or low-frequency, high-magnitude events (Lee & Tchakerian, 1995).   

The sources of blowing dust in the Lubbock area have been well studied.  The 

blowing dust at 0.6 meters in Lubbock is composed of 2 percent organic material, 55-

90 percent quartz sand, 25-40 percent clay dust particles, 5-20 percent carbonites, and 

5 percent gypsum sand by weight between different blowing dust events (Warn & 

Cox, 1951).  Soil content from blowing dust events near Lubbock with winds less than 

11 meters per second are generally from sources less than 40 km from the 

measurement as determined through soil analysis (Warn & Cox, 1951).  Based on 

satellite observations of 27 blowing dust events on the Southern High Plains, the 

largest number of the visible 625 source points was associated with the Aeolian sand 

sheet primarily to the west, which covers half of the available land, with the cultivated 
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land having a higher rate of production than the non-cultivated.  The highest rate of 

production per total area covered by the land cover category was associated with the 

ephemeral (playa) lakes, with the larger, more saline lakes producing more airborne 

dust (Lee et al., 2012). 

Transport and Electrification of Soils near Lubbock 

The relationship between the amount of dust in the air and the wind speed has 

been widely studied with a variety of results, but a general increase in dust 

concentrations with increasing wind velocity is expected.  Winds greater than six 

meters per second are predicted to be great enough to move loose soil in the Lubbock, 

Texas area, (Lee et al., 1993), but they often do not (Lee & Tchakerian, 1995).  All 

observations of coarse dust concentrations greater than 80 micrograms per cubic meter 

in an eighteen month period were associated with daily average wind speeds over six 

meters per second, but not all days with such average wind speeds were associated 

with high concentrations of dust (Stout, 2001).  It has been shown that the saltation 

height does not change significantly with changing wind speeds, but the maximum 

size of the particles within saltation or suspension and the concentration of particles do 

increase with increasing wind speeds (Kok & Renno, 2008).  Observations at Lubbock 

Lake Landmark showed that the highest correlations between wind speeds and dust 

concentrations occurred at higher wind speeds.  With winds below three meters per 

second, the correlation between winds and the particle concentration is only 0.02, but 

with winds greater than four meters per second, the correlation coefficient is 

approximately 0.6 (Stout, 2001).  However in low frequency observations in the Israeli 

Negev Desert the highest correlation coefficients between wind speed and particle 
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concentrations occurred at wind speeds between two and five meters per second with 

values between 0.45-0.90 (Yackerson & Zilberman, 2005).  Transport rate in saltation 

is generally thought to vary with the cube of the shear velocity and the rate in 

suspension with the degree of turbulence as demonstrated by Nickling (1978).  The 

amount of transport by creeping as compared to the total transport rate is known to 

decrease both with increasing wind velocity and increasing fetch due to the increased 

loosening of surface particles from particulate bounds as demonstrated in wind tunnel 

studies using Shapotou Desert sands (Dong et al., 2004). 

Similarly, the dust concentration or wind speed and the electric field 

magnitude are generally known to be positively correlated.  One of the first 

observations of the impact of dust concentration on the electric field were the 

observations of dust storms in South Africa, which showed larger fields during time 

periods with larger concentrations (Rudge, 1913).  A positive correlation coefficient 

between 0.45-0.90 of thirty minute frequency measurements of the electric field and 

the dust concentrations was also seen in conditions with winds between two and five 

meters per second in the Isreali Negev Desert studies when the dust concentrations 

were limited to 500-4500 grains per cubic centimeter (Yackerson & Zilberman, 2005), 

but denser dust storms were associated with larger and less correlated electric field 

values (Yackerson, 2002).  As dust concentrations are generally positively linked to 

wind speeds, direct relationships between wind speeds and the electric field could be 

expected.  Increases in wind speeds have been shown to be associated with higher 

electric fields in the creeping and saltation layers (Zheng, He, & Zhou, 2004).  This 
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positive correlation also was verified in the overall airborne dust profile in wind tunnel 

experiments using sand from the Minquin and Shapotou Desert dunes (Jianjun et al., 

2004), although it has also been shown in wind tunnel studies using sand from the 

Tengger Desert that the total charge to mass ratio can decrease with increasing wind 

speed due to larger mass particles being lifted from the surface, but collecting similar 

amounts of charge as the smaller particles (Zheng et al., 2003).  A positive correlation 

between the current in the saltation layer and the wind speed was also observed in the 

Kalmykia region of Russia (Gorchakov et al., 2006). 

Most research on dust charging has focused primarily on the saltation layer.  

Many models assume that since most mass transport occurs within the saltation layer, 

the suspended layer and its associated electric field are negligible (Zheng, He, & 

Zhou, 2004).  Greeley et al. (1982) acknowledged that it should not be overlooked 

even though it often had been in Aeolian transport research, as well. The large electric 

fields reported in the South African dust storms were from within the suspension layer 

(Rudge, 1913) and adverse impacts from the charged suspended dust carried into 

Korea from the Loess Plateau in China have been noted on power transmissions and 

communications (Chung et al., 2003).  The wind tunnel experiments using sand from 

the Minquin and Shapotou Deserts demonstrated that the electric field intensity caused 

by suspended sand can actually be greater than that of either creeping or saltating 

sands (Jianjun et al., 2004).  The same experiments also showed that finer sands, 

which are more likely to undergo suspension, are associated with stronger electric 

fields than coarser sands (Jianjun et al., 2004).  The overall charge to mass ratio has 
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also been shown to increase with height and decrease with particle size in wind tunnel 

studies using sand from the Tengger Desert (Zheng et al., 2003), further supporting the 

idea that the electrification of fine, suspended materials cannot be ignored. 

 This study investigates the contribution of these suspended materials to the 

electric field as well as the role of saltating particles in relation to the horizontal wind 

speeds in Lubbock, Texas.  The contribution of the global electric circuit or the 

electrode effect to the vertical electric field under blowing dust conditions is expected 

to be minimal due to the high fields recorded in saltation and suspension due to the 

triboelectric charging of particles.  The smaller particles in suspension can be expected 

to gain a net negative charge and the largest particles in saltation can be expected to 

gain a net positive charge.  The triboelectric charging process should be expected to be 

efficient in the West Texas areas due to the low conductivity of the soil and generally 

low humidity levels.  The saltation layer is likely confined below one meter with a 

large amount of small clay, highly-charged particles in suspension above it, expected 

to cause large, upward pointing electric fields.  Due to the similar geography across 

the Southern High Plains, it could be expected that the vertical distribution of mass 

concentration in a Lubbock blowing dust event would be similar to that in the Big 

Spring, Texas dust storm (Chen & Fryrear, 2002) based on the relationship between 

the mass profiles shapes and the soil type regardless of the wind speeds.  The Lubbock 

soil characteristics might also be expected to be similar to the Amarillo, Texas area 

measurements (Logsdon et al., 2010) as little variation was seen in the area.  At low 

frequencies, the vertical electric field can be expected to be positively correlated with 
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the horizontal wind speeds as seen in steady-state experiments and low frequency 

measurements.  Deviations from the positive correlation at higher frequencies could be 

caused by the more turbulent nature of the boundary layer.  
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CHAPTER III 

METHODOLOGY 

Instrumentation 

 An electric field meter and an anemometer were deployed on a single pole at 

the Reese field site on the western edge of Lubbock, Texas. Figure 1 shows the 

configuration of the instruments, which were located on the northeastern most portion 

of the Texas Tech University property on the Reese field site at 33° 36.431’ north and 

102° 3.159’ west as shown in Figure 2.  A radius of 7.6 meters around the station was 

cleared of tall grasses and succulents, but low-lying vegetative ground cover remained 

Figure 1. Reese field site with the station location as shown (Google Earth). 
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Figure 2. Station configuration and cleared radius at installation facing west with the 

CS-110 electric field meter at 2 meter height facing north, the RMYoung 81000 

ultrasonic anemometer at 1.7 meter height facing southwest and the battery power 

supply on the south side of the station. 

in patches over much of the radius.  The terrain surrounding the station is flat with a 

slight downward slope to the east past the cleared radius.  Outside the cleared area, 

nearby land is covered in relatively tall native grasses and succulents.  Past the 

property lines to the north and west of the station there is a mixture of cultivated and 

undeveloped land.  The only obstructions to the site are to the south of the location.  

