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ABSTRACT

A quantitative analysis of the structure and behavior of desert 

dust devils is presented. The investigation is based on detailed sur

face and air-borne measurements made near and within a number of dust 

devils near Tucson, Arizona. The measurements are used to construct a 

dust devil model which is then compared with a number of theoretical 

vortex models.

One of the purposes of the investigation was to examine the 

intense vortex region of the dust devil. This was accomplished with a 

mobile recording system (MRS) which was used to measure temperature, 

pressure, and wind velocity at two levels near and within several dust 

devils. Three dust devil penetrations with the MRS are presented and 

discussed. In all cases, the tangential flow is consistent with a 

Rankine vortex. In addition there is strong radial inflow which dimin

ishes as the visible dust column is approached. In the region of the 

dust column the air is spiraling upward much in the form of a helical 

vortex. As the center of the dust column is approached, a reverse ver

tical circulation is encountered in a core surrounding the symmetry axis. 

The existence of this descending counter current had not been previously 

suspected. As a result, the vortex features of the dust devil have a 

marked similarity with other atmospheric and some laboratory vortices.

An instrumented sailplane was used to measure temperature and 

vertical velocity in a layer 2000-10,000 feet above the ground. These

xv



measurements show not only that the vertical velocity structure of the 

dust devil extends vertically to a considerable distance above the vis

ible dust column but also that the updraft region increases greatly in 

width with height. At 10,000 feet above the ground the width of the up

draft is of the order of 4 km. Surrounding the updraft region is a com

pensating region of descending motion. The updraft region is in general 

a few tenths of a degree centigrade warmer than the environment while 

the downdraft is usually warmer (+0.1°C) than the environment at the 

upper levels and cooler (-0.1°C) at the lower levels. The distinguishing 

features of the MRS and sailplane data are synthesized and presented in 

the form of a dust devil model.

While not directly related to the investigation of the dust 

devil structure, specific information on dust devil genesis areas and 

durations was required for the successful execution of the field meas

urement program. Data were obtained by continuous observation of two 

separate regions, each approximately 100 square miles in area. The 

observations indicate that for these two areas, dust devils are ini

tially sighted most frequently in the vicinity of dry stream beds or 

washes, and that they have a typical visible lifetime of approximately 

2-3 minutes. The data were further analysed to show that the highest 

dust devil frequency occurs with the lowest atmospheric (vertical) 

stability and not necessarily with the highest surface air temperature. 

Also, the diurnal variation of dust devil occurrence follows a Gaussian 

type distribution with the maximum dust devil activity between 1300- 

1400 MST. In addition, the observations further substantiate the some

times controversial opinion that, in general, dust devils have no
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The governing equations are represented by the Navier-Stokes 

equations ,of motion and the continuity equation which are cast in a 

cylindrical coordinate system fixed to and moving with the dust devil.

The equations are modified to apply to the mean motion by the Reynolds 

averaging technique and are then reduced to a simpler fbrm by an order 

of magnitude analysis. Individual terms within the three component 

equations of motion are systematically evaluated at two levels along the 

dust devil radius with the result that the dominant terms are clearly 

evident. The analysis indicates that a successful theory and mathemat

ical solution to the vortex dynamics of the dust devil must include a 

considerable number of the non-linear inertial terms, although some agree

ment with the horizontal field of motion is obtained with a Rankine- 

Cyclostrophic vortex.
The dust devil model is compared with the mathematical vortex 

solutions of Gutman (1957) and Donaldson and Sullivan (1960). There is 

considerable agreement between the model and the theoretical results 

which is not surprising since both theories are based on a set of equa

tions similar to those deduced from the dust devil measurements.

Due to the high wind speeds in the vicinity of the dust devil, 

one might expect that mixing processes would be insignificant over short 

distances. In such a case the motion may be considered as being essen

tially adiabatic. A completely general expression for the vertical 

motion based on the adiabatic assumption is derived. The vertical 

velocity (w) distribution from two dust devils is compared with that

preferred sense of rotation. The collection and analysis of these data

was in many cases instrumental in the design of the field operations.
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computed by the adiabatic method. In some instances there is good quan

titative agreement between the computed and measured values of w; how

ever, in general the agreement is only qualitatively significant.

Errors between the computed values and measured values of vertical ve

locity are evaluated.



CHAPTER I

INTRODUCTION

Convective currents play a vital role in many atmospheric dis

turbances that span a spectrum of characteristic dimensions from the 

general circulation to the smallest eddy near the ground. Within this 
spectrum, a system of small-scale convective currents exists whose hori

zontal dimensions (near the ground) may range in size from a few inches 

to hundreds of feet in diameter and from a few feet to thousands of feet 

in height and whose life cycle is of the order of an hour. These convec
tive currents, or thermals as they are commonly called, appear to origi

nate in the surface boundary layer, and to exhibit vertical velocities 

of the order of meters per second. Much of our knowledge concerning 
this type of convection has been derived from sailplane pilots who use 

thermals to fly long distances cross-country. In most cases thermals 

are invisible and can only be detected by suitable instruments. How
ever, under certain conditions, convective processes may initiate a 
thermal updraft which later develops into a vortex of such intensity 

that surface debris (dust particles, twigs, paper, boxes, etc.) may be 

dislodged by the accompanying winds and provide a distinct outline of the 
thermal current. Such thermals are commonly called dust devils (Fig.

1.1) and are observed frequently in desert regions throughout the world. 

(Note: thermal is considered the generic term for vertical currents

whose existence or initiation depends primarily on buoyancy and the

1





3
dust devil is regarded as a special type of thermal.) Near the ground 

the primary visible feature is the usually intense rotary motion 

which may be either cyclonic or anticyclonic (Sinclair, 1965). Super

imposed on this motion is a strong vertical motion which results in a • 

combined flow pattern similar to that of a helical vortex. There is 

also a radial velocity component which, hear the ground, supplies the 

vortex with warm boundary layer air and thereby acts to sustain the dust 

devil's vertical motion. Since the height of the dust column rarely 

exceeds 2000 ft it has been commonly assumed that this indicates essen

tially the upper limit of the vertical currents. Sailplane pilots, 

however, since discovering the existence of thermals in the early 1920's 

have used the vertical currents above dust devils to soar to altitudes 

more than 15,000 ft above the ground.

Nearly all of the efforts to understand small-scale convective 

processes have been directed toward microscale turbulent eddies with a 

characteristic length of a few meters or toward those convective elements 

associated with cumulus clouds. In the former case, convective processes 

have usually been explained in terms of statistical quantities without 

regard specifically to the configuration of the individual element of 

convection. In the latter case, the visible nature of the cumulus cloud 

has resulted in somewhat more information on the general cloud structure. 

The dry thermal is the connecting link between these two scales of 

motion. From these studies and from sailplane experience has emerged a 

number of theories (in many cases description is a more honest term) 

i.e., bubble theory, plume or jet theory, and vortex ring theory,
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designed to describe the structure of particular convective elements.

The bubble theory of convection was first put forward in the early 

1920's by German sailplane pilots (the Germans were very active in 

glider and thermal research during this period since the Versailles 

Treaty limited flying to nonpowered aircraft) who discovered that as

cending air currents were strong enough to support their gliders. The 

pilots suggested that these invisible ascending currents were rising 

bubbles of warm air, and they were henceforth called thermals (Hirth, 

1933; Pielsticker, 1940; Albrecht, 1942; Hohndorf, 1947). From these 

early impressions have followed more than three decades of theories 

attempting to explain the so-called bubbles of rising warm air. At 

first, the bubbles were considered distinct entities with the convec

tive process governed by a stability criterion based on the motion of 

an air parcel moving adiabatically through its environment. Current 

bubble theories which take into account interactions with the environ

ment are actually an extension of the original parcel concept. Ludlum 

and Scorer (1953, 1954a, 1954b), from visual observations of cumulus 

clouds and laboratory experiments involving fluids of different densi

ties, have postulated an extremely detailed bubble model of thermal 

convection for the atmosphere. Unfortunately, confirmation of this 

rather popular hypothesis with atmospheric measurements has yet to be 

accomplished. Because certain features of the bubble theory seemed un

essential to atmospheric convection, a modification to the original 

bubble theory resulted in what is commonly called the vortex-ring 

theory. While the convective element still has the characteristic
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bubble shape, it features internal and external circulations, relative 

to the moving element, whose streamlines depict a spherical vortex 

ring symmetrical about the vertical. Much of the early enthusiasm for 

this theory was centered around the visible vortex-ring features of 
atomic bomb clouds (Sutton, 1947; Levine, 1959), visual observations of 

clouds (Horton, 1949), smoke clouds above burning cane fields (Palmer, 
1956), laboratory experiments involving the injection of a tracer of 

slightly different density into a large tank of water (Morton, Taylor, 

and Turner, 1956; Scorer and Ronne, 1956; Scorer, 1957; Woodward, 1959; 

Richards, 1961; Saunders, 1962), and the flight of birds (Woodcock, 

1940; Scorer, 1954; Cone, 1961a,b; 1962a,b). In recent years with the 

advent of electronic computers numerous numerical experiments of 

thermal convection have invariably resulted in the evolution of con

vective elements with bubble-like structure and vortex-ring circula

tion (Malkus and Witt, 1959; Lilly, 1962; Ogura, 1962, 1963).
In contrast to the rather discrete nature of the convective 

elements of the bubble and vortex-ring theories, the jet or plume the
ory envisages a continuous column of warm air which entrains environ
mental air as it rises from a local hot spot on the ground. From a 
purely fluid dynamics viewpoint a number of theoretical solutions for 
a steady buoyant plume or jet for various environmental states have 
been obtained by Schmidt (1941), Batchelor (1954), Priestley and Ball 
(1955), Morton, Taylor, and Turner (1956), Schmidt (1957), and Turner 

(1963). Similar solutions, but with greater emphasis on their rela
tion to atmospheric convection, have been obtained by Stommel (1947), 
Houghton and Cramer (1951), Malkus (1954), Haltiner (1959), Squires 
and Turner (1962), Warner (1963), and Srivastava (1964). While little
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has been done to establish the existence of convective elements in the 
atmosphere that have a bubble or vortex-ring structure, Priestley 
(1956) and Taylor (1956) have deduced from tower temperature measure
ments the existence of plume-like convective elements near the ground.

In addition, Byers and Braham (1949) have shown the existence of verti

cally continuous drafts throughout the major portion of the thunder
storm cell, and Malkus (1954) has shown from aircraft measurements the 
existence of what appears to be continuous drafts within trade wind 

cumulus. Also, Telford and Warner (1963), Morton and Glass (1963), and 

Warner (1963), while presenting little in the way of confirmation of a 
particular thermal theory, have obtained valuable information as to 

particular structural aspects of dry or moist convective elements in 
the atmosphere. Thus, while considerable theoretical and experimental 
(laboratory) research has been devoted to the design of models which 
may result in more insight into the bubble, vortex-ring, and plume 
theories, relatively little has been accomplished with regard to estab

lishing a quantitative kinematic-dynamic structure for the various 
modes of small-scale convective elements that take place in the 
atmosphere.

The writer became aware of the critical need for more informa
tion concerning the structure of atmospheric thermals during the late 
1950's while flying sailplanes in the California deserts. It was de
cided at that time that further knowledge of thermals would be greatly 
enhanced by a direct attack on understanding the structure of a con
vective element that could, in fact, be shown to exist in the atmos

phere . Further visual studies of cumulus clouds from afar and labora
tory experiments of bubbles in water tanks were considered an
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intermediate step that was unnecessary and in some cases dangerous from 
the standpoint of understanding the structure of convective elements in 
the atmosphere. Such an approach is certainly unnecessary, since we 
have possessed the ability to measure the necessary quantities (tempera

ture, pressure, and wind velocity, etc.) to some extent for the past 
thirty years. The need for such measurements at the present time is 
urgent as evident from the current practice (Lilly, I9u2; Ogura, 1962; 
Richards, 1963) of comparing numerical models of atmospheric thermal 
convection with the motion of "mud slurries" in tanks of water.