The largest potential impact on the electric field measurements is a 200 meter 

meteorological tower extending to 26.6 degrees above the horizon from the site, which 

could cause distortions to the electric field.  Near this tower there are also power lines, 

a 73 meter tower, several small buildings, two test power poles which did not remain 

for the entirety of this study, and a wind turbine further to the south.  These 

obstructions could cause wake impacts in the wind and possibly local charge sources 

impacting the electric field measurements during conditions with southerly winds.  

W 
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The electric field measurements could also be impacted by corona during time periods 

with high electric fields from the nearby towers, the tall grasses past the radius and 

possibly the station itself.   

The electric field meter used was a downward-facing CS110 reciprocating 

shutter electric field meter.  The CS110 instrument has previously been used in 

thunderstorm observations and boundary layer studies (Piper & Bennett, 2012).   This 

instrument had been tested by Campbell Scientific in temperatures from -55 to 85 

degrees Celsius.  It was mounted on the northern side of the pole with the sensors at a 

two meter height and the outer plate connected to a 1.8 meter-length copper ground 

directly below the station.  A similar station configuration with a tripod has accuracy 

to five percent of the measured value, a possible offset of up to eight volts per meter 

and a maximum reading of 22.3 kilovolts per meter as reported by Campbell 

Scientific.  In electric fields with magnitudes less than 2,200 volts per meter, the tripod 

configuration has resolution of 0.32 volts per meter, sensitivity of 1.2 microvolts per 

volt per meter, and a root mean squared noise of 0.42 volts per meter.   Above 2,200 

volts per meter the resolution increases to 3.2 volts per meter, the sensitivity to 13 

microvolts per volts per meter, and the room mean squared noise to 1.9 volts per 

meter.   

The CS110 contains an internal CR1000 datalogger which was used to record 

both the electric field measurements and measurements from an RMYoung 81000 

ultrasonic anemometer through a serial connection.  The anemometer was mounted on 

the southwestern side of the same pole with sensors at 1.7 meters and shared a ground 
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with the electric field meter.  The vendor specifications for the instrument report that it 

can measure winds up to 40 meters per second with a resolution and threshold of 0.01 

meters per second and accuracy of one percent root mean squared plus or minus 0.05 

meters per second in winds below 30 meters per second or three percent in winds 

above 30 meters per second.  It has an azimuth range of 0.0-359.9 degrees and an 

elevation range limited to 60.0 degrees from the horizontal due to the sensor 

configuration with a resolution of 0.1 degree and accuracy of two degrees in winds 

below 30 meters per second or five degrees in winds above 30 meters per second.   

 Both instruments were set up to run simultaneously.  They operated for up to 

five days on a single 12-volt marine gel-cell battery placed on the south side of the 

station and raised on a cinder block to reduce the risk of wire damage by rodents.  

Through a CRBasic program handled through Campbell Scientfic Loggernet software, 

the CR1000 datalogger recorded the electric field and the instrument status from the 

CS110 and the temperature, status and the instantaneous, meridional, zonal and 

horizontal sensor’s wake-corrected components of the wind from the RMYoung 

81000 at a frequency of one hertz.  Average environmental values and total error 

counts from the instruments along with the leakage current, panel temperature, battery 

voltage and internal relative humidity from the CS110 were recorded every minute for 

quality control purposes.  The data were stored in text data files on the datalogger and 

transferred to a computer periodically using an RS-232 connection.  The datalogger 

memory could hold up to 32 hours of continuous measurements taken as described. 
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Data Collection 

 The collected data were carefully quality controlled and readings with known 

errors or local impacts on the measurements were removed.  The electric field 

measurements can be impacted by animals around the instrument or charged particles 

from nearby emissions, so time periods known to be compromised by local 

construction, station maintenance or animal activity around the instruments such as 

large amounts of bird droppings or spider webs on the station were not used.  The 

anemometer data were not used for any time periods with visible sensor obstructions 

such as dirt buildup or spider webs.  The electric field meter was checked periodically 

for offset using the Campbell Scientific Zero Electric Field Cover, a conductive plate 

designed to fit over the sensors and produce an electric field of zero.  Had the offset 

reached 10 volts per meter, the CS110 sensors and plates would have been cleaned, 

although the recommended offset is anything less than 60 (uncorrected) volts per 

meter and is known to vary with time.  The resistance of the ground connection was 

also checked periodically to make sure it remained below approximately one ohm, 

which would have required the replacement of ground cables or connectors.  The 

collected data from both instruments were also checked for error codes, unrealistic 

values or constant values indicating measurement errors.  Any time period with a 

significant number of these measurement errors was not used for analysis.  If only a 

couple measurement error periods were found in a blowing-dust dataset, the erroneous 

values were replaced with an average of the surrounding values in order to salvage the 

remaining dataset and minimize the impact of the errors on the final analysis.  This 
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occurred in only two instances, one case with a single second of erroneous values and 

the other with a 30 second period of erroneous values. 

 Three types of datasets were collected: electrical fair weather cases, high 

pressure fair weather cases, and blowing dust cases.  In previous research, the 

meteorological conditions were the primary factor used to segregate fair weather 

cases.  They were required to have no hydrometeors, no lower level stratus cloud deck, 

no cumulus covering more than 37.5 percent of the sky (Harrison, 2004), no nearby 

thunderstorms, no haze or blowing dust limiting visibility to anything less than four 

kilometers (Anisimov et al., 2001) and no fog, all of which could impact the vertical 

electric field.  Previous studies have also limited the fair weather cases to those in 

which hourly winds remain below nine meters per second (Harrison, 2004) or six 

meters per second (Anisimov et al., 2001) and fair weather electric field hourly values 

to be negative in sign and less than 1000 volts per meter (Harrison, 2004) or 500 volts 

per meter in magnitude (Anisimov et al., 2001).  For this research any time periods 

with any overcast layer or any lower to mid-level clouds covering over 25 percent of 

the sky were also excluded along with periods with any reported or visible blowing 

dust.  Wind speeds were not used to discard the electrical fair weather cases due to the 

seasonally high wind speeds during the spring and early summer.  The electric field 

values were also not used to limit the fair weather cases.  The electrical fair weather 

cases were split into spring cases which were used for finding the local diurnal pattern, 

and daytime cases in spring or summer from 1200 to 2400 UTC which were used for 

finding the average horizontal flux of the vertical electric field.   
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The high pressure fair weather cases, a subset of electrical fair weather cases, 

were collected between 1800 and 2000 UTC in an attempt to only examine within a 

well-mixed boundary layer.  They were, in addition, required to have the clear skies 

and winds below six meters per second as associated with fair-weather, high pressure 

conditions.  This requirement was used to eliminate any more-structured (e.g. 

mesoscale) weather features that would not be expected to resolve the fair-weather 

convective boundary layer’s known -5/3 slope inertial decrease.   

Blowing dust cases were required to have either visible blowing dust at the 

station location or an ASOS (Automated Surface Observing System) observation of 

blowing dust from the Lubbock International Airport location.  These cases were 

required to have no low broken or any overcast cloud levels, no precipitation, no 

nearby thunderstorms and no haboob or haboob-like events with sharp gradients in the 

dust concentrations.  The number of collected cases is shown in Table 1. 

Table 1. Dataset conditions for used segments 

Conditions Number of Datasets 

Blowing Dust 11 

High Pressure 14 

Spring Electrical Fair Weather 22 

Electrical Fair Weather Afternoons 14 

 

Data Filtering and Plotting 

 Two filters were applied to the raw wind speed and electric field data sets for 

different parts of the analysis.  The first filter was a nine-second Gaussian window 

with a 1.3 second standard deviation (see Appendix) convolved with the raw data 

series in the time domain, which results in a three decibel power drop at periods of 7.1 



Texas Tech University, Vanna Sullivan, August 2013 

44 

seconds.  This filter was used to reduce the high-frequency noise resolved by the 

anemometer (as described below) without sacrificing the character of the signal in the 

time domain.  This filter was applied prior to all covariance and correlation analyses 

between the electric field and the wind speed.  The second filter was used to separate 

the higher- and lower-frequency patterns in the data.  This 31-second Hanning window 

filter (which has a three decibel power drop at frequencies greater than 0.03328 or 

periods less than 30.05 seconds, see Appendix) was convolved with the given dataset 

for the low frequency pattern and then subtracted from the dataset for the higher-

frequency fluctuations.  This was performed on the raw electric field data for analysis 

of the perturbations and on the Gaussian-filtered wind speed and electric field data for 

correlation analyses (see example in Figure 3). 

 

Figure 3. Time series of the raw and filtered vertical electric field from convolution 

with a 31-second Hanning window during the 2130 to 2230 UTC hour of 6 March 

2012. 
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 Separate filtering was done post-analysis for plotting.  For clear visualization 

of the ensemble averaged spectra of both the electric field and the wind speeds during 

high pressure afternoons, the power spectra for each of the individual cases and 

variables were smoothed to reduce noise (using a 51-point Hanning window, see 

Appendix).  These spectra were interpolated to normalized frequency intervals of 

0.29347 (fzu
-1

 where f is the frequency, z is the measurement height and u is the mean 

wind speed) for uniformity.  The spectra for each variable were then averaged over the 

14 cases in the frequency domain and smoothed again (using a 25 point boxcar 

window) to clearly visualize the average spectral pattern.  This was performed for the 

raw electric field and both the Gaussian-filtered and raw wind speeds. 

 The time series analysis of the average fair-weather electric field was 

smoothed similarly.  The individual fair-weather datasets were filtered using a 901-

second boxcar window to reduce the impact of variability in the electric field from the 

turbulent electrode effect.  The smoothed datasets were then averaged together for 

each second of the day.  The resulting average pattern was then smoothed again using 

a 901 second boxcar window to better visualize the overall pattern. 

 The cross-correlation was calculated between both the Gaussian-filtered and 

the perturbation calculations of the wind speed and electric field to examine the 

possibility of a time lag in either the total or higher-frequency pattern that would 

impact the correlation and covariance analyses.  These cross-correlations were plotted 

for each case as the correlation of a given time delay of the electric field from the 

horizontal wind speed, normalized by the maximum cross-correlation value for the 
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given case.  In this plotting method, a large correlation with a zero second time lag is 

associated with concurrent changes in both parameters. 

 The covariance between the electric field and the horizontal wind speed (as 

described below) was plotted with respect to specific averaging durations or window 

sizes (n).  If the given window size did not divide evenly into the length of the dataset, 

the leftover period (no more than two minutes) was unused.  All datasets were 

analyzed with respect to the window sizes given by      with integers       , 

for detailed analysis at smaller time scales, and with respect to windows lengths given 

by 
 

   with integers       where l is the total length of the given dataset, for 

analysis of the larger time scales.  The error of the covariance calculation was 

determined by the standard deviation of the covariance with respect to a given 

window, divided by the total number of windows of that size.  The resulting 

relationship was then interpolated to five second intervals between one and 10,001 to 

calculate and plot the average covariance for both the blowing dust cases and the fair 

weather daytime cases.  For the estimation of the zero covariance intersection point, 

the covariance pattern with respect to the averaging length of each case was filtered 

using a nine-point, 1.3 standard deviation Gaussian window. 

 Frequency domain relationships between wind speed and electric field were 

also calculated and plotted.  The cross spectra and phase shifts were calculated with 

full fast Fourier transforms of each time series.  The coherence, or normalized cross 

spectral density, was calculated using 4096 point block fast Fourier transforms of each 

time series.  The average of each relationship in the frequency domain was found by 
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interpolating each of the cross spectra, phase shift and coherence to 1000 points 

between 0.000093 and 0.5 Hertz and averaging the resulting interpolations between 

cases. 

RMYoung 81000 Quality Control 

 Before any actual data analysis was done, it was necessary to verify that the 

RMYoung 81000 was operating as expected.  Many anemometers have been shown to 

have systematic errors (Mahrt, 2010) due to sensor obstructions and slight 

misalignment from pure directions (Wyngaard, 1990), which was accounted for in the 

calibrated wake correction of the RMYoung 81000.  Wake corrections often do not 

account for small systematic errors due to turbulent wind flow, but those have been 

shown to be negligible for flux measurements (Hogstrom & Smedman, 2004).  

Vertical wind measurements are commonly problematic, especially from alignment 

issues (Mahrt, 2010), but tilt corrections have been shown to not be very effective 

(Wyngaard, 1988).  Instead, a spectral approach was used to verify the RMYoung 

81000.   

Within the mixed boundary layer on days with the absence of active weather 

features, the wind velocity spectra is expected to have a -5/3 slope within the inertial 

range.  The frequencies associated with the inertial range can vary based on the 

boundary layer structure (Kaimal et al., 1972; Wyngaard, 1990).  The wind speed 

spectra from the fourteen high pressure days were calculated using a fast Fourier 

transform and normalized by the height of the measurement divided by the mean wind 

speed for the period.   
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The ensemble averaged spectra of the raw wind speeds did not resolve the 

expected slope (see Figure 4).  The vertical wind was not used due to its positive 

slope, although the sampling frequency might not have been high enough to resolve 

the expected inertial range spectral decrease (Tom Horst, personal communication, 20 

August 2012).  The raw horizontal winds resolved noise at normalized frequencies 

above 0.0635 (fzu
-1

) which corresponds to periods below 5 to 14 seconds which could 

be due to instrument error or wake production from the obstructions to the south.  The 

use of the Gaussian-filtered data removed the increase in power at these frequencies 

and was therefore used in all analyses involving the anemometer data. 

Electric Field Calibration 

 The station itself distorts the ambient electric field, which must be accounted 

for in the measurements of the downward facing instrument.  The adjusted electric 

field is found using                 , where E is the electric field, Mplate is the 

factory-provided calibration multiplier for the electric field meter when operated in a 

parallel plate, Csite is the correction factor for the station and V is the measured voltage 

across the plates in the meter.  The Csite factor can be found using the correlation of 

simultaneous measurements from the downward facing instrument with a flush-

mounted, upward-facing, ground-level electric field measurement using the same 

ground.  Another CS110 in this configuration was deployed 5.5 meters to the east of 

the station (see Figure 5).  This mounting configuration has improved precision with a 

reported accuracy of one percent, a resolution of three volts per meter, a sensitivity of 

12 microvolts per volt per meter and a root mean squared noise value of four volts per 
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Figure 4.Wind speed power spectral analysis of the averaged power spectra of the 

longitudinal (along) wind, lateral (across) wind and vertical wind measurements from 

14 high pressure afternoons (blue).  The expected -5/3 slope at higher frequencies is 

shown in red along with the slope of the filtered data (green).  Note the positive slope 

in the spectra of the vertical wind speed and the increase in power at normalized 

frequencies over 0.05 in the unfiltered lateral wind speed.  
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meter for the range of field values observed.  The use of an upward facing instrument 

is limited by the meteorological conditions and requires no blowing dust or 

precipitation that could land on the sensors and disrupt the measurements.  This study 

required the wind speeds to be below six meters per second.  The standard correction 

factor for a downward facing CS110 on a standard two meter Campbell Scientific 

tripod is 0.105.  Attempts at finding a correction for this station were made on two 

separate days in four time periods which resulted in a range of possible correction 

factors from 0.0805 to 0.1545 (see Figure 6 and Figure 7 respectively).  The period 

least likely to have corruption from dust had a correction factor of 0.1107 as shown in 

 

Figure 5. Upward facing CS-110 buried to the east of the primary station. 
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Figure 8 and an offset of the corrected downward facing meter from the upward facing 

one of -32.6 volts per meter.  Since the ground-based measurement can be assumed to 

be correct, for further analysis the correction factor of 0.1107 was used and 32.6 volts 

per meter subtracted from the resultant value.  

Covariance Calculations 

The average covariance between the vertical electric field and the total 

horizontal wind speed with respect to different averaging time scales was computed 

for the blowing dust cases and the electrical fair weather daytime cases.  The blowing 

dust datasets were further limited to within one hour before and after when the 

blowing dust was known to occur through observation at the field site, ASOS or 

electric field signature.  The fair weather covariance was similarly analyzed during 

daytime hours that matched those of the blowing dust cases. 