Initially, it appeared that a study of the dust devil was the 

most straightforward approach since it is a visible, dry thermal with 

its base at the ground. The meager evidence available indicated that 

small-scale convective elements in the atmosphere may have character

istic shapes and structure depending on environmental conditions. Con

sequently it was not anticipated that even if one were successful in 

formulating a dust devil model from actual measurements, the knowledge 

so gained would be completely applicable to thermal models in general.

The purpose of the following dissertation is to present a quantitative 
analysis of the structure and behavior of desert dust devils. The anal
ysis will be based on detailed surface and air-borne measurements and 
observations. The measurements will provide the necessary information 
for the development of a mathematical as well as a descriptive model of 
the dust devil. These results may then be compared with relevant theo
retical solutions. It is hoped that such an investigation will not only 
bring into sharper focus the dynamics and behavior of dust devils, but 

also will foster new insights concerning other types of thermal currents, 
and possibly rotational systems such as the tornado or waterspout.
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With these thoughts in mind an extensive field measurement pro

gram was conducted during the summers of 1960-62 in the desert near 

Tucson, Arizona. The program was conducted in essentially four phases: 

(1) a dust devil census was taken in order to select the optimum observa

tion site, (2) preliminary measurements of temperature, pressure, and 

wind velocity were made with a hand carried instrument package (MRS1) to 

obtain design information for a larger multi-level measuring system,

(3) a multi-level mobile recording system (MRS2) was used to obtain 

measurements of temperature, pressure, and wind velocity in the first 

30 ft of the dust devil base, and (4) an instrumented sailplane was 

flown through the clear upper portions above the dust devil to measure 

vertical velocity and temperature. The census data not only provided . 

a suitable observation site for the dust devil measurements, but, in 

addition, provided considerable supplementary information of which the 
duration data were instrumental in the design of the field operations. 

The purpose of the surface measurements (MRS2) was to gain sufficient 

knowledge of the pressure, temperature, and wind velocity fields near 

and within the dust devil for a clearer insight as to their structure 

and if possible to ascertain the relative magnitudes of the terms in 

the governing equations of motion. The results of these measurements 

have yielded a number of important features which heretofore were 

unknown or were mere speculation. The sailplane measurements provided 

some insight as to the dimensions, vertical velocity, and temperature 

of the clear upper portions of the dust devil. While the measurements 

of vertical velocity and temperature were not unusual, the horizontal
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and vertical dimensions of the thermal were much larger than had pre

viously been, known. This feature is of considerable interest with 

respect to the possible role dust devils play in the vertical heat 

transfer and the initiation of cumulus clouds in desert regions.

In order to assure the success of the measurement program,con

siderable time was spent in the design, construction, and testing of 

instrument prototypes and mobile support equipment. A detailed descrip

tion and discussion of the instrumentation is included since many of the 

instruments and supporting equipment adopted in the final design are 

either completely new or have rather special characteristics.



CHAPTER II

GENERAL CHARACTERISTICS OF DUST DEVILS

It is readily apparent that a successful measurement program is 

in part dependent on the selection of the observation site. This is 

especially true with respect to dust devils since their rather short 

visible life-cycle requires a large number of occurrences in order that 

even a few successful penetrations may be accomplished during a dust 

devil season. Consequently, early in the program a dust devil census was 

begun for the express purpose of locating the optimum observation site.

The initial census was concerned with only maximum dust devil occurrence 

and was conducted along with some preliminary dust devil measurements 

during the summers of 1960 and 1961. From this census an area of high 

dust devil occurrence in the Avra Valley near Ryan Field Airport was 

selected for the surface and aircraft measurements. During the measure

ment program a detailed dust devil census was carried out for this 

region as well as a separate area surrounding the city of Tucson (Fig. 

2.1). The census taken in these two regions will hereafter be referred 

to as the Tucson census and/or the Avra Valley census.

The following dust devil features as well as a number of meteoro

logical quantities were recorded during each census:

Dust: Devil 2 . Meteorological Quantities
a. Location a. Wind velocity
b. Diurnal variation b. Surface pressure
c. Duration c. Sky condition
d. Size d. Wet and dry bulb temps.
e. Direction of motion e. Hygrothermograph data
f. Direction of rotation £. Precipitation

10



Fig. 2.1.--Dust Devil Census Areas

The heavy outlined area around the city of Tucson encloses the 
dust devil observing area for the Tucson census. A similarly 
outlined area in the Avra Valley near Ryan Field encloses the 
observing area for the Avra Valley census.
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In addition, surface wind data from The University of Arizona Solar 

Energy Laboratory and surface and upper air data from the U. S. Weather 

Bureau at the Tucson Municipal Airport were collected and tabulated during 

each census. The dust devil quantities were recorded by an observer 

stationed in the penthouse of the PMM (Physics-Mathematics-Meteorology) 

Building on the U of A campus for the Tucson census and in an abandoned 

control tower at Ryan Field for the Avra Valley census. For recording 

the data the observer used a large map of the observing area which was 

covered with clear acetate. When a dust devil was observed, its loca

tion was determined by sighting through a surplus Navy drift sight for 

the proper azimuth and using land marks for radial distance. While the 

azimuth could be accurately read to approximately + 1 degree, which means 

an arc length error of approximately a few tenths of a mile at maximum 

observing range (about 10-15 mi), the radial distance is at best accu

rate to about 1 mile at maximum range. The Tucson census resulted in the 

least error since the observer was 70 ft above the ground and had ample 

land marks in most directions to determine the radial distance. In the 

Avra Valley census the observer was about 20 ft above the ground and 

even with binoculars the lack of immediate land marks made the radial 

distance measurement more difficult. In view of the inaccuracy of the 

radial distance measurements, both censds areas were subdivided into one 

square mile grid sections. As each dust devil was observed for size, 

duration, direction of motion, etc., its position with respect to the 

nearest one square mile section was plotted with all other data on the 

acetate overlay. This resulted in a spatial distribution of dust devils
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for each area which is believed to be accurate within the selected grid 

spacing. Also, this grid spacing usually made it possible to observe the 

dust devil for a maximum time interval in order to ascertain its loca

tion, size, and direction of motion without having the dust devil cross 

into adjacent grid locations. All dust devils were plotted in the grid 

location in which they were first observed.

Spatial Distribution

The Tucson census was conducted from 8 June to 20 June 1962.

Fig. 2.2 shows the spatial distribution of the total number of dust 

devils observed during 11 days of the 13-day observing period. During 

this period a total of 610 dust devils was observed with daily totals 

ranging from 20 to 8b, resulting in a mean of approximately 30 dust devils 

per day. While some of the grid squares contain no observations, this 

should not be construed to mean that no dust devils occurred. The ab

sence of observations in some grid areas seems to be due to a number of 

factors. These include observing difficulties at large radial distances, 

heavily populated areas which afford insufficient surface debris to make 

the dust devil visible or which have large obstacles (houses, buildings, 

trees, etc.) that hinder full development of the dust devil, and the pres

ence of irrigated land which remains relatively cool and thereby hinders 

the initiation of dust devils. It is readily apparent that the maximum 

dust devil activity is centered in the western part of the Tucson basin 

(elevation approximately 2400 ft). The basin is formed by the Santa 

Catalina Mountains (maximum elevation exceeding 9000 ft) immediately 

to the north and northeast of the city, the Rincon Mountains (maximum



Fig. 2.2.--Spatial Distribution of Dust Devils Observed in the 
Tucson Census Area During 8 June-20 June 1962.

Each grid square represents one square mile. The number in each square 
indicates the number of dust devils observed in that square during the 
observing period. The dust devil observing station is near the city 
center and the official Weather Bureau observing station is located 
at the Tucson Airport.
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elevation exceeding 8000 ft) approximately 25 miles to the east, the 

Santa Rita Mountains (maximum elevation exceeds 9000 ft) 35 miles to 

the south, and the Tucson Mountains (maximum elevation approximately 

4000 ft) directly to the west. The Santa Cruz River runs from south to 

north along the western edge of the city. Most of the year the Santa 

Cruz is dry, but may become a rampaging torrent during the summer thunder

storm season which begins in late July and lasts until the first part 

of September. The interesting feature of Fig. 2.2 is not only the fact 

that the maximum dust devil activity appears to be located in the western 

part of the basin but, in addition, the dust devil maximum seems to 

closely follow the dry Santa Cruz channel.

A more extensive census was conducted in the Avra Valley near 

Ryan Field (Fig. 2.3) from 23 June-28 July 1962. During this period 

a total of 1663 dust devils was observed on 22 observing days. Daily 

totals ranged from zero to 169 dust devils observed, with an average 

daily count near 80. The remarkable feature of these data is that the 

maximum dust devil activity is again located along a dry river bed, in 

this case the Brawley Wash. In addition, the dust devil activity in 

general appears to be situated in the western portion of the Avra Valley. 

While the causes for these similarities between the dust devil distri

butions of the two census areas are unknown, the following three factors 

or a combination thereof may be responsible.

(1) The most obvious explanation is that the ground bordering 

the Santa Cruz and the Brawley Wash is composed of relatively loose sur

face material which is easily picked up and kept air-borne by the dust

I



Fig. 2.3.— Spatial Distribution of Dust Devils Observed in the 
Avra Valley Census Area During 22 June - 27 July 1962.

Each grid square represents one square mile. The number in each square 
indicates the number of dust devils observed in that square during the 
observing period. The dust devil observing station was located at Ryan 
Field.
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devil. Consequently, they are more easily observed, and hence this 

leads to a region of dust devil maximum. In some respects this may be 

a contributing factor in the Tucson basin data, since the area border

ing the Santa Cruz is underdeveloped and contains large expanses of rel

atively uncluttered, loose surfaced terrain. On the other hand, there 

are many other areas in the Tucson basin that are of similar nature 

with a low dust devil frequency, for example, further south and north 

along the Santa Cruz. This explanation meets further obstacles with 

reference to the Avra Valley data, since the entire valley surface is 

essentially of the same composition. *

(2) A second possible factor is that, for some unknown reason, 

the areas of maximum dust devil activity have a somewhat higher surface 

temperature, and hence in these areas there may exist a greater possi

bility for a warm buoyant plume to be initiated. One of the popular hy

potheses concerning dust devil inception requires the formation of 

local hot spots at the ground. Thus, if the warm air above these hot 

spots is forced upward,it will find itself in a cooler environment and 

hence be accelerated upward. The formation of these local hot spots 

and the nature of the forcing function are still in need of explanation. 

However, if such a process were to take place, it seems entirely 

possible that subsequent vertical motion may be sustained by the 

inflow of warm surface boundary layer air. The air near the desert 

surface on a warm summer day may be 10o-20°C warmer than air a short 

distance above the ground. Hence violent vertical motions are possible 

if this air is displaced upward. Why the ground and hence the adjacent
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air is warmer (in spots) than seemingly identical ground in other parts 

of the observing area is not readily apparent. This question might be 

answered by setting up a temperature observing network or by air-borne 

infrared radiation measurements of the desert surface.

(3) A third hypothesis for the observed dust devil maximums 

might be based on the generation of vortices near the ground by the 

environmental wind and the peculiarities of the terrain. That is, if 

surface obstructions or natural terrain barriers present a significant 

barrier to the prevailing wind, vortices whose size will in general de

pend on the size of the surface obstruction and the speed of the wind 

may be generated and shed downwind of the obstacle. Consequently, the 

environmental wind flow may possess a certain amount of angular momen

tum. If a so-called hot spot develops, producing a rising column of 

warm air, the air that must replace the air that has risen will tend to 

conserve its angular momentum and thereby produce large tangential ve

locities as it spirals in toward the center of the warm rising column.