Comparing covariance values at different averaging time scales has been used 

to examine the time scales of correlations of scalars with the wind while handling the 

non-periodic nature of turbulence (Howell & Mahrt, 1997) and for studying the 

cospectral gap scale (Vickers & Mahrt, 2003).  Non-overlapping moving averages 

were used to compute the covariance between the vertical electric field and the 

horizontal wind speed as the non-overlapping averages are not weighted and do not 

violate the requirements of Reynolds averaging (Howell & Mahrt, 1997).  The average 

covariance for dataset or window is given by           where         and         

and E and u are the instantaneous vertical electric field and horizontal wind speeds 

respectively,    and    the averages.  For a dataset with multiple non-overlapping  
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Figure 6. Minimum correction factor calculation from 20 July 2012 with A) raw 

values scatter plot with 0.0805 correlation slope and B) time series for the time period 

with the raw upward-facing electric field values and the downward facing electric 

field values adjusted by 0.1107. 
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Figure 7. Maximum correction factor calculation from 20 July 2012 with A) raw 

values scatter plot with 0.1545 correlation slope and B) time series for the time period 

with the raw upward-facing electric field values and the downward facing electric 

field values adjusted by 0.1107. 
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Figure 8. Used correction factor calculation from 31 October 2012 with A) raw values 

scatter plot with 0.1107 correlation slope and B) time series for the time period with 

the raw upward-facing electric field values and the downward facing electric field 

values adjusted by 0.1107. 
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windows, the covariance was calculated in each window and averaged according to 

 

   
   

  
  

  

 

   

 

where w is the window size, wi is an individual window within the dataset used to find 

E’ and u’ for the given window, and n is the number of windows within the dataset.   

Electric Field Modeling 

 The possible contributors to the variations in the electric field were simulated 

in a charge model in comparison to the values and fluctuations, both in the magnitude 

and percentage change from the lower frequency pattern, of the 2130 to 2230 hour on 

6 March 2012.  The charge of airborne dust was approximated as an infinite horizontal 

plane of charge using Gauss’s Law according to 

      
 

   
        

      
 

 

     
     

 

 

  

where E(z) is the electric field at height z,    =8.85*10
-12

 Farads per meter,   is 

Earth’s surface charge density given by          ,  and     
   is the charge 

density within the blowing dust at height z’ (Kok & Renno, 2008).  The charge density 

ratio was assumed to be 60 microcoulombs per kilogram of airborne dust throughout 

the dust column (Schmidt et al., 1998), although the ratio is known to increase in the 

suspension layer (Zheng et al., 2003).  The background dust concentration profile used 

was the profile measured by Chen and Fryrear (2002) in the Big Spring, Texas area 

shown in Figure 9 since the profile should be similar due to the having similar soil 

throughout the region.  The measured values were used below two meters in height 

and the fitted equation used by Chen and Fryrear (2002) of         
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            , where C is the concentration in grams per cubic meter and z is the 

height in centimeters, was used above two meters.  The resulting profile was scaled 

down linearly to an estimate of concentration at two meters using visibility recorded 

by the Lubbock ASOS according to   
 

   where M is the estimated concentration in 

kilograms per cubic meter, v is the visibility in kilometers (Patterson & Gillette, 1977) 

and local constants c=2*10
-5

 kilograms per cubic meter per kilometer and  =1.07 (Lee 

& Tchakerian, 1995).  The depth of the airborne dust, the background concentration 

and the charge distribution were then varied from the background profile to examine  

 

Figure 9. Vertical profile of particle concentrations from a dust storm event in Big 

Spring, Texas (Chen & Fryrear, 2002). 
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the changes on the electric field at two meters.  The impact of time lag in the surface 

charge layer to the electric field above it was also analyzed using an estimate for the 

electrical conductivity of the soil given by Ewing and Hunt (2006) as: 

              
     

    
 
 

 

where       is the conductivity of the soil with a given volumetric water content,  =2, 

  , the critical volume fraction for percolation, is effectively zero,    is the 

conductivity of the dry soil and equal to 0.0273 Siemens per meter and     is the 

contribution of the water content in the soil given by 0.360 Siemens per meter 

determined for the Amarillo area soils by Logsdon et al. (2010) which should be 

comparable to the Lubbock area soils.  The conductivity of the soil was estimated 

using sorbed water or gravimetric water contents measured in the Amarillo and Big 

Spring areas and the range of density measurements from the Amarillo area (Logsdon 

et al., 2009; Logsdon et al., 2010; Chen & Fryrear, 2002).   
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CHAPTER IV 

ANALYSIS 

Electric Field Observations 

 The average vertical electric field diurnal pattern was calculated from the 22 

spring season electrical fair weather datasets shown in Figure 10.  These datasets were 

not required to be full twenty-four hour records due to the removal of known local 

contamination or limiting weather conditions, so the number of days contributing to 

the average pattern at any one second of day varied from 4 to 18.  Figure 11 shows the 

average electric field pattern along with the possible maximum and minimum values 

given the range of correction factors from 0.0805 to 0.1545 in addition to the variation 

given by the five percent possible error of the sensor and configuration. 

 

Figure 10. The fair weather vertical electric field measurements from 22 days during 

the spring of 2012 using a correction factor of 0.1107. 
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Figure 11. The average diurnal pattern of the vertical electric field from 22 fair 

weather days during the spring of 2012 using a correction factor of 0.1107 (blue) as 

compared to the possible minimum and maximum correction factors of 0.0805 and 

0.1545 (black) with the minimum and maximum possible values including the five 

percent measurement errors (black dotted line).  Note the minimum electric field at 

1800 UTC. 

 The average spring fair weather electric field diurnal pattern in the Lubbock 

area was remarkably similar to the expected global pattern.  The minimum in the 

electric field occurred around the 1800 UTC hour.   In addition, the nighttime electric 

field values were larger and less variable as occurs in the global pattern.  The 

similarity to the global circuit implies that the impact from local charge sources in 

clear weather may be small or at least have a similar pattern.  The average daily 

electric field value using the chosen correction factor of 0.1107 was calculated at -

110.4 volts per meter which is in the range of the expected average around -100 to -
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130 volts per meter (Bagnold, 1941; Alderman & Williams, 1996), but with the other 

calculated correction factors it could be -89.2 to -141.2 volts per meter.   

The blowing dust electric fields were greatly different from the fair-weather 

fields.  The electric field values reached over ten kilovolts per meter in one case, 

which although high, is not out of the range of expectation as dust devils have been 

observed to have fields over 120 kilovolts per meter in the Mojave Desert (Jackson & 

Farrell, 2006).  The average and maximum electric field in each case are shown in 

Table 2 with the possible range in values given different correction factors.  The cases 

with the largest electric field values generally occurred with higher wind speeds and 

lower visibility that those with lower electric field values.  This is expected due to 

higher winds suspending more small, negatively-charged particles above two meters 

which increases the electric field. 

The blowing dust cases were associated with winds varying from southerly to 

northerly with most of the cases having a strong southwesterly component.  All of the 

blowing dust cases occurred within ten days of measureable rain in the region as 

recorded by West Texas Mesonet as shown in Table 2.  This was not the full 

population of dust events that occurred within the study time period, so no conclusions 

can be drawn about the environmental conditions required for blowing dust events.  

The cases also had a large range in relative humidity values (from 10 to 70 percent as 

shown in Table 2), which implies a large range the in effectiveness of triboelectric 

charging between cases given the same dust composition with different moisture 
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conditions, but no noticeable pattern was seen between the humidity and the electric 

field. 

Table 2. The meteorological conditions and the average and maximum electric field 

values (in volts per meter) per event as measured and with the largest and smallest 

possible values from the other correction factors. 

 

The time series from the blowing dust datasets (collected under the 

requirements described in Chapter III) showed some variety between cases.  The 

largest variations between blowing dust cases were between the days with thicker, less 

patchy blowing dust (see Figure 12-18), patchier blowing dust (see Figure 19-21) and 

very light blowing dust in relatively humid conditions (see Figure 22).  The largest 

fluctuations in the vertical electric field generally occurred over one-minute periods 
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Mean Electric Field 247 435 -68 347 69 68 -92 1079 -66 1365 2427 528 

Mean Field (0.0805 

Correction) 

171 307 -58 243 41 40 -76 776 -57 984 1756 375 

Mean Field (0.1545 

Correction) 

358 620 -82 497 109 107 -115 1519  -79 1918 3400 750 

Maximum Electric 

Field  

5172 3911 1373 4519 3716 5427 79 5944 1465 7214 15837 496

9 

Max Field (0.0805 

Correction) 

3753 2836 990 3270 2693 3937 48 4314 1056 5237 11507 360

4 

Max Field (0.1545 

Correction) 

7232 5472 1929 6320 5199 7587 123 8308 2057 1008

1 

22155 694

8 

Electric Field 

Spectral Slope 

-3 -2.7 -2.7 -2.7 -3 -2.7 -2 -2.3 -3 -2.3 -2.3 -2.6 

Mean Wind Speed 

(m/s) 

6.3 7.9 5.8 8.4 7.7 6.1 7.3 10.3 6.2 10.3 8.7 7.7 

Minimum Recorded 
Visibility (statute 

miles) 

8 5 7 8 9 9 6 4 7 2 3 6.2 

Humidity Range (%) 9-12 17-
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25 
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regardless of the blowing dust concentration or patchiness.  These would be associated 

with length scales between 300 and 700 meters depending on the wind speeds of the 

case, but were non-periodic in nature.   

The spectral slope of the vertical electric field also varied between the high 

pressure afternoon cases and the blowing dust cases.  In the high pressure cases it 

approached the theoretical limit of a -11/3 slope of homogenous turbulence (Anisimov 

et al., 2001) as shown in Figure 23.  The flattening and spike at high frequencies seen 

in the electric field spectra has been previously noted in fair weather electric field 

spectra and been attributed to instrument noise and residual aliasing (Anderson, 1982).  

In blowing dust cases, the spectra were similar to what would be expected in 

structured turbulence with larger charge carriers acting as passive tracers resulting in 

the turbulent kinetic energy slope of -5/3 in the electric field (Anisimov et al., 2001; 

Anderson, 1982).  The approximated slopes are shown in Table 2. 

Filtered Perturbation Analysis 

 The cross-correlation between the Gaussian-filtered wind speed and the 

electric field had local maxima near a zero-second time lag in all cases, while there 

were local minima between the cross-correlations of the fluctuations less than 30 

seconds much closer to a zero-second time lag.  In dustier conditions this (not 

normalized) maximum in the Gaussian-filtered dataset was much larger and contained 

a smaller local minimum at zero seconds (see Figure 24).   In lighter concentrations 

there was an overall decrease in the cross-correlation near zero seconds with a local 

maxima at zero (see Figure 25).  A consistent time lag between cases would be  
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Figure 12. Blowing dust time series for the analysis period on 5 March 2012.  
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Figure 13. Blowing dust time series for the analysis period on 6 March 2012.  
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Figure 14. Blowing dust time series for the analysis period on 11 March 2012.   
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Figure 15. Blowing dust time series for the analysis period on 26 March 2012.   
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Figure 16. Blowing dust time series for the analysis period on 15 April 2012. 
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Figure 17. Blowing dust time series for the analysis period on 27 April 2012. 
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Figure 18. Blowing dust time series for the analysis period on 10 November 2012.   
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Figure 19. Blowing dust time series for the analysis period on 7 March 2012.  Note 

that this case had less uniform dust concentrations than some other cases as evident in 

the electric field pattern. 
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Figure 20. Blowing dust time series for the analysis period analysis on 1 April 2012.  

Note that this case had less uniform dust concentrations than some other cases as 

evident in the electric field pattern. 



Texas Tech University, Vanna Sullivan, August 2013 

72 

 
Figure 21. Blowing dust time series for the analysis period on 18 April 2012.   
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Figure 22. Blowing dust time series for the analysis period on 7 April 2012.  Note that 

this case had less blowing dust than some other cases as evident in the low values in 

the electric field pattern. 
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Figure 23. The averaged power spectral density of the unfiltered vertical electric field 

over the 14 high pressure afternoons is shown in blue along with the expected -11/3 

slope of relatively unpolluted environments. 

expected should there be a physical mechanism or timing issue contributing to the 

time lag, but no consistent pattern was resolved between cases as shown in Table 3. 

The fluctuations had similar cross-correlation between cases, negative in value, mostly 

at a zero-second time lag (see Figures 24, 25) implying that there is not a time lag that 

could result in a more significant positive correlation.  Some cases resolved a slight 

time lag in the negative correlation, but no common pattern indicated a consistent time 

lag or a highly correlated positive time lag.  
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As no time lag was resolved direct correlations between the electric field and 

the horizontal wind speed of the raw, averaged and perturbation data were examined.  

The correlation coefficients which were significant to within one percent are shown in 

Table 4.  Some cases had smaller Pearson’s r correlation coefficients than Spearman’s 

correlation coefficients (a rank-based Pearson’s r) values, indicating that the 

relationships in those cases were not linear or had significant outliers.  Overall, 

however, the correlations coefficients were not largely different.  The significant 

correlations of fluctuations less than 30 seconds were all negative, which corresponds 

with the observed negative cross-correlations observed without a time lag in the 

fluctuations.  The largest correlations of up to 0.81 were seen in the five-minute 

average values (see example of one-minute averages in Figure 26), which is likely due 

to the decreased impact of the high frequency fluctuations.  While the correlations 

may have been higher at larger averaging intervals had longer time periods of blowing 

dust been recorded, the high correlations of 0.95 recorded by Yackerson & Zilberman 

(2005) were not reached. 

 

Table 3. The cross-correlation based possible time lag of the electric field from the 

wind speed (in seconds) for both the total data set and the perturbation from the 

filtered time series. 
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Figure 24. Cross correlation of the filtered vertical electric field and the horizontal 

wind speed during the 2130 to 2230 UTC hour of 6 March 2012 of A) the full dataset 

and B) the high frequency signal as found by removing 31-second Hanning window 

convolution. 
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Figure 25. Cross correlation of the filtered vertical electric field and the horizontal 

wind speed on 7 April 2012 of A) the full dataset and B) the high frequency signal as 

found by removing 31-second Hanning window convolution. 



Texas Tech University, Vanna Sullivan, August 2013 

78 

The magnitude of the fluctuations within the electric field at periods less than 

30 seconds showed some higher variability.  The average magnitude of the 

fluctuations varied largely between cases from 1.3 to 84.1 volts per meter between 

cases as shown in Table 5. The fluctuations were also compared as a percentage of the 

fluctuation from the filtered time-series, where the magnitude of the filtered value was 

required to be greater than 10 volts per meter to reduce the impact from low-

magnitude changes which would cause large fluctuation percentages. The average 

fluctuations by percentage were more similar between cases and varied only between 

2.0 and 10.3 percent of the filtered electric field value. 

 

Table 4. Correlation coefficients for p-values less than one percent for the full dataset, 

the one-minute averages, the five-minute averages and the perturbations with respect 

to the filtered time series. 
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Pearson’s r 0.33 0.32 0.40 0.14 0.14 0.26 0.14 0.05 0.34 0.13 0.33 0.24 

Spearman 0.37 0.41 0.52 0.19 0.13 0.34 0.16 0.10 0.43 0.13 0.36 0.28 

5 Minute Average 
Pearson’s r 

0.59 0.65 0.72 0.49 -- 0.47 -- -- 0.63 0.44 0.73 0.59 

5 Minute Average 

Spearman 

0.65 0.60 0.81 0.47 -- 0.41 -- -- 0.66 0.47 0.78 0.61 

1 Minute Average 
Pearson’s r 

0.54 0.54 0.60 0.26 0.21 0.46 0.26 -- 0.50 0.30 0.56 0.42 

1 Minute Average 

Spearman 

0.62 0.59 0.72 0.34 0.22 0.52 0.26 0.30 0.62 0.30 0.60 0.46 

Perturbation 
Pearson’s r 

-0.07 -0.11 -- -0.16 -- -0.05 -0.07 -0.21 -0.05 -0.15 -0.12 -
0.11 

Perturbation 

Spearman 

-0.10 -0.12 -0.05 -0.21 -0.07 -0.14 -0.07 -0.23 -0.11 -0.17 -0.14 -

0.13 
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Figure 26. Scatter plot of the one-minute average values of the vertical electric field 

and the wind speed during blowing dust on 5 March 2012.  Note that the largest 

electric field values occur with the highest wind speeds but no linear pattern is 

observed. 
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Table 5. Perturbation statistics of the electric field from the filtered time series 

including the mean magnitude, the median magnitude, the standard deviation, the 

minimum magnitude and the maximum magnitude both for the raw values (in volts 

per meter) and as a percentage of the perturbation from the filtered time series. 