A number of authors, notably Ives (1947), Williams (1948), and 

Koschmieder (1951), have used such arguments to explain the initial 

formation of the dust devil vortex motion. Ives (1947) goes so far as 

to attribute (though quite tentatively) the starting mechanism for dust 

devils to small desert animals who through their motion across the des

ert disturb the superadiabatic lapse rate near the surface and thereby 

produce a succession of small dust devils. Although the formation of 

dust devils by small animals seems quite impossible, the generation of 

vorticity in the environmental wind field by local or natural obstruc

tions may be significant for subsequent dust devil formation. Since
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both dust devil maxima are located in the western portions of their re
spective valleys and hence in the lee of small mountains, the prevail
ing westerly winds during the afternoon may result in an abnormally 
large number of vortices embedded in the general flow downwind of the 
obstacles. This coupled with an unusually warm surface boundary layer 
and abundant loose surface material may be responsible for the observed 
dust devil maximum observed along the dry Santa Cruz and Brawley Wash. 
At least this might be thought of as an initiation mechanism, whereas 
the continuous generation of shear and hence circulation in the basic 
flow is in part a result of the existing dust devil activity. One 
should carefully note, however, that the obstacle hypothesis is 
not always applicable. For example, in some places the Brawley Wash 
maxima occur near the valley center or even on the eastern side where 
a secondary dust devil maximum occurs to the north of Ryan Field along 
a tributary of the main Brawley Wash.

In any case, further speculation as to the factor(s) responsi
ble for these particular spatial distributions of dust devils would 
seem quite dubious. The present discussion was intended primarily to 
show the possible dust devil frequencies one can expect in an area of 
one square mile over typically desert terrain during the height of the 
dust devil season, and in addition, to suggest a number of hypotheses 
for the particular spatial distribution of the centers of maximum dust 
devil activity. Considerably more research needs to be accomplished on 
the dust devil initiation phase, the effects of terrain on the low 
level environmental wind field, and on heating of the atmospheric 
boundary layer before more definite conclusions can be drawn.
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Diurnal Variation
Since the time of each dust devil observation was recorded, the 

diurnal variation of dust devil occurrence may be determined for each 

census area. The histograms of Figs. 2.4 and 2.5 show this diurnal 

variation in terms of half hour observing periods and average number of 

dust devils per day for the Tucson basin and the Avra Valley respectively. 

In addition to the dust devil data, the diurnal variation of the average 

wind speed, cloud cover, and temperature for the same period are also 

shown. The data show that there is decidedly more dust devil activity 

in the Avra Valley (Fig. 2.5) than in the Tucson basin (Fig. 2.4) for 

the two different observing periods. Whether this would be indicative 

of simultaneous observing periods is not known, but it is felt that this 

difference is due primarily to the difference in time and length of 

observing periods.

The maximum dust devil activity for the Tucson basin occurred 

during 1330-1400 MST while the maximum for the Avra Valley occurred 

between 1300-1330 MST. These periods of maximum dust devil activity are 

in agreement with those found by Williams (1948) for the Mojave Desert, 
California. Although the sample was much smaller, he observed the 

maximum activity between 1300-1400 PST. Also Flower (1936) has found 

in the deserts of the Neat East that maximum dust devil activity occurs 

between 1230 and 1330 LST. In both Williams' and Flower's data the 

dust devil counts are totals and hence certain time periods may be 

biased by a larger proportion of observations. This appears evident 

in Flower's data but probably does not appreciably change his results.



Fig. 2.4.— Diurnal Variation of Dust Devil Occurrence for the 
Tucson Basin.

IXist devil occurrence for the specified half hour period is expressed in 
average number of dust devils per day since on some days certain half 
hour observing periods were missed. The number at the base of each column 
denotes the total number of days or half hour periods that were used in 
the average. The sky was clear during the entire observing period. The 
solid curve at the top denotes the average surface wind speed (mph) and 
the dotted curve at the bottom represents the average surface temperature 
for the Tucson Airport. A total of 610 dust devils r/as observed.
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Fig. 2.5.--Diurnal Variation of Dust Devil Occurrence for the 
Avra Valley.

Dust devil occurrence for the specified half hour period is expressed 
in average number of dust devils per day since on some days certain 
half hour observing periods were missed. The number at the base of 
each column denotes the total number of days or half hour periods 
that were used in the average. The number in tenths near the base 
of each column represents the average cloud cover during the half 
hour interval. The solid curve at the top denotes the average 
surface wind speed (mph) and the dotted curve at the bottom repre
sents the average surface temperature for Ryan Field. A total of 
1663 dust devils was observed.
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The reason for the difference in time of maximum dust devil activity is 

not apparent from the data, but it seems reasonable that it must somehow 

be related .to..the accompanying diurnal variation of vertical stability. . 

The choice of vertical stability is not arbitrary, since it,will be 

shown later that large superadiabatic lapse rates (low stability) tend 

to be synonymous with high dust devil counts. With only an early morn

ing (0400 MST) and late afternoon (1600 MSI) sounding this suggestion 

cannot be quantitatively verified. However, a distinct difference be

tween the two census periods may offer some explanation. The Tucson 

census was taken early in the program during 8 June-20 June when the sky 

was clear during each observing day. On the other hand, the Avra Valley 

census was taken during the beginning of the so-called monsoon and hence

more clouds were present during the dust devil observing days. The
v

average cloud cover in tenths for each half hour is shown at the bottom 

of Fig. 2.5. The cloud type occurring during this period is typically 

cumulo-form and it is apparent that as convection and dust devil ac

tivity progress from the midmorning to afternoon the average cumulus 

activity also increases. Because of this increasing cloud cover, it 
is suggested that the maximum instability and hence the maximum thermal 

and dust devil activity (this relation will be discussed in a later 

section) reaches a maximum slightly earlier than if the sky had remained 

clear. Although it may seem that an average increase of two-tenths 

cloud cover would have little effect on dust devil activity, it can



24

be seen from Fig. 2.7b that a change from 0.2 to 0.4 average cloud cover 

results in approximately a 507. reduction of the average number of dust 

devils observed per day for the Avra Valley. Consequently, the cloud 

cover, whose amount is related to the convective activity, may act not 

only as a damping factor on the average number of dust devils observed, 

but may also shift the hour of maximum activity to an earlier time 

than would have occurred otherwise if the sky had remained clear.

The effect of the cloud cover may also be responsible for the 

differences in the asymmetry between the two census periods. The Tucson 

data (Fig. 2.4) show a rapid rise of dust devil activity to the maximum 

and then an almost linear decrease to 1700 MST. The Avra Valley data, 

on the other hand, show an almost linear increase in dust devil count 

to time of maximum activity and then a somewhat slower decrease to 1700 

MST. In effect the asymmetries are almost exactly opposite in the two 

census periods. The relatively rapid increase in dust devil count for 

the Tucson basin is probably due to the clear skies during this period 

while the slower increase for the Avra Valley may be related to the 

damping effect of increasing cloud cover. The reason for the differences 

in asymmetry in the afternoon is not so apparent but may also be related 

to the differences in cloud cover and hence instability, or average wind 

speed between the two observing sites. After the time of dust devil 

maximum in the Tucson basin the wind may have exceeded a critical value 

due to the vertical mixing and consequent momentum exchange which tended
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to limit dust devil activity although the time of maximum surface tempera

ture and possibly maximum instability had not been reached. This may 

account for the more rapid decrease of dust devil activity in the after

noon for the Tucson basin as compared to the Avra Valley. In the latter, 

the wind also increases after time of maximum dust devil activity but is 

always between 5-10 mph which may be below the critical value and hence 

the decrease of dust devil activity in the afternoon is somewhat less 

than in the Tucson basin.

An interesting feature of these two distributions (Figs. 2.4 and

2.5) is the apparent abnormal decrease in activity immediately following 

the dust devil maximum. Since it occurs at both observing sites, it 

would seen to be a distinct feature of the dust devil diurnal variation. 

As it immediately follows the dust devil maximum, the superadiabatic 

boundary layer near the surface may be so stirred that during the suc

ceeding half hour period the dust devil activity is on the average less 

than would have occurred otherwise. During this period of somewhat lower 

activity the superadiabatic layer is allowed to somewhat re-establish 

itself, both in intensity and depth, and the dust devil activity increases 

slightly. These lulls in activity following a dust devil maximum have 

qualitatively been observed in the Avra Valley during the sailplane 

operations. At first it was thought that the surface wind speed may 

have reached a critical value that tended to limit the dust devil activ

ity. For the Tucson basin this might have been argued, but the Avra 

Valley data show (see average wind speed data at top of Figs. 2.4 and

2.5) that if this is a controlling factor more wind information is
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I

required before this hypothesis can be substantiated. In addition to 

needing more wind data, one also needs more temperature or lapse rate 

data to determine quantitatively the cause of this apparently abnormal 

decrease in activity immediately following the dust devil maximum.

Prior sailplane and field research experience indicated that 

the onset of dust devil activity was characterized by the occurrence 

of small and medium-sized dust devils, with the larger variety appear

ing at a somewhat later time. Fig. 2.6 quantitatively confirms this 

observation by showing for a 16-day period (each day had 7 hours of 

observations) in the Avra Valley that small and medium dust devils had 

a maximum near 1230-1330 MST while large and extra-large dust devils 

had a maximum slightly later near 1330-1430 MST. Probably the reason 

is due in part to the time needed to establish a superadiabatic or 

near superadiabatic lapse rate through a deep layer of the atmosphere. 

Since dust devil height usually increases with diameter, a large dust 

devil then implies convection through a deep layer of the atmosphere and 

hence the presence of a steep lapse rate throughout that deep layer. 

Offhand, one might have thought that the existence of a steep lapse 

rate through a deep layer during the 1600 MST sounding would have been 

indicative of a greater percentage of large and extra-large dust devils. 

The result was not convincing, which indicated that either more soundings 

during the day are needed or other factors such as wind and cloud cover 

were more dominant in some cases.

The medium-sized dust devil occurred most frequently, amounting 

to some 56% of the total. The other sizes exhibited the following 

percentages: small 29%, large 13%, and extra-large 2%,



Fig. 2.6.— Diurnal Variation of Exist Devils of Various Sizes 
for the Avra Valley.
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Thermal Properties of the Atmosphere and Dust Devil Occurrence

For reference, the average temperature curve (dotted line) for 

the particular observing period is shown in Figs. 2.4 and 2.5. It is 
to be noticed that the average temperature during the Tucson census was 

somewhat lower than the average temperature during the Avra Valley cen
sus. This is in part due to the fact that the latter census was con
ducted essentially in July, as compared to June for the Tucson census, 
where on the average the temperature is higher. However, probably a 
greater portion of the difference is due to the higher surface tempera
tures at Ryan Field. Fig. 2.7a shows the relation between the Ryan 
Field maximum surface temperature and the corresponding temperature for 
Tucson Airport. In almost every case the Ryan Field temperature is 
higher, with an average difference of +2.4°F, which may result from 
higher afternoon surface wind speeds in the Tucson basin and differ
ences in instrument shelter exposure. The Ryan Field temperatures in 
some cases may be above the true temperature, since these temperatures 
were determined from an unventilated hygrothermograph, Calibration of 
the hygrothermograph with a fan ventilated Bendix psychrometer indi

cated that the hygrothermograph may have in some cases been reading 
0.5-1.0°F too high. Even if such an error were present in every obser
vation, the general result of Fig. 2.7a would still be valid.

In addition to the differences in surface temperature between 
the two observing sites, one should also note in Figs, 2.4 and 2.5 
that the maximum dust devil activity occurs 2-3 hours prior to the 
time of maximum temperature. This illustrates in part a fundamental 
characteristic of dust devil occurrence with respect to surface air 
temperature. That is, a high surface air temperature does not in 
itself necessarily indicate maximum or even high dust devil activity.



Fig. 2.7a.— Relationship Between Maximum Surface Temperature at 
Ryan Field and Maximum Surface Temperature at Tucson Airport During 18 
June to 28 July 1962.

Fig. 2.7b.--Relationship Between Average Cloud Cover and Average 
Number of Dust Devils Observed per Day for the Avra Valley.
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Rather, dust devil activity depends primarily on the vertical stability 

of the atmosphere. Fig. 2,8a,b shows the relationship between maximum 

surface air temperature and the average number of dust devils observed 
per day for the Avra Valley (a) and the Tucson basin (b). In general, 
these data show that dust devil activity does not increase with in
creasing surface temperature and therefore appears to be controlled by 

other factors. One of these factors is the vertical stability of the 
atmosphere, and its relation to dust devil activity is shown in Fig. 
2.8c,d and Fig. 2.9a,b,c,d. The lapse rates in the three layers 
(surface-850 mb, 850-700 mb, 700-500 mb) are from the 1600 MST U. S. 
Weather Bureau radiosonde data for Tucson Airport. Since only two 
soundings are taken daily, 0400 and 1600 MST, the 1600 MST sounding is 
used with the assumption that it is indicative of the stability during 
the dust devil observing hours. It is readily apparent, at least with 
respect to the Avra Valley data, that as the lapse rate increases, and 

hence the stability decreases, the average number of dust devils ob
served per day increases. The reason for the corresponding lack of 
agreement of the Tucson basin data is unknown, but it may be due to 
other more dominant factors or the need for more observations (Tucson 
basin, 610 observations; Avra Valley, 1663 observations). Most au
thors have emphasized the importance to dust devil formation of (1) 
intense surface heating, which leads to high surface air temperatures 

and (2) lapse rates greatly exceeding the dry adiabatic. However, few 
authors distinguish between the relative importance of intense surface 
heating and superadiabatic lapse rates, probably because the two 
usually occur together. It is important to note that the latter is 
not necessarily dependent on the former. Grant's (1949) dust devil



Fig. 2.8a,b.--Relationship of Maximum Surface Temperature and 
Average Number of Dust Devils Observed per Day for the Avra Valley (a) 
and the Tucson Basin (b).

Fig. 2.8c,d.— Relationship of Surface to 850 mb Lapse Rate and 
Average Number of Duet Devils Observed per Day for the Avra Valley (c) 
and the Tucson Basin (d),
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Fig. 2.9a,b.— Relationship of 850-700 mb Lapse Rate and Average 
Number of Dust Devils Observed per Day for the Avra Valley (a) and the 
Tucson Basin (b).

Fig. 2.9c,d.— Relationship of 700-500 mb Lapse Rate and Average 
Number of Duet Devils Observed per Day for the Avra Valley (c) and the 
Tucson Basin (d).
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observations in the subarctic (latitude 65°N) are a good example of the 
importance of low vertical stability as compared.to intense surface 

heating and high surface air temperatures. Several dust devils were ob

served with a surface air temperature of approximately 60°F and a par

tial cloud cover of stratocumulus. However, the lapse rate was super- 

adiabatic from the surface to 4600 ft. Similar dust devil activity oc

curs in desert regions during the late winter or early spring when cold 

air flows over relatively warm ground. Only slight warming of the air 

is necessary to produce a rather deep superadiabatic layer and consider

able dust devil activity.

Effect of Environmental Wind on Dust Devil Occurrence

During the entire dust devil field program, it was generally 

noticed that dust devil activity was considerably suppressed by wind 

speeds above a certain value. High winds were interpreted as causing 

an increase in vertical mixing in the boundary layer air and hence a 

weakening of the superadiabatic lapse rate, and a damping effect on 

dust devil vertical development by shearing off the dust devil tops 

close to the ground. To determine if a critical wind speed existed, 

the average number of dust devils observed for particular wind speed 

intervals was determined and is shown in Fig. 2.10. The relationship 

between resultant wind direction and average number of dust devils ob

served is also shown. While the data for both observing sites indicate 

that dust devil activity tends to decrease with increasing wind speed, 

there are relatively few observations at the higher wind speeds and 

hence such conclusions probably cannot be stated with certainty from



Fig. 2.10a,c.— Relationship Between Average Wind Speed and 
Average Number of Dust Devils Observed per Hour of a Specified Wind 
Speed Range for the Avra Valley (a) and the Tucson Basin (c).

Fig. 2 .10,b,d.--Relationship Between Resultant Wind Direction 
and Average Number of Duet Devils Observed per Hour of a Specified 
Wind Direction Range for the Avra Valley (b) and the Tucson Basin (d).

The numbers in the bottom of each column refer to the number of hours 
over which the particular wind speed or wind direction occurred.
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t

these distributions. In addition, the wind speed progressively in

creases during the day, reaching a maximum sometime late in the after

noon (Figs. 2.4 and 2.5) when the dust devil activity is low. During 

most of the observing days this was the situation; hence the disparity 

of cases in the high wind speed intervals. Thus, more data on days that 

have high wind speeds (11-25 mph) during the entire day are needed at a 

number of locations before this qualitative relation of critical wind 

speed and dust devil occurrence for a particular hour can be quantita

tively verified. With reference to the totals, however, it is readily 

apparent that in both the Tucson basin (Fig. 2.10c) and the Avra Valley 

(Fig. 2.10a) typical wind speeds occurring with the greatest dust devil 

activity are somewhere between 1-10 mph.

As in the case of wind speed, the resultant surface wind direc

tion was determined for each hour of dust devil activity in order to 

see if there was a particular direction of the environmental wind that 

was most favorable for dust devil formation (Fig. 2.10b,d). At both 

observing sites there is an indication that on the average most dust 

devils occur with a westerly surface wind. The totals also reflect 

this result, with a maximum dust devil activity occurring with a west

erly surface wind direction. This feature of the data is in agreement 

with the previously discussed dust devil formation hypothesis which 

requires a westerly environmental flow in order that eddies are 

formed behind the mountains in the western portions of the observing 

sites where maximum dust devil activity is observed.
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Duration

Dust devils are usually observed only when sufficient surface 

debris is available. Their existence however is not dependent on a 

source of visible debris and hence their life cycle may be considerably 

longer than that deduced from visual observations. Consequently, all 

observations of duration must be interpreted with this in mind. Figures 

2.11 and 2.12 show the relation of dust devil duration (time between ob

served formation and final dissipation) and dust devil frequency of oc

currence and size for the Avra Valley and the Tucson basin. Both ob

serving sites show that dust devil duration in general, as well as the 

most frequent duration, increases with dust devil size. Regardless of 

size, approximately 65% of the dust devils have a duration less than 1.5 

minutes and 92% have a duration less than 3.5 minutes for the Avra Val

ley. The Tucson basin data show 97% less than 1.5 minutes and 93% less 

than 3.5 minutes duration. The shortest duration observed amounted to a 

few seconds for a very small dust devil while the longest duration 

amounted to 11 minutes in the Avra Valley and 19 minutes in the Tucson 

basin. These were much longer than other observations and were therefore 

arbitrarily grouped in the last class intervals of Figs. 2.11 and 2.12.

Flower (1936) observed dust devil duration and found from 185 

observations, 55% had durations less than 2 minutes and 70% were less 

than 4 minutes. His data indicate somewhat longer dust devil durations 

(although the upper limit was similar with only one dust devil observed 

with a duration between 15-20 minutes) which may be a result of differ

ences in terrain and availability of warm boundary layer air. Williams 

(1948) found that most of the dust devils he observed had a duration



Fig. 2.11.— Relation Between Frequency of Dust Devil Occurrence 
and Dust Devil Duration for the Avra Valley.
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Fig. 2.12.--Relation Between Frequency of Dust Devil Occurrence 
and Dust Devil Duration for the Tucson Basin.
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between 1-5 minutes with a large one lasting 15 minutes. Ives (1947) 
cites an outstanding example which he observed during the construction 
of a large railroad embankment near Sonora, "In the midmorning, a large 

dust-devil suddenly appeared at the end of the embankment, and removed 
therefrom approximately one cubic yard of sand per hour for four hours. 
Erosion was halted, and the dust devil broken up, by parking a bull
dozer at the end of the hill." Picete (Humphreys, 1940) reports simi
lar behavior near Cairo, Egypt, in which a dust devil that began on a 
small sand mound remained stationary for nearly two hours, then in re
sponse to a gentle breeze wandered away. It appears that a dust devil 
can continue to exist, if stationary, until it exhausts the available 

supply of heated air, or if in motion, until it travels out of a favor
able environment. For stationary dust devils a life cycle of approxi
mately eight hours might be possible; however, few have been observed 
to last more than a couple of hours. In the case of migratory dust 
devils, Ives (1947) has observed, in some instances, large dust devils 
(height approximately 2500 ft) with a life cycle of seven hours and a 
net travel of 40 miles on the Bonneville Salt Flats in western Utah.
Net course and rate of travel in these instances were about the same 
as the environmental wind. Ives suggests that final dissipation was 
due to "running out of suitable environment."

Although these observations indicate the upper limit of dust 
devil duration, they probably constitute much less than 0.1% of the 
total dust devils observed at any one location. The importance of the 
duration observations, in designing any measurement program, is not 
the fact that some dust devils may have a visible life cycle of the 
order of hours, but rather that the great percentage of dust devils
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are visible for only a very few minutes. The census thus revealed the 
need for highly mobile measuring systems if there was to be any hope of 
successful dust devil penetrations at the surface or aloft.

Environmental Wind and Dust Devil Movement
Most of the dust devils had a west to east movement (Fig..

2.13a,b). The Avra Valley data indicated that approximately 72% had a 
westerly component with some 63% having a west or southwest component. 
The Tucson basin data showed that dust devils had predominantly a west 
component, with about 74% moving toward the east (Fig. 2.13b). This 
results from the tendency for dust devils in these regions to move in 
the same general direction as the environmental wind. This latter fea
ture is confirmed in Fig. 2.13c,d, where in most cases the dust devil 
moves in a direction which differs by 45 degrees or less from that of 
the environmental wind. Observations in the•immediate vicinity "of the 
dust devil during the field measurement program indicate that differ
ences in Fig. 2.13c,d greater than 45 degrees are due probably to the 
use of wind information at only one location in each observing site.

Similar results were found by Flower (1936) in Egypt, Palestine, 
Transjordan, and Iraq. He found that only 17% of the observed dust 
devils had a direction of movement from the east. In addition, of 45 
dust devils, 33 moved in the direction of the prevailing wind while in 
all but one of the remaining cases the direction observed differed by 
less than 45 degrees from that of the environmental wind. Ives (1947) 
and Williams (1948) have also noted (but present no data) that, in 
general, dust devils move in the direction of the prevailing surface 
wind.



Fig. 2.13a,b.--Frequency of Dust Devils Moving From Different
Directions for the Avra Valley (a) and the Tucson Basin (b).

Fig. 2.13c,d.— Relation of Dust Devil Direction of Motion and 
the Environmental Surface Wind Direction for the Avra Valley (c) and 
the Tucson Basin (d).

The sloping solid and dashed lines indicate a direction of motion 
within 45 degrees and 90 degrees respectively of the surface wind 
direction.
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Direction of Rotation

Probably the most characteristic feature of the dust devil is 

its intense rotation. One of the purposes of the census was to deter

mine, from as large a sample as possible, the percentage frequency of 

dust devils that have cyclonic or anticyclonic sense of rotation. The 

results of the census concerning dust devil rotation are in agreement 

with the results of some authors, but are in conflict with those from 

a number of others.