Covariance Analysis 

The average fair weather covariance (or flux) between the vertical electric field 

and the horizontal wind speed with respect to different averaging duartions was 

calculated and appeared as expected (shown in Figure 27).  It should be noted that 

using a different correction factor, the values of the average covariance change, but the 

sign and relative magnitude of the covariance with different averaging lengths do not.  

The fair weather pattern in the covariance contained small positive covariance values 

with respect to time periods less than one hour. This positive covariance could be 

expected due to the electrode effect.  With a two-meter measurement, under calm 

conditions the electrode effect causes a decrease in the electric field (an increase in 

magnitude) due to the increased number of positively charged particles near the 

surface (Hoppel, 1969). With higher winds, these effective charge layers disperse, 

causing an increase in the electric field (or decrease in magnitude) resulting in a  
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Median 6.4 13.4 0.7 6.8 3.5 1.6 0.8 30.0 0.89 28.7 26.3 10.8 

Standard Deviation 46.2 53.1 13.5 19.6 25.7 52.3 1.9 72.2 11.1 71.9 171 49.1 

Minimum e-4 e-4 e-4 e-3 e-4 e-4 e-4 e-3 e-4 e-3 e-4 e-3 

Maximum 580 835 340 431 418 1270 36 604 273 1060 1860 700 

Percentage Mean 9.8 6.7 5.0 4.7 10.3 8.0 2.0 4.9 5.0 4.1 3.5 5.8 

Percentage Median 4.5 4.4 0.7 2.9 4.8 2.3 0.8 3.8 0.7 3.0 2.4 2.8 

Percentage Standard 
Deviation 

19.4 11.0 15.2 10.6 19.1 18.9 5.0 6.5 19.7 6.0 5.5 12.4 

Percentage Minimum e-4 e-4 e-4 e-3 e-4 e-4 e-4 e-4 e-4 e-4 e-4 e-4 

Percentage Maximum 652 228 365 287 408 340 105 62 885 84 69 290 
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Figure 27. The average covariance with respect to different averaging durations over 

14 electric fair weather daytime cases.  Note the small, positive covariance values with 

respect to averaging durations less than approximately one hour and the larger 

negative covariance values with respect to larger averaging durations.  
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positive covariance.  With respect to averaging lengths of greater than one hour there 

were negative covariance values.  This negative covariance is expected due to the 

diurnal pattern with a minimum in the electric field and a maximum in the horizontal 

wind speeds during midday. 

 The average covariance for each blowing dust case between the electric field 

and the horizontal wind speed is different from the fair weather pattern (shown in 

Figure 28).  Most of the cases had either negative or near zero covariance values with 

respect to averaging durations less than 30 seconds.  Most cases had larger, positive 

covariance averages with respect to averaging durations greater than 10 minutes.  

Little correlation was seen between the covariance pattern and the amount of dust as 

described earlier (see Figure 29).  The averaging duration that delineated the mostly 

positive covariance from the mostly negative covariance varied from 0 to 3100 

seconds between cases.  The average blowing dust covariance pattern (see Figure 30) 

was opposite that seen in the fair weather pattern where the smaller averaging 

durations were associated with positive covariance values and the larger with negative 

covariance values, although some overlap was seen.  The magnitude of the covariance 

in blowing dust conditions was also much greater than that in fair weather.  The 31-

second Hamming filter used for the fluctuation analysis succeeded in removing the 

majority of the negative covariance as shown in the average of the filtered blowing 

dust covariance pattern in Figure 31. 
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Figure 28. The average covariance between the horizontal wind speed and the vertical 

electric field for each blowing dust dataset with respect to moving, non-overlapping 

averages of different averaging durations with error shown by dotted lines.  Note how 

most of the datasets show a negative or near-zero covariance with respect to averaging 

durations less than 30 seconds and a positive covariance with respect to averaging 

durations greater than ten minutes with case to case variability between 30 seconds 

and ten minutes. 
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Figure 29.  Same as Figure 28 but average covariance magnitudes colored by the 

relative amounts of dust by categories of thicker, more uniform, patchy and light 

blowing dust events. 
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Figure 30. The average covariance within blowing dust conditions between the 

vertical electric field and the horizontal wind speed with respect to moving, non-

overlapping averages of different averaging durations. 
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Figure 31. The average covariance within blowing dust conditions between the filtered 

low-frequency vertical electric field and the horizontal wind speed with respect to 

moving, non-overlapping averages of different averaging durations. 
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This covariance pattern is also visible in the cross spectra of the wind speed 

and the electric field as shown in Figures 32 and 33. The average cross spectra at 

frequencies over 0.03 (33.3 second period), while near zero, contains primarily 

negative fluctuations, relating to the negative covariance values seen below 30 

seconds in the average covariance calculations.  At frequencies below 0.01 (100 

second period), the fluctuations in the cross spectra are primarily positive, relating to 

the positive covariance seen at longer averaging lengths.  The average coherence at all 

frequencies is much less than one, which would be associated with a direct 

relationship, but is larger than zero, indicating at least some relationship, but the 

fluctuations in the phase difference are inconclusive.   

The covariance pattern is also well resolved in a histogram of the fluctuations 

with respect to different averaging windows.  Figure 34 shows an example of a smaller 

averaging duration pattern, in which the covariance probability curve is centered near 

zero with the negative covariance probabilities being more substantial than the 

positive.  The opposite pattern is seen in Figure 35, which shows an example of 

covariance probabilities with a longer averaging duration. 

As the covariance values could not be attributed to a time lag and were related 

to statistically significant correlations, the averaging duration at which covariance 

switched from positive to negative (shown in Table 6) was likely associated with 

characteristics of the blowing dust cases.  The minimum recorded visibility was well-

correlated with the averaging duration resulting in a non-positive covariance for the 

given case as shown in Figure 36.  A wider range of averaging duration with negative  
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Figure 32. Average cross spectra, coherence (normalized cross spectral density) and 

phase difference of the horizontal wind speed and the electric field between all 

blowing dust cases. The dashed vertical line indicates the frequency at which the 

anemometer began to resolve noise. 
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Figure 33. Same as Figure 32 but for 0.01 to 0.09 Hertz frequencies. 
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Figure 34.  Histogram of covariance values for blowing dust dataset on 11 November 

2012 with an averaging length of 30 seconds. 
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Figure 35. Histogram of covariance values for blowing dust dataset on 5 March 2012 

with an averaging length of 1012 seconds. 
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covariance was generally associated with lower visibility, which could be because 

those cases were more turbulent (Bagnold, 1941).  Ignoring the apparent blowing-dust 

outliers of 11 March 2012 and 7 March 2012, which had no non-positive covariance 

values, the visibility and the natural log of the largest non-positive averaging duration 

have a Pearson r value of -0.899 and a significant p-value of 0.00097.  This results in 

an equation describing the relationship between them of                      , 

where V is the visibility in statute miles and I is the largest non-positive averaging 

duration.   

 

Figure 36. Scatter plot and trend line of the minimum visibility recorded by the KLBB 

METAR per blowing dust dataset and the averaging duration that separated the 

positive and negative covariance values for that dataset. 
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Table 6. The largest averaging duration producing a non-positive average covariance 

between the electric field and the wind speed (in seconds). 

 

Electric Field Model 

 The electric field model was applied to explain data between 2130 and 2230 

UTC on 6 March 2012 (shown in Figure 13).  For the background state the average 

electric field of 952 volts per meter and the visibility recording for 2100 UTC by the 

KLBB METAR was used.  During this time period the winds varied from 2 to 14 

meters per second and the electric field varied from 118 to 3834 volts per meter.  For 

the background state the lowest meter of the model was assumed to be 75 percent 

positively charged due to saltation, the one to two meter layer was assumed to be 75 

percent negatively charged due to the mixing of saltation and suspension particles, and 

the height above that completely negatively charged in suspension.  Using the five 

statute mile visibility the approximated dust concentration at two meters was 0.00216 

grams per cubic meter, which is much smaller than the Big Spring dust storm 

measurement of 0.699 grams per cubic meter (Chen & Fryrear, 2002) and larger than 

the average Lubbock Lake Landmark recording of 19.8 micrograms per cubic meter 

per dust event (Stout, 2001).  The dust profile from Chen and Fryrear’s (2012) Big 

Spring event was linearly scaled down so that the two meter dust concentrations 
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matched the visibility estimation of concentration.  Dust was limited to the lowest 338 

meters above the surface, resulting in the particle distribution shown in Figure 37 and 

the charge distribution shown in Figure 38.  The electric field produced by this charge 

structure was 952 volts per meter at two meters above the surface. 

 One way to produce large, relatively low frequency fluctuations in the electric 

field is by increasing the dust concentration (see Figure 39 A).  Increasing the 

background state by 0.00654 grams per cubic meter to a concentration of 0.0087 

grams per cubic meter (less than a two statue mile visibility) at the two meter height 

and the rest of the profile linearly increased, increased the electric field to 3833 volts 

per meter, approximately the maximum value recorded.  Similarly, decreasing the 

concentration by 0.00189 grams per cubic meter to 0.00027 grams per cubic meter at 

two meters (more than a ten statute mile visibility) decreased the electric field to 120 

volts per meter.  These changes in concentration through the suspension of large 

amounts of dust must operate at relatively low frequencies, although the maximum 

and minimum electric field values given include the high frequency contribution, as 

well, while the purely low frequency magnitudes are smaller and larger respectively.  

Although the changes are extreme, they could in a lesser magnitude contribute to the 

large low frequency variations in the electric field. 
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Figure 37. The vertical particle concentration distribution used as the background state 

in the charge model. 
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Figure 38. The background charge density profile used for the charge model.  

 In a similar manner, the height of the blowing-dust containing profile could be 

expanded or contracted by the turbulence structure to explain some of the low 

frequency variations.  Expanding the profile to 1427 meters above the surface with the 
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same two meter concentration increased to electric field to 3834 volts per meter (see 

Figure 39 A).  Decreasing the extent of the profile to only 30 meters above the surface 

resulted in an electric field of 119 volts per meter.  Pure changes in the height of the 

dust-containing profile are also extreme, but lesser combinations of height and 

concentration changes could feasibly explain the large changes seen at relatively low 

frequencies in the electric field. 

 At higher frequencies the changes in saltation are more important because they 

have a low residence time, only while higher-frequency gusts are present. The dust 

within the saltation layer has been shown to lag one to two seconds behind a wind gust 

(Anderson & Haff, 1988) and require four to five seconds to relax in the saltation 

layer, but this effect is primarily found below one meter.  The concentration of dust in 

suspension above the saltation layer has not shown this lag (Raleigh Martin, personal 

communication, 4 December 2012), although little research has been done well above 

the saltation layer.  From the perspective of charge, changes within a saltation layer 

which remains below the electric field sensor height of two meters were found to be 

insignificant (see Figure 39 B).  Any redistribution of charge or change in the dust 

profile below the two meter height were entirely accounted for by the response of the 

surface charge density to the changes in the charge above it and did not contribute to 

the electric field at two meters. 

This holds true as long as there were no noticeable time lags in the surface 

charge density in response to the charge changes above the surface, which was found 

to be the case.  The lowest conductivity of the soils area based on the Chen and 
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Fryrear (2002) and the Logsdon et al. (2010) moisture measurements are estimated to 

be around 0.027 to 0.02996 Siemens per meter in relatively dry conditions based on 

estimated volumetric moisture contents of 0.0073 to 0.086 milliliters of water per 

milliliters of soil.  These conductivity values result in relaxation times on the order of 

10
-10

 seconds (     where   is 8.85x10
-12

 Farads per meter and   is the conductivity), 

which means that the surface charge adjusts much faster than the electric field 

measurement frequency of one hertz. 

 For effectively horizontally homogeneous conditions, the only remaining 

possible contributor to the negative correlations at high frequencies is the movement 

of charge around the two meter height.  This would require the preferential, short-lived 

movement of positive charge to above two meters and negative charge to below two 

meters with an increase in the wind speed and vice versa to explain the negative 

covariance.  Using the base state for the charge model, the impact of moving all of the 

positively charged particles from below two meters to above two meters only 

decreased the electric field to 932 volts per meter (see Figure 39 C).  Replacing the 

missing positively charged particles with more negatively charged particles decreased 

the field further to 921 volts per meter.  Conversely, moving the negative charge from 

below the two meter height increased the field to 972 volts per meter and replacing it 

with positively charged particles increased it to 981 volts per meter.  Although a 

comprehensive argument cannot be made that a gust would preferentially loft only one 

polarity of particles, the positively charged particles do experience more of an 

upwards electrostatic force and might be more likely to be lifted with an increase in 
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the wind speed and similarly dropped out with a decrease in the wind speed, although 

they are likely larger.   

The average magnitude of fluctuation in the electric field during this time 

period was 51.5 volts per meter, which is much larger than that created using only to 

the movement of already-charged and airborne blowing dust around the two meter 

height.  Since the surface layer is primarily positively charged, it is likely that any soil 

lifted directly from the surface into the suspension layer would also be positively 

charged.  Surface soil and dust previously in saltation (as described above) could 

easily be moved above the two meter height by a gust, decreasing the electric field.   

Lifting 0.0046 grams of soil into the suspension layer in addition to the positively 

charged particles below two meters, decreases the electric field by the average 

fluctuation of 51.5 volts per meter, which is feasible compared to the average 

concentration at two meters of 0.00216 grams per cubic meter.  The average 

fluctuation as a percentage of the low frequency pattern was 5.4 percent, which results 

in the same soil movement requirement.  At the maximum electric field value in the 

time period, this change could be duplicated with the lofting of 0.018 grams from the 

surface and the lofting of only 0.00051 grams at the minimum electric field value.  

These values are logical as the lofting of particles is a positive feedback process due to 

the act of saltation on the weakening of interparticulate bonds. Similarly, positive 

electric field changes at high frequencies were simulated by the falling out of the same 

lofted particles which might occur with a drop in the wind speed.  These positive 

electric field changes could also occur through the recharging of the smaller of these 
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lofted particles through triboelectric charging to gain more net negative charge in the 

suspension layer, contributing to the low frequency pattern, as well.  

 

Figure 39. Diagram of the primary processes considered for causing changes in the 

electric field at two meters in blowing dust.  The vertical black line in each image 

represents the background dust concentration profile used in the analysis, the red line 

represents the two meter height measurement, the blue line represents the height of the 

saltation layer and the symbols represent the net charge of the layer.  The background 

electric field is represented by the black arrow and the result of the model changes by 

the green arrow. Image A) shows the increased electric field from increasing the dust 

concentration throughout the profile (dotted line) or increasing the height of the profile 

(dashed line).  Image B) shows the lack of effect on the electric field from changing 

the concentration profile below two meters (dotted line) or rearranging the charge 

structure below two meters.  Image C) shows the decrease in the electric field from 

moving positively charged surface particles and positively charged saltation particles 

above the two meter height. 
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CHAPTER V 

CONCLUSION 

A measurement station was installed west of Lubbock, Texas to examine the 

relationship between the vertical electric field at a two meter height and the wind 

speed at 1.68 meters with a frequency of one hertz.  Due to accuracy concerns from a 

convective boundary layer spectral analysis only the horizontal wind speeds were used 

and the data were filtered using a nine second Gaussian window with a standard 

deviation of 1.3 seconds to reduce the amount of high frequency noise as resolved by 

the spectra.  Datasets were collected during 11 periods with blowing dust and 22 

periods during electrical fair weather cases for comparison and understanding of the 

average electric field pattern in the area. 

It was found that the spring fair weather pattern was very similar to what 

should be expected based on the global electric circuit and established theory.  The 

minimum in the diurnal pattern of the electric field occurred near 1800 UTC as is seen 

in the global electric circuit.  The average electric field as measured using the best 

correction factor estimate was calculated to be -110.4 volts per meter.  The spectra of 

the electric field in fair weather afternoons had an approximate -11/3 slope, which is 

expected due to the combination of the electrode effect and turbulence.  Also as 

expected, the average daytime covariance of the electric field with the horizontal wind 

had positive values with respect to averaging durations less than one hour due to the 

electrode effect and negative values with respect to larger averaging durations due to 

the diurnal pattern in both the electric field and the wind speed. 
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The measurements of the electric field under blowing dust conditions were 

greatly different from those under fair weather conditions.  The electric fields reached 

large, positive values.  In some cases, peaks reached greater than ten kilovolts per 

meter.  The average of the electric field through each dusty time period reached values 

of up to two kilovolts per meter.  The positive fields were expected as the suspended 

dust above two meters is composed of very small particles likely to have a net 

negative charge due to triboelectric charging.  The spectra of the electric field also had 

much shallower slopes than that seen in clear conditions due to the added charge 

carriers.  While the largest fluctuations in the electric field occurred in periods of one 

minute or greater, many fluctuations were seen at smaller time scales.  Attenuating out 

the fluctuations greater than 30 seconds, it was found that the average fluctuation 

varied by case from 1.3 to 84.1 volts per meter or from 2.0 to 10.3 percent of the lower 

frequency pattern. 