Flower (1936), Humphreys (1940), Williams (1948), Ludlum and 

Scorer (1953), Lacaze (1958), and Wellington (1961) all indicate that 

dust devils may rotate cyclonically or anticyclonically. Flower and 
Wellington also indicate that large dust devils have a preference for 
cyclonic rotation. However, only Flower and Williams present data, so 

it is not known whether the conclusions of the other authors have been

influenced by these earlier observations or whether they possess data 

yet unpublished or are appealing solely to theoretical arguments.
On the other hand, Durward (1931), Kukuski (1952), and Brooks 

(1960) appear to have the impression that dust devils have a strong pref
erence for cyclonic rotation. Observations from lower Egypt and Iraq 

during the late twenties indicated no preference for dust devil sense 
of rotation. Durward (1931) thought this was a "surprising resalt", 
which he attributed to the possibility that some observers were using a 
point of reference above the dust devil, while others were viewing the 
dust devil from below. Thus, a dust devil rotating clockwise when viewed

from above will appear to rotate counterclockwise when viewed from below. 
His observations of thirty small (not more than 2 ft in height) "dis
turbances" (rotation indicated by the motion of leaves and feathers)
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showed that "in no case was the rotation other than anticlockwise (i.e., 

cyclonic)." The reader should note that there is some advantage to the 

use of cyclonic and anticyclonic rather than counterclockwise (or anti

clockwise) and clockwise for sense of rotation. The former are accepted 

meteorological terms and are the most meaningful if dust devil ' rota

tion data from both hemispheres are to be considered. Note also that 

there is no ambiguity due to the low pressure center of the dust devil, 

since the terms cyclonic and anticyclonic refer to sense of rotation 

rather than to a particular pressure distribution (Huschke, 1959). The 

existence of a region of ambiguity along the equator is considered a 

very minor drawback in terms of the number of dust devils observed 

along this imaginary line. While IXirward did not specifically state 

that he believed the earth's rotation controlled the dust devil sense 

of rotation, it appears this was the implication.

Kukuski (1952), on the other hand, appeals directly to the ef

fect of the earth's rotation, for he states (p. 53): "...the main cle

ment on which the direction of the rotation will depend is the earth's 

rotation. The motion of air in a thermal current is the same as that in 

a cyclone." I assume that the term "thermal current" includes dust 

devils. In addition, Brooks (1960) lias perpetuated this concept by 

finding from 100 dust devil observations that the sense of rotation was 

always cyclonic and thereby states unequivocally: "Thus, it is concluded 

that earth rotation strongly affects spin direction in full-size dust 

devils occurring over level ground on calm days." The "level ground" 

is broken only by scattered trees and low buildings. The observations
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of Brooks are especially Interesting from several points of view: (1) 
of the dust devils that Brooks observed, not one exhibited anticyclonic

rotation, (2) Brooks' data were taken from the same general region from 
which the author's data were taken, and (3) his results represent one 
of the latest contributions to the meteorological literature on the 
subject of dust devil rotation.

On purely theoretical grounds, one would expect with reference 
to the relative vorticity theorem that the effect of the earth's rota
tion would be at least one or two orders of magnitude less than that 
due to the effects of shear or curvature in the generation of vorticity 
(Williams, 1948). There is no question as to the validity of this anal
ysis near and within the dust devil. Pressure measurements by Sinclair 
(1965) have shown that one can expect a total pressure drop of 2 to 3 
mb from the immediate environment (i.e., within a radial distance of 10 
to 100 m) to the center of the dust devil. Hence, an order of magni
tude analysis using the equation of motion shows that near and within 
the dust devil the Coriolis acceleration may be 3 to 5 orders of magni

tude smaller than the accelerations produced by the pressure gradient 
force. At large distances from the visible dust column these two anal
yses still show the effect of the earth's rotation to be insignificant 
by orders of magnitude. However, since no one has made measurements of 
wind and pressure distributions over the entire region in which the cir
culation, that later leads to the visible dust devil, first develops, 
it would appear that the divergent opinion that has appeared in the lit
erature concerning the importance of the earth's rotation on dust devil 
direction of rotation may be resolved by presenting direct observational 
evidence as the ultimate deciding factor.
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Table 2.1 constitutes the largest collection of dust devil sense 

of rotation data known to the author. The questionable nature of the 

data of Brooks and Durward is clearly evident.

Table 2.1. Observations of Dust Devil Sense of Rotation

Direction
of

Rotation
Flower
(1936) COOP:

McDonald
(1960) :Sinclair:

Williams:Brooks: 
(1948) :(1960):

Durward:
(1931): Total

Cyclonic 199 53 9 60 9 100 30 460

Anti-
cyclonic 175 35 29 84 12 0 0 365

Total 374 88 38 144 21 100 30 825

The data labelled CUOP (Cooperative Dust Devil Observation Program) were 

gathered by Institute of Atmospheric Physics personnel and other inter

ested persons in the Tucson area during 1960-63. The McDonald (1960) data 

constitute data collected by Professor James E. McDonald in the south

western United States during 1960 and were privately communicated to the 

author. Flower (1936) made his observations in Egypt and Iraq; Williams 

(1948) examined dust devils near Inyokern, California. The Sinclair data 

were obtained by the author while making dust devil measurements in the 

desert near Tucson during 1960-62. Collectively, the data show rather 

conclusively (even including the questionable data of Brooks and Durward) 

that there appears to be no preferred direction of rotation, and hence 

factors other than the effect of the earth's rotation (such as terrain 

variations) are responsible for observed dust devil spin directions.
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The above conclusion Is based on dust devils of all sizes.

There exists, however, the possibility of a preferred direction of rota
tion for dust devils of a particular size, especially in the case of 
very large dust devils. Since there is usually a direct relationship 
between dust devil height and diameter, one might use either one or 
both to distinguish a large or small dust devil. Table 2.2 presents 
these data as a composite of Flower (1936), COOP, Sinclair, and Williams 

(1948) data. In order to produce this composite tabulation, Flower’s 
class intervals were employed. It is easily seen that, if diameter is 
used to distinguish a large or small dust devil, there appears to be a 
preference for cyclonic rotation for the largest and smallest dust 
devils. For intermediate diameters, there appears to be no significant 
preference for direction of rotation. Although the observations at the 
lower and upper ends of the distribution suggest that the smallest or 
largest dust devils may have a preference for cyclonic rotation, the chi- 

square test indicates that the distribution does not differ signifi
cantly (at the 5% level) from a no-relation distribution. Hence one 

might conclude from this particular set of data that dust devils have 
no preferred direction of rotation. On the other hand, if height is 
used as a criterion for dust devil size, the data show that there is a 
slight preference for anticyclonic rotation for tall duet devils and 
a considerable preference for cyclonic rotation for short ones. For 
all heights between 20 ft and 2000 ft, there is in general little pref

erence for either direction of rotation. The chi-square test indicates 

that the height vs. rotation distribution is statistically different 
(at the 5% level) from a no-relation distribution. Hence, from a sta
tistical point of view, these data indicate that small (in terms of



Table 2.2 Dust devil frequency with respect to height, diameter and direction of rotation. Figures in parentheses are per 
of total dust devils in that interval. For example, there were a total of 62 dust devils with diameters smaller 
5 feet. Of this total, 37 or 59.7% had cyclonic rotation.
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• 2 : I : £ 5 : s •
Dust Devils with Cyclonic Rotation

< 5 10 13 6 2 2 1 1 - - - - 2 37 (59.7)
5 - 1 0 2 9 13 7 8 8 8 2 2 - - 9 68 (59.6)
11 -  20 2 3 2 3 5 6 7 5 4 - - 3 40 (48.2)
21 -  40 _ - 6 5 5 8 3 3 3 3 2 3 41 . (48.2)
41 -  80 - - - 1 1 6 7 1 2 5 - 2 24 (42.1)
81 - 150 - - - - 2 2 4 5 7 2 3 2 28 (62.2)
> 150 - - - - - 1 1 2 1 1 - 2 8 (80.0)

Total 14 25 27 18 23 32 31 18 19 11 5 23 246
(82.4) (73.5) (65.9) (48.6) (40.4) (49.2) (45.6) (51.4) (50.0) (52.4) (41.7) (74.2) (53.9)

Dust 1Devils with Anticyclonic Rotation
< 5 2 7 6 4 1 2 1 - - - - 2 25 (40.3)
5 - 1 0 1 1 6 9 12 7 5 1 2 — - 2 46 (40.4)
11 - 20 _ 1 2 3 13 9 6 2 3 3 - 1 43 (51.8)
21 - 40 _ _ - 2 6 12 8 3 8 1 2 2 44 (51.8)
41 - 80 - - - 1 2 3 14 3 1 5 4 - 33 (57.9)
81 - 150 - _ - - - - 3 7 5 1 1 - 17 (37.8)
> 150 - - - - - - - 1 - - - 1 2 (20.0)

Total 3 9 14 19 34 33 37 17 19 10 7 8 210
(17.6) (26.5) (34.1) (51.4) (59.6) (50.8) (54.4) (48.6) (50.0) (47.6) (58.3) (25.8) (46.1)

All Dust Devils
< 5 12 20 12 6 3 3 2 - - - - 4 62
5 - 1 0 3 10 19 16 20 15 13 3 4 - - 11 114
11 - 20 2 4 4 6 18 15 13 7 7 3 - 4 83
21 - 40 6 7 11 20 11 6 11 4 4 5 85
41 - 80 _ _ _ 1 3 9 21 4 3 10 .  4 2 57
81 - 150 _ _ - 1 2 2 7 12 12 3 * 4 2 45
> 150 - - - - - 1 1 3 1 1 - 3 10

Total 17 34 41 37 57 65 68 35 38 21 12 31 456 1

cent
than

■Kl
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height or diameter) dust devils have a preference for cyclonic rotation, 
and large (in terms of diameter) dust devils have a preference for cy
clonic rotation. However, it seems reasonable to expect that, as more 
data are collected on large and small dust devils, the frequency distri
bution of either height or diameter would not be significantly dependent 
on sense of rotation and would show that dust devils of all sizes have, 
in general, no preferred direction of rotation.

It is interesting to note also that other small-scale vortices 
appear to have no preferred direction of rotation. Hissong (1926) cites 
some observations of very violent whirlwinds which formed over or at 
the edge of a large oil reservoir fire. Whirlwinds with cyclonic as 
well as anticyclonic rotation were observed. In addition, Thorarinsson 
and Vonnegut (1964) have observed numerous whirlwinds produced by the 
eruption of the Surtsey volcano. They also found that the whirlwinds 
rotated cyclonlcally as well as anticyclonically.

As pointed out previously, Brooks' data are especially inter
esting in light of the above results, since his observations of 100 
dust devils, all of which rotated cyclonlcally, were taken in the same 
type of terrain and weather conditions as were the COOP and Sinclair 
data. Also, Brooks' arbitrarily chosen minimum dust devil size (i.e., 
diameter at least 5 ft near the ground and visible height of at least 
100 ft) falls well within the range of values in Table 2 or the indi
vidual data of COOP or Sinclair. One oust, therefore, conclude that 
Brooks' observations are either inaccurate or are so biased that nothing 
significant can be deduced from his data. Even if one were to argue 
that there may be a peculiar wind field which always produces cyclonic 
dust devils in the region observed by Brooks, it is, of course, still 
not correct, in view of the large number of observations presented above.
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to conclude, as Brooks has done, that "earth rotation strongly affects 

spin direction in full-size dust devils occurring over level ground on 
calm days."

One important fact brought out by Brooks concerns the ability 

of an observer to distinguish accurately the direction of rotation when 

the dust column is not dense enough to obscure the far side or when the 

observer is simply too far away for adequate observation. Although 

Brooks' claim that "an observer's binocular depth-perception is unreli

able beyond a few yards for detecting the direction of spin in dust 

devils" seems overly conservative, the possibility for error in deter

mining direction of rotation is real and must be considered in all obser

vations. Direct knowledge of this error in the data presented here is 

unknown except in Sinclair's data, where the observations were made by 

two or more experienced dust devil observers. Only those observations 

in which all of the observers agreed on the direction of rotation were 

recorded. In all cases, the dust devil was pursued on foot or by vehicle 

for the closest possible point of observation. This usually resulted 

in being able to observe the dust's motion on the near side with the 

ground as a partial background and/or to observe the motion of objects 

as large as cardboard boxes from a short distance. In addition, a number 

of dust devil penetrations were made with an instrumented tower from 

which the direction of rotation was easily determined from the recorded 

wind data, which was also cross-checked with visual observations from 

three different observers. In all cases, these observations showed 

that for all dust devil sizes, large or small, there appeared to be 
no preferred direction of rotation.