The relationship between the electric field and the wind speed was also much 

different during blowing dust cases than during fair weather.  Through the cross-

correlation, no time lag was seen between the two variables in the suspension layer 

which would impact the statistical results and might be expected lower in the saltation 

layer (Raleigh Martin, personal communication, 4 December 2012) as discussed in 

Chapter I.  The average covariance with respect to averaging durations greater than ten 

minutes was primarily positive, due to higher winds suspending more charged dust as 

demonstrated in past low frequency observations and steady-state experiments.  The 

Spearman’s correlation coefficients between the five-minute averages in each case 
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were likewise large and positive, up to 0.81 verifying a strong relationship between the 

two variables at low frequencies.  However, the average covariance values with 

respect to averaging durations less than 30 seconds were mostly negative or near zero.  

Correspondingly, the Spearman’s correlation coefficients for the fluctuations with 

periods less than 30 seconds in each case were negative and approached values of -

0.23.  The averaging duration which was required to switch from negative to positive 

covariance in each case differed and appeared to have some dependence on the 

minimum visibility recorded during the time period, in which longer non-positive 

covariance averaging durations were associated with lower visibility and therefore 

larger dust concentrations. 

A simple dust charge model was used to examine the possible contributors to 

the noted covariance values.  The low frequency changes could be modeled using 

changes in the dust concentration and the height of the dust-containing column, in line 

with steady-state laboratory experiments.  It was found that changes within the 

saltation layer were irrelevant and that the surface charge layer could be expected to 

adjust to the charge layers above it faster than the sampling frequency of the 

instruments and did not contribute to any unusual fluctuations.  The only remaining 

dust-based parameters which could contribute to the negative covariance with respect 

to small averaging durations were the rearrangement of charge around the two meter 

height or the inclusion of extra soil from the surface to above the two meter height.  A 

gust of wind may pick up more soil from the surface (initially positively charged due 

to the electric field from the suspended dust) and some positively charged dust from 
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within the saltation layer (which experiences an extra upwards force due to the upward 

pointing electric field in blowing dust), a negative fluctuation in the electric field 

would result and easily reach the magnitudes observed.  Similarly, if a drop in the 

wind speed occurred, the same particles might fall out or be carried away in the 

horizontal, resulting in a comparable increase in the electric field. 

This study confirms many of the expected impacts of dust on the electric field. 

The covariance pattern with respect to different averaging durations under blowing 

dust is opposite that expected in fair weather due to the electrode effect. The electric 

field under blowing dust in the suspension layer was much larger than under fair 

weather and mostly positive.  This implies that most of the dust above the two meter 

height carries a negative charge due to triboelectric charging.  The low frequency 

pattern showed a positive correlation between the electric field and the wind speed as 

higher winds are expected to carry more charged dust which was also evident in the 

primarily positive average covariance values with respect to averaging durations 

greater than ten minutes.  At higher frequencies, the average covariance values were 

either near zero or negative in value, which is likely due to the reorganization of the 

charge profile around the two meter height by lifting particles from saltation into 

suspension and the inclusion of extra particles from the surface which would be 

mostly positively charged with a gust, unlike the already-airborne particles which had 

become primarily negatively charged through triboelectric charging.  The largest of 

these particles could correspondingly fall out of suspension while the smallest 

recharge negatively due to triboelectric charging against the larger, falling particles 
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between gusts, leading to an increase in the total, negatively charged dust in 

suspension and an increase in the electric field with high frequency decreases in the 

wind.  The relationship between these shorter and longer time scale effects appears to 

be related to the visibility, a proxy for the dust concentration, in which cases with 

thicker dust have longer time scales dominated by this negative relationship between 

wind speed and electric field. 

There were several limitations associated with this experimental setup and 

analysis.  It is known that many energy containing eddies are outside of the ideal angle 

of attack for ultrasonic anemometers which can cause large errors in flux calculations 

(Nakai et al., 2006).  Over flat areas eddies outside the recommended angle of attack 

can account for up to 20 percent of the actual fluxes (Gash & Dolman, 2003), meaning 

that a large contributor to the actual covariance may be unaccounted for by the wind 

measurements.   

The electric field observations also had their own inherent issues.  They may 

have been compromised by obstructions below 18 degrees above the horizon including 

power lines and meteorological towers which would cause a decrease in the measured 

electric field from the ambient field elsewhere in the region.  The impact of corona 

discharge in this study was also largely neglected, which in large negative fields 

would be a positive discharge from objects such as the meteorological towers, the 

station itself and nearby vegetation causing a decrease in the measured electric field.  

Corona discharge can be expected in electric fields greater than four kilovolts per 

meter but can occur in fields as low as one kilovolt per meter (MacGorman & Rust, 
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1998), meaning that some of the observed fluctuation magnitudes in large fields likely 

also included the impact of corona discharge serving to diminish the field.  However, 

as cases which did not reach electric fields associated with corona discharges also 

showed negative correlations between the wind speed and the electric field in the 

fluctuations less than 30 seconds, the overall pattern could be expected to be at least 

similar if there had not been any corona.  

There is also the possibility that blowing dust may have passed through the 

shutter and discharged directly onto the plate, which would be expected to cause a 

nearly instantaneous increase in the electric field, of a variable magnitude related to 

how much dust reached the plate, followed by a gradual decrease.  None of the large 

fluctuations had an instantaneous change but it is possible that such a process could 

have been a contributor in some of the smaller fluctuations measured.  The electric 

field calibration was also limited in nature due to the smaller range in observed fields 

than would be desired for a correlation.  The used correction factor accounted for 96 

percent of the variability in the segment of time used for the correction, but the other 

time periods had different correlation values which would impact the magnitudes of 

the electric field, but not the sign or relative magnitude of the covariance or correlation 

calculations. 

The analysis itself was limited in nature.  Only 11 blowing dust cases were 

collected which were useable, which is only a small sample of the actual dust cases in 

the region.  Large variability was seen between the cases, which might have been 

more easily explained with a larger sample.  Even in a well-populated sample, the 
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ensemble averaging approach is still only an estimate of reality due to the finite 

averaging times used (Wyngaard, 1990), which implies that the estimate could be even 

less accurate in such a small sample.  There is also a possibility that the high 

frequency observations could contain some redundancy in adjacent samples which 

could be highly correlated and weight the flux calculations unfavorably (Wyngaard, 

1990). 

To further examine the relationship between the wind speed and the vertical 

electric field during blowing dust conditions, several things could be done.  For better 

measurements of the ambient conditions, a better-defined correction factor would be 

desired for the exact magnitude of the electric field measurements and a location 

further from other tall conductors would limit the other possible factors contributing to 

the measured electric field.  Increasing the sample size would improve the variety in 

the cases to examine if the wind direction (and therefore dust source regions) or the 

humidity of the air have any impact on the electric field magnitudes.  It would also be 

useful to look at how the actual height of the dust containing layer changes throughout 

blowing dust periods.  Increasing the number of measurements in the vertical would 

be useful in allowing for the examination of which levels contribute to or experience 

the negative high frequency correlations.  Including a reliable measurement of vertical 

wind speeds would also allow for a better estimation of when dust might be moving 

vertically from the saltation layer and be used for verification of the proposed idea that 

charge movement in the vertical causes the negative covariance.  To examine the 

horizontal advection of dust and how much it contributes to the pattern it would be 
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useful to install several such stations near each other with some measurement quantity 

of dust concentration, size, or charge density.   
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APPENDIX  

The Gaussian window function is given by: 

       
  

  

     

where                        and        with   
             

 
  so  

       and       for the Gaussian window used in analysis. 

 The Hanning window function is given by: 

               
   

   
   

where                     and                 so        and 

     for the 51-point (second) Hanning window used in analysis and        

and      for the 31-point (second) Hanning window used in analysis. 

 