CHAPTER III

INSTRUMENTATION AND FIELD OPERATIONS

The primary purpose of the dissertation is to determine the 

structure of the dust devil and establish the relative importance of the 

terms in the governing equations of motion. The success of this endeavor 

rests primarily on the instrumentation and field operations phase of the 

program. Because of the uniqueness of the measurement requirements, 

there was usually a lack of available instrumentation and hence con
siderable time was spent in research, design, and construction of the 

measuring systems.

The measurement program was accomplished in three phases:

(1) ground measurements were made with a mobile recording system (MRS1) 

of temperature, pressure, and wind velocity using off-the-shelf or 

easily modified off-the-shelf equipment; (2) the results of phase 1 

measurements were then used as a guide to design a more sophisticated 

mobile recording system (MRS2) for the study of horizontal as well as 

vertical variations of pressure, temperature, and wind velocity; (3) 

measurements above the ground of temperature and vertical velocity were 

made with an air-borne recording system (ARS) installed in a sailplane.

Mobile Recording System (MRS!)

Instrumentation.— Instruments were designed or selected with

simplicity, ruggedness, mobility, and minimum construction time in mind. 
The primary purpose of this mobile recording system (MRS1) was to obtain
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some insight as to the magnitude of the pressure, temperature, and hori

zontal wind velocity variations in some selected dust devils during the 

summer of 1960. The MRSI (Fig. 3.1) is built around a pole (vaulting 

pole) which has an extremely high strength-to-weight ratio. The entire 

unit weighs approximately 50 lb and can be quickly transported by one 

man through the usual desert undergrowth.

The temperature sensor is mounted on a crossbar near the top 

of the pole and consists of a standard-type resistance thermometer whose 

signal is amplified sufficiently to be displayed on a microammeter 

mounted in the photo box (Fig. 3.2a) near the middle of the pole. The 

amplifier, batteries, calibration and balancing controls, and a "slave" 

microammeter are mounted on top of the photo box. Prior to each dust 

devil penetration the temperature range selector is adjusted until the 

"slave" microammeter indicates the maximum usable range. The response 

of the temperature unit is approximately 0.5 second and is primarily 

limited by the response of the microammeter.

From the dimensions of some large dust devils and an estimate 

of their tangential wind velocities, the most simplified analysis yields 

a total pressure drop of a few millibars. For such pressure measurements, 

a standard aircraft altimeter was modified by the addition of a larger 

more sensitive aneroid unit (Fig. 3.2b). This resulted in almost a 20- 

fold magnification for the 100-ft altitude needle of the altimeter; 

i.e., after modification one complete revolution of the 100-ft needle 

corresponded to a 3,5-mb pressure change.

To minimize the friction inherent in the pressure unit, a small 

electric buzzer was mounted on top of the aneroid unit (Fig. 3.2b) and
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Fig. 3.1.— Mobile Recording System (MRS1).
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used as a high frequency vibrator. The frequency was such that the vi

bration did not affect the pressure reading during the dust devil pene

tration. However, the unit is sealed in a metal box, and hence the 

heat dissipated by the buzzer acts to warm the aneroid unit causing a 

slight drift (0.04 mb/min) in indicated pressure. As the sampling per

iod is only about 20 seconds, this error is not significant. There is 

an additional instrumental pressure drift due to external heating of 

the metal box by the hot desert air. This error can initially be ap

proximately 0.1 mb per 20 seconds for an instantaneous 10°C increase 

in outside air temperature, and hence can also be considered insignif

icant during the sampling period.

Because of the relatively large aneroid mass, the aneroid dis

placements, and hence the pressure readings, are sensitive to changes 

in orientation of the aneroid axis or, equivalently, to angular dis

placements from the vertical of the MRSl pole. For slow or constant 

angular displacements of the pole the error was approximately 0.1 

mb/deg through a range of 45 degrees from the vertical. These errors 

were compensated for by simultaneously photographing a calibrated 

mercury-in-alcohol pitch-level on the photo panel. However, for os

cillation frequencies near the 1-second time constant of the instru

ment, only partial compensation at most could be accomplished because 

of the inertia inherent in the pitch-level.

The high wind speeds near the visible dust devil vortex make 

the design of the pressure antenna (pressure sensing port) of critical 

importance. A simple fixed static pressure antenna (Iowa State, 1950)
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has been suggested by Prandtl and Tietjens (1957). This design was 

used here, and it consists of a metal disk (0.125 inch thick, 4 inches 

diameter) supported by a narrow (0.250-inch diameter) metal tube. The 

disk has a 0.125-inch hole (static port) in the center that allows an 

air connection from the environment, through the metal supporting tube, 

to the metal box containing the modified altimeter. The pressure an

tenna is mounted with the static port directed downward at the end of 

the crossarm near the top of the MRSl (see Fig. 3.1). The inverted 

position was selected for a number of reasons: (1) smoke tests indi

cated that the vertical wind component at the antenna height (6,5 ft 

above the ground) would generally be less than 1000 ft min" , and 

hence dynamic pressure variations would be less than 0.1 mb; (2) wind 

tunnel calibration tests of the antenna showed that when the static 

port was directed into the wind, variations of the wind with respect to 

the circular plate of the antenna produced a rather uniform dynamic 

pressure increment; however, when the static port was directed with 

the wind (downstream), the flow over the circular plate created a low- 

pressure region on the static port aide resulting in much larger dy

namic errors whose form was complicated by subsequent flow separation; 
(3) with the static port opening directed downward, clogging of the 
narrow inlet tube by sand and other foreign particles would be mini
mized. For flow parallel to the metal disk and over the 0.125-inch 

opening, there is a small auction effect which in this case can be 

neglected. For this type of antenna in a 45-raph wind, the auction 
acts to lower the static pressure by approximately 0.01 mb (ref.
Iowa State, 1950, p. 5).



A Bendix-Friez Mindial was used to measure wind velocity (see 
Fig. 3.1). Prior knowledge indicated that because o£ the Windial's 
response time (both in speed and direction), it was poorly suited for 
dust devil investigations. However, lack of time necessitated use of a 
stock item. The wind direction and speed dials were removed from the 
Bendix-Friez display box and mounted horizontally on the MRSl photo panel 

(Fig. 3.2). The unit was converted from 115 v.a.c. to 6 v.d.c. by a 

simple circuit rearrangement suggested by Bendix-Friez.

The data recording was accomplished by photographing the 

instrument panel with a 16-mm Bolex movie camera (10-mm lens) at 32 

frames per second. The photo box is completely enclosed to protect the 

camera and to ensure good photography. The box is covered with a semi

transparent plastic sheet that transmits sufficient light (even within 

the dust devil) for photo recording.

Measurements♦--The field operations required the rapid transport 
of the MRSl by truck to the general dust devil area. It was then 

carried by hand to a point downwind of the dust devil and placed in such 

a position that the dust devil would pass directly over the instruments. 
The results of four dust devil penetrations which occurred in the desert 

a few miles west of Tucson, Arizona, are shown in Figs. 3.3 and 3.4. The 
various scales (excluding the pressure and tilt angle) should be self- 
explanatory. The pressure units can be converted to millibars by using 
the relation: 1 pressure unit = 5x10"2 mb. The tilt angle refers to the 

number of degrees that the MRSl was tilted away from plumb vertical. For 

slow or constant angular displacements, the pressure measurements were 

corrected, using the pitch-level calibration data.
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Fig. 3.4.— Temperature, Pressure, and Horizontal Wind 
Velocity Measurements Through Two Dust Devils: (a) August 2, 
1960, 1230 MST; (b) August 30, 1960, 1435 MST.



All four dust devil penetrations show quantitatively, for the 

first time, the warm, low pressure core of the dust devil. The temper

ature rise varied from almost 9°G for the larger dust devil (Fig.3.4a) 

to 3.5°C for the smaller one (Fig.3.4b). An interesting feature of the 

temperature and pressure profiles is shown in Fig. 3.3b. In the other 

cases, the temperature and pressure returned to a steady value nearly 

equal to that prior to the time of center passage over the MRSl. In 

the rear of this particular dust devil (Fig.3.3b) however, the pressure 

falls to a value lower than that measured at the dust devil center, and 

the temperature shows a corresponding rise of approximately 1°C. This 

suggests the presence of a secondary disturbance following the dust 

devil. Such a possibility is not considered unusual, since secondary 

dust devils closely following a larger dust devil have often been ob

served. The dashed portion of the temperature trace in Fig. 3.3b indi

cates a partial loss of data as a result of a temperature range change 

during the dust devil penetration.

The total pressure drop (op) varied in the same manner from 

2.3 mb (Fig.3.4a) for the larger dust devil to 0.6 mb (Fig.3.4b) for 

the smaller dust devil. The largest pressure drop is shown in Fig. 3.3a 

wheredp*3.5 mb. Because the pressure instrument is under-damped, these 

total pressure drops are somewhat in error due to excessive "overshoot

ing." By impressing a continuous sinusoidal pressure oscillation on 

the instrument with a pressure generator, it was found that at 0.5 

c.p.s. the instrument had a maximum "overshoot" of 30 per cent. Con

sequently, the pressure pulse shown in Fig. 3.3a should be reduced by
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about one-third, i.e.,Ap=2.4 mb (similar corrections should be made in 

the other figures). For continuous correction of the pressure trace, 
the pressure generator data showed that smoothing the trace using a 
running mean of t*0.9 second resulted in a smoothed pressure trace that 

was a good approximation to the actual pressure trace.

Because of the relatively slow response of the Windial, the 
wind data are probably most accurate in the time interval preceding the 
passage of the dust devil center. The dust devil center is assumed to 
be near the pressure minimum and the closely related temperature maxi
mum. In general, the wind speed traces show two maxima, one on either 
side of the low pressure center. The exception shown in Fig. 3.4a may 
be the result of an off-center penetration of an eccentric vortex (note 

that the wind direction change was only 90 degrees). In the other

cases, the change in wind direction seems indicative of a center pene
tration of a concentric vortex. The dashed portion of the wind speed 
trace in Fig. 3.3b is the result of the slow response of the Windial. 
Apparently, after passing through the dust devil center, the Windial 
did not respond to the almost step-function change in wind direction 
(note the large overshoot after t=3 seconds), with the result that the 
propeller turned backwards at a rate of more than 20 mph. From the re
corded data, the best estimate of what actually happened is represented 
by the dashed curve.

Although the instrumentation in some cases lacked the proper 
response and damping, the results were of sufficient accuracy to guide 
the development of a more sophisticated system (MRS2). This was true 
of the quantitative results shown in Figs. 3.3 and 3.4, and Qf 

gathered on the mobility requirements for the larger multi-level system.
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Mobile Meteorological Tower

Wind Velocity Instrumentation.— Because of the large vertical 

velocities present near and within the dust devil, the need for a fast 

response, omni-directional wind instrument was apparent. Relatively 

few instruments of this type have been built and only a very few are 

available commercially. However, none of these instruments was con

sidered suitable, and hence an instrument was specially designed for 

the dust devil measurements (Fig. 3.5). The wind direction sensor, or 

bivane, consists of a horisontal and vertical delta-wing vane that may 

be pivoted, through a yoke arrangement, about both (singularly or si

multaneously) the horisontal (unrestricted) as well as the vertical 

(restricted to + 80 degrees). Such motions are then transmitted via a 

ring-and-pinion gear and two separate shafts (one for elevation and 

one for azimuth changes) to the cylindrical potentiometer case that 

acts as the major support for the shafting and bivane. The shafts are 

connected either directly or through small gears to separate 100-ohm 

microtorque Giannini potentiometers (Fig. 3.5b). As the bivane turns 

to align itself with the total wind vector, the potentiometers vary 

the output to the recorder that is calibrated to give wind direction 

in degrees from a permanent reference on the base of the instrument.

To reduce the necessity of long power leads, the batteries 

(mercury cells) and circuitry are also located in the potentiometer 

case. A highly reflecting dust cover seals this part of the instru- 

ment. The azimuth shaft, supported by two 5/8-inch low-torque bear

ings, acts as the bearing support for the elevation shaft that is



Fig. 3.5.--Bivane Anemometer for Mobile Recording System.

The complete bivane unit is shown in (a), the lower potentiometer case 
in (b), and the heated-thermocouple anemometer in (c).
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supported In two 1/4-inch low-torque bearings. The upper bearing sup

ports are protected by an aluminum dust cover and the ring-and-pinion 

gear arrangement by a balsa wood dust cover. The entire wind instru

ment is supported by the cylindrical potentiometer case. The base of 

the potentiometer case has four spring-cushioned mounting lugs that 

connect the instrument to the mobile tower. These mounting lugs serve 

two purposes: (1) they permit rapid and accurate leveling of the in

strument when installed each day on the tower, and (2) they act as 

shock absorbers when rapid transit over rough terrain is necessary.

determined from wind tunnel tests. In these tests the vane was instan

taneously released from a stationary position which was not parallel 

to the wind tunnel flow, and the resulting oscillation was recorded as 

the vane approached the wind tunnel flow direction. Since the response 

of most wind vanes is characteristic of the damped harmonic motion of a 

second order system, the bivane response to a step-function change in 

the wind direction can be determined analytically as well as from the 

wind tunnel test data. The damping ratio (Y ) is a commonly used re

sponse or performance parameter. Since it is a measure of the degree 

of oscillation (2T>1, over-damped; Y  ■ 1, critically damped; Y  < 1, 
under-damped), it can be related to the amount of instrumental over

shoot and phase lag. Theoretically the damping ratio ( Y ) for a wind 
vane can be shown to be (Corcoran, 1962)

The bivane response, both in the horizontal and vertical, was

AR (3.1)



64
where is the air density (oz-in-^), s is the vane area (in^), AR is

the vane aspect ratio (span^ / area), I is the moment of inertia
2about vane pivot (oz-in ), and r is the vane tail length - pivot to

vane centroid (in). All of the quantities in (3.1) except the moment 

of inertia may be easily determined for a particular vane configura

tion. Experimentally, the damping ratio may be determined by the so- 

called delay-ratio method (see Scanlan and Rosenbaum, 1951) and is

where A0 and An are the amplitudes of two (n ■ 2) successive full vane 

oscillations. The theoretical and experimental values of Y for the 

two bivanes are shown in Fig. 3.6 along with the damping ratios of two 

commercially available, "high resolution", vanes for comparison. In 

view of the underlying assumptions of the theoretical analysis 

(i.e., (1) small angle of attack, (2) potential flow, (3) functional 

form of the lift-curve slope) and the difficulty in determining the 

moment of inertia of the complete bivane, the theoretical and experi

mental values are in good agreement. Note that although the Beckman 

and Whitley (B & W) vane has an AR = 4 whereas the bivanes have an 

AR = 1, the bivanes in general have a larger damping ratio than the 

B & W vane. Thus, the sometimes overemphasized importance of the 

vane aspect ratio on )T may be misleading. The importance of other 

design variables is evident from (3.1).

given by
log Aq /Ah

(3.2)



Fig. 3.6.— Bivane Damping Ratios (T  ) for the 7 ft and 31 ft
Bivanes.
The bivane experimental results are shown for two wind speeds of 18 
mph and 36 mph. The 31 ft bivane values are offset to the left in 
order not to conflict with the 8 ft bivane data and the vertical 
lines represent the standard deviation of the experimental results. 
The dashed horizontal lines represent the bivane theoretical values 
of y . The solid curve and horizontal lines represent the Beckman 
and Whitley vane and MRI Vector Vane respectively.
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MRI Vector Vane (experimental)

MRI Vector Vane (theoretical)

7' a  31' Bivane (experimental)

Beckman 8 Whitley (experimental)

7* Bivane (theoretical)
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The bivanes have a rise time (time from 10-90% of the input step 
function) of approximately 0.1 second which is one-half the rise time 

of the B & W vane. From the damping ratio ($ ) and the frequency of 

the transient oscillation (f^ = 2Tt^) following a step change in wind 

direction, the natural frequency (f = 2TTui) of the bivane may be deter-

natural frequency of the bivane is approximately 2-4 cps. Hence, the 

bivane response to a sinusoidal input of 1 cps results in amplitude 

magnification and a phase lag of about 10-30% and 5-15 deg, respective

ly. Higher frequency inputs are exaggerated and followed less pre

cisely. However, these are considered of minor importance in the 

present study which is primarily concerned with the relatively gross 

features of the dust devil. In retrospect, it would have been desir

able to have increased the vane aspect ratio (without changing other 

vane factors) to achieve more damping (ref. eq 3.1). However, this was 

complicated by the general design in which a long, narrow or high aspect 

ratio vane would have reduced the bivane elevation range (+ 80 deg).

design by Gill (1947). The sensor consists of three thermocouple junc

tions (0.007 inch) of Gonstantan and Chrome1 P wire that are mounted on 

the sensor base in the shape of a tetrahedron (Fig. 3.5c). The junc

tions were formed by a spark-discharge technique, and only those thermo

couples which differed in diameter by less than 0.001 inch were selected. 

Two thermocouple junctions are heated by alternating current (400 cycle).

mined from For wind speeds between about 20-40 mph, the

The fast response anemometers were developed from an earlier
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and the third junction is unheated. The design is such that fluctuations 

in the output of the heated junctions, due to changes in the ambient 

air temperature, are exactly cancelled by the counter-emf1s developed in 

the unheated thermocouple. Thus, only the cooling effect of the wind, 

which causes a resistance change and hence a current variation (cali

brated in mph) in the output, is recorded.

The tetrahedron shape was selected after considerable testing 

since it gave the smallest fluctuations in wind speed for all possible 

orientations. This was important, since it was not feasible to mount 

the anemometer unit on the bivane in such a manner that it would always 

be pointed into the wind. Although considerable effort was initially 

directed toward such a configuration, the requirement of noise-free slip- 

rings, which would conduct a current of 4 amperes and operate from a 

highly mobile vehicle, could not be met. Consequently, the anemometer 

unit was mounted on the stationary bivane support approximately 11 

inches in front and 15 inches below the bivane pivot point. The unit 

was mounted inverted (Fig. 3.5c), since this orientation minimizes the 

shielding effect of the instrument supporting members for the charac

teristic upward motion of the dust devil. Extensive wind tunnel testing 

indicated that elevation and azimuth variations in the wind direction 

of 30-40 degrees generally resulted in wind speed errors of less than 

1 m sec'l for the fixed anemometer. Since the preliminary dust devil 

measurements indicated that the horizontal wind direction was essentially 

constant prior to and following passage of the dust devil center and 

that the vertical component was somewhat variable, the anemometers were
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calibrated for 30 degree sectors in the horizontal and 10-20 degree 

sectors in the vertical. Consequently, in the data reduction phase the 

bivane data were used to determine the correct calibration curve, for 

the particular d.c. output of the heated thermocouples, in order to ob

tain the total wind speed. From the wind speed and elevation and azi

muth angles the three wind components may be easily obtained.

Response characteristics of the heated-thermocouple anemometers 

were roughly determined in a manner described by Cramer (1957). The 

anemometer units were oscillated with approximately simple harmonic mo

tion in a plane parallel to the longitudinal axis of the tunnel. For 

a fixed tunnel speed, the wind, relative to the anemometer, changes in a 

prescribed sinusoidal manner, which may be compared with the readings of 

the indicating galvanometer. For more details of this technique, as 

well as the anemometer circuitry, the reader should consult Cramer 

(1957). The anemometer response characteristics were comparable to 

Cramer's, with an amplitude (ratio of indicated amplitude to true ampli

tude) of approximately 0.80 for sinusoidal fluctuations of 1 cps at an 

air speed of 10 m sec \  These data indicate that the bivanes and ane

mometers are not well enough matched for measurement of eddy velocity 

components, but are considered of sufficient accuracy for obtaining a 

general picture of the wind velocity field near and within the most 
violent dust devils.

Pressure Instrumentation.— As with the bivane instrumentation, 

a suitable pressure instrument was not available (commercially or ex

perimentally), and hence an instrument was specially designed for the
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dust devil pressure measurements. During the preliminary investigation 

(Sinclair , 1964) of pressure variations within large desert dust devils, 

it became apparent that an unusually sensitive, fast response, and highly 

mobile pressure sensor was needed. The fast response and mobility re

quirements are due to the characteristic dust devil size, translation 
speed, and lifetime (see Chapter II). In addition, these preliminary 

measurements indicated the pressure within the dust devil could be ap

proximately 3 mb below ambient pressure (Figs. 3.3 and 3.4). This sug

gested a sensitivity of 0.1 mb which is considerably less than most 

pressure transducers.

The pressure instrument consists of a pressure antenna, micro- 

barophone, amplifier, and recorder. Because of the high wind velocities 

in some dust devils, the design of the pressure antenna is a critical 

factor. Ideally, one desires an omni-directional pitot-type system in 

which not only static pressure but also the wind speed might be ob

tained. However, such a pressure sensing system requires airtight, 

yet movable connections. The friction inherent in these connections 

must be small for fast response. It is evident that the construction 

of a low lag instrument of this type presents difficult and, as yet, un- 

solvable problems. Another approach is the fixed static pressure 

antenna (Iowa State College, 1950) suggested by Prandtl and Tietjens 

(1957). It consists of a metal disk (0.125 inch thick, 4 inches diam

eter) supported by a narrow (0.250 inch diameter) metal tube. The disk 

has a 0.125-inch hole in the center which allows an air connection from
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the environment through the metal supporting tube to the detector. The 
pressure antenna is shown in the foreground of Fig. 3.7.

For flow parallel to the disk, this type of antenna permits pres

sure measurements of the desired accuracy. The suction effect due to 

flow past the 0.125 inch opening in the center of the disk is only 

about 0.01 mb for this type of antenna in a 45 mph wind. In situations 

where there are large vertical wind components (dust devil case), static 

pressure errors occur due to dynamic pressure effects on the disk. Con

sequently, the measured pressure variations represent a combination of 

the static and dynamic pressure components. Calibration of the antenna 

for 10-degree * increments in angle of attack (6 ) and for eight dif

ferent wind velocities (V) was made in a small wind tunnel. The results 

for a wind speed of 24 mph (other wind speeds produced similar variations) 

are shown in Fig. 3.8. The plotted points represent averages of two 

separate runs. The average range for all points is approximately 

+ 0.04 mb. The dotted portions of the curve are simply the continuation 

of the slope at 0 = 80 degrees due to abnormal wind tunnel flow at these 

large angles of attack. IXie to the symmetry of the pressure antenna the 

calibration needs only to be conducted from 8 = 0  degree to + 90 degrees.

As was expected, the pressure increased above its static value 

as either 9 (or V) was increased (i.e.,0> 0). As 0 is increased nega
tively, the flow produces a low-pressure area on top of the disk, result

ing in a rapid negative deviation of the pressure from its static value. 

This continues until 0 = -30°, after which there is separation in the 
flow causing a pressure increase on the disk top. In lieu of the more
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Fig. 3.7.--Shockproof Container and Amplifiers 
for Two Microbarophones. The pressure antenna is 
at the lower right.
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Fig. 3.8.— Dynamic Pressure Effects of the Wind (V) 
on the Antenna as a function of Angle of Attack (0) for 
a Wind Speed of 24 mph.
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rapid variation in static pressure for 0<O and the accompanying pres

sure effects due to separation, it is preferable to mount the antenna 

so that the most frequent variations of the wind from the horizontal 

result in a © >  0. This is especially important for high wind speeds.

For accurate micropressure measurements in a moving medium, simultaneous 

measurements of 0 are necessary either to correct the pressure data or 

to make certain that the wind error is insignificant. This was accom

plished with sensitive bivanes and hot wire anemometers.

The design of a sensor that meets all the requirements of simplic 

ity, mobility, ruggedness, sensitivity, and frequency response is usu

ally not a straightforward task. The suggestion of the Mechano- 

Electronic Transducer (RCA 5734) coupled to an aneroid element was the 

first step to the final design. This transducer has previously been 

used by Curtis (1949), Curtis and Nickerson (1949), Pettersson and 

Clemedson (1950), and Talbot e_t al. (1959) in a number of physiological 

applications. It is believed that this is the first time it has been 

used to measure atmospheric pressure oscillations.

The transducer is a metal shell triode-type tube, 1.300 inches 

long and 0.328-inch diameter. A thin metal diaphragm seals the top of 

the tube and acts as a flexible pivot for the plate which extends 0.125 

inch through the center of the diaphragm as a 0.031-inch diameter pin. 

This plate shaft is rigidly connected to the aneroid element by a thin- 

wall brass tube (0.064-inch diameter). Since the maximum safe deflection 

of the plate shaft is limited to + 0.5 degree of arc or an arc length of 

approximately + 1 1 x 1 0 inches for a 0.125-inch shaft length, the



aneroid element must be selected so that maximum anticipated pressures 

(plus a safety factor) do not produce motions exceeding the elastic 

limits of the tube diaphragm. Preliminary dust devil pressure measure

ments indicated that a dynamic range of 10 mb should be sufficient, even 

for the largest dust devil. Because of the immediate availability, an 

obsolete radiosonde aneroid element was used. For a 10-mb pressure 

change, this aneroid element moves approximately 4 x 1 0 inches, which 

is well within the maximum allowable plate shaft deflection. In addi

tion to the desired static pressure changes, dynamic pressure effects 

of the wind may increase or decrease the aneroid movement, depending on 

the orientation of the pressure antenna and the air motion. Since the 

vertical motion of the dust devil is characteristically upward, the 

pressure antenna was mounted with the static opening downward, which 

means most of the wind variations from the horizontal produce a positive 
0. This orientation also eliminates the possibility of dust clogging 

the air passage from the antenna to the detector. Preliminary vertical 

velocity observations near the ground indicated that values rarely 

exceeded 2000 ft min'l. Thus dynamic pressure variations will usually 

be less than 0.5 mb and probably most frequently near 0.1 mb. These
-5pressure variations correspond to approximately a 10 inch movement in 

the aneroid element, and hence they are not significant with respect 

to the safe operation of the microbarophone (which has a maximum safe 

deflection of + 11 x 10"^ inches). Consequently, there was no design 

requirement for mechanical stops to limit the motion of the plate shaft.
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The RCA transducer is clamped lightly, yet firmly enough to 

prevent movement between two concave pieces of phenolic-type material 

(Fig. 3.9). Care must be exercised here in order that clamping pres

sure is not too large, and that it is evenly distributed on the metal 

shell of the transducer; otherwise tube damage may result. During nor

mal operation the metal shell of the transducer becomes quite hot. In 

some initial tests, a metal clamping arrangement was used, but it became 

apparent that the tube-to-clamp heat conduction was producing an unde

sirably long warm-up time. A clamp made of phenolic material resulted 

in a much shorter warm-up time. Overheating was not a problem, as the 

exposed ends dissipated most of the heat by: (1) radiation and conduc

tion to the air and (2) conduction via the tube pin to the aneroid con

necting linkage. Also a small amount of heat was undoubtedly lost 

through the insulated clamp. This configuration was found to be the 

most satisfactory from the standpoint of electrical stability and warm

up time. However, Talbot e£ a U  (1951) describe two physiological in

struments, a myograph and a ballistograph, in which the tube clamp acts 

as a heat sink to prevent excessive thermal drift and rapid aging. Ho 

effects of tube aging were noticed in two microbarophones that were 

operated intermittently over a period of 30 days for more than 100 hours.

The detector (aneroid) and transducer (RCA tube) are housed in 

a 2x3^x3-inch hermetically sealed aluminum box (Figs.3.7 and 3.9). Two 

external pressure connections provide the pressure input from the an

tenna and the reference pressure. The reference pressure is connected 

to a valve that is opened to the free air prior to the passage of the
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Mechono-Eledromc 
Transducer3«« X

MICROBAROPHONE

Fig. 3.9.— Schematic Top-View 
of the Microbarophone Showing 
the Aneroid and Transducer Tube 
Arrangement.

of fnO value

Fig. 3.10.— Response Following 
a Step Change in Pressure.

Fig. 3.11.— Relation of Torque (Applied to Tube Plate 
Shaft) to the Observed Displacement.

The standard deviation of 13 independent measurements is 
indicated by the short vertical lines. The curve represents 
the best fit by eye to the data.
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dust devil. Consequently, the reference pressure in the box was essen

tially the undisturbed atmospheric pressure. The volume of the box 

(i.e., the reference pressure volume) was made as small as possible with

out sacrificing ease of assembly and maintenance. The small size was de

sirable since the transducer reached thermal equilibrium faster, and 

hence warm-up time was reduced. Good stability was reached during actual 

field operations after a warm-up period of several minutes.

Two microberophones were used to sense static pressure at two 

levels on the mobile tower. They are shown mounted in their shockproof 

container in Fig. 3.7 (the unit on the left has its top removed). The 

two pressure reference valves are clearly shown at the top of the fig

ure. The shockproof container is made of composition board in order to 

insulate the units from external heat sources and is padded with foam 

rubber to minimize vibrations encountered in rapid transit over rough 

terrain.

The transducer is connected, through a hermetically sealed junc

tion in the side of the microberophone (Fig. 3.9), to a standard Wheat

stone bridge. The bridge is powered by a 405 v.d.c. dry battery source 

that puts 180 v across the plate of the transducer. The 6 v.d.c. trans

ducer filament voltage is also supplied by dry battery. Changes in at

mospheric air pressure (at the pressure antenna) result in movement of 

the aneroid element. This in turn causes a displacement in the trans

ducer plate shaft, resulting in a change in the plate current. This 

produces a change in the transducer resistance, which unbalances the 

bridge and causes a current to flow through a galvanometer. Due to the 

mismatch of the bridge circuit and the galvanometer, a d.c. direct-
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coupled, difference amplifier was used to amplify the bridge output. For 
a more detailed circuitry discussion the reader is referred to Sinclair 
(1965).

The microbarophone output has a slight drift, which is a result 

of the separate drift characteristics of the transducer, the aneroid ele
ment, and the d.c. amplifier. The transducer drift is primarily due to 
the tube environment and plate voltage. Since a high amplification fac
tor was desired, a plate voltage between 150-200 v was considered. In 
the arrangement described here, where the mount acts as an insulator in 
order to decrease initial drift, it was found that drift was minimized 
if a plate voltage of 180 v was used. Drift was increased markedly if 
the tube was in any type of air flow. This was minimized in the micro
barophone by the detector housing. Convection currents were probably 
present, but their effect, while unknown, is considered relatively minor.

Since the transducer dissipates a considerable amount of heat, 
the air as well as the aneroid element (metal diaphragm and enclosed air) 
within the microbarophone housing increase in temperature. Thus, due to 
the heating, the microbarophone cavity air and the aneroid element pro
duce opposing apparent pressure changes.

The well-known d. c. amplifier drift was recognized from the 
start. None of the standard techniques of stabilization was employed, 
since the combined drift due to all the elements in the system was insig
nificant during the sampling period. This simplified the system elec
tronically and reduced the cost for a reliable mobile unit. After suf
ficient warm-up, total drift was approximately 10-207. of full scale 
(10 mb) per 1.5 hours. The sampling period lasted approximately 20 
seconds as the dust devil approached and passed over the mobile tower.
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Thus, the drift error is approximately two orders of magnitude less 

than the recording error (approximately 0.1 mb) during the sampling 
period. For other applications where longer term stability is re

quired, the amplifier section may be eliminated if the transducer out
put operates through a suitable load, or the amplifier may be stabi

lized by one of the standard drift-compensation methods.
The pressure system (microbarophone, amplifier, recorder) 

response to a step function change of 5 mb is shown in Fig. 3.10. The 

system is somewhat under-damped, having a damping ratio of approxi

mately 0.13. The response time (time to reach and remain within 5% of 
the final value) is about 0.09 second with a delay time of 0.002 sec

ond and a rise time (time from 10 to 90% of the input step function) 

of 0.006 second. The data reading error band (accuracy to which the 

recorded data can be read) of + mb is reached in approximately 0.16 

second. Because of the low degree of damping, large response ratios 

(ratio of the maximum overshoot of the element to the amplitude of 

the sinusoidal forcing function) will occur for forcing frequencies 

in the region of 15 cps to 45 cps. The natural frequency of the 

system is approximately 34 cps. To suppress these errors due to 

the dynamic response of the system, the recorded data were smoothed 

over an appropriate time interval. These values are with reference 

to a stationary atmosphere or to an atmosphere in which the air is 

moving parallel to the pressure plate. Hear and within dust devils, 

the vertical component (w) of the air may reach values of 2000 

ft min"*- even quite close to the ground. Consequently, the pres

sure antenna can experience significant dynamic pressure effects which
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lead to apparent static pressure changes. In these cases, the data are 

corrected using the bivane hot-wire anemometer system. This system 
reaches 90% of the final value, after a step-function change, in ap
proximately 0.11 second and remains within this error band after 0.5 
second. Hence, when w is large and fluctuating, the actual response of 
the pressure sensing system is closer to that of the bivane hot-wire 
anemometer system.

Another possible source of error is inherent in the transducer 
itself. There is a significant decrease in the torque required to move 
the tube pin from its natural zero point as displacement increases (see 
Fig. 3.11). This nonlinear effect may be eliminated by mechanically 
displacing the tube pin so that essentially the linear portion of the 
curve is used. Alternatively, one could take the nonlinear region into 
account through calibration, or one could operate within such a suffi
ciently small region that the torque-displacement relationship can be 
considered linear.

To minimize some of these errors, periodic calibrations of the 
pressure instrument were carried out. In addition, after each dust 
devil penetration, the entire system was immediately recalibrated with a 
water manometer.

Temperature Instrumentation.--Resistance thermometers were used 
for the temperature sensors primarily because: (1) they have good re
sponse to rapid temperature changes, (2) they are compatible with the 
mobility and strength requirements, and (3) their resistance is nearly 
a linear function (over certain temperature ranges) of the temperature. 
The sensors were constructed of silicone-coated #99 alloy nickel wire 
(0.0031-inch diameter) that was wound on 3/4x2-inch cross-shaped
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plexiglass forms. The elements were roughly of 100 ohms resistance. Each 

element was individually calibrated in a temperature-controlled air bath. 

The 100-ohm resistance was selected since this was sufficiently small so 

that the voltage output caused by a small temperature change would drive 

the galvanometer. A standard Wheatstone bridge circuit was used in 

which the wire resistance thermometer was one leg of the bridge. The 

silicone-coated wire was used because it permitted a very close spacing 

of the wire (without fear of electrical shorts) and permitted a lighter 

yet stronger sensor configuration. The plexiglass forms were painted 

with highly reflective white paint in order to minimize radiational 

errors. By alternately exposing the sensors to and shielding them from 

the sun, it was found that a small amount of heat was being conducted 

from the plexiglass supporting structure to the wire. Since the probes 

were mounted in a vertical position, a minimum amount of radiation was 

absorbed from the midday sun and the ground. Over an exposure period 

of approximately 1 minute, the temperature rise was about 0.1°G. Thus, 

any variation in the solar radiation during the measurement period, such 

as that due to the duet column passing over the tower or ground shadows 

of clouds, will not significantly affect the temperature measurements; 

hence any shielding of the probe was considered unnecessary.

The response time of the entire temperature unit (i.e., sensor, 

circuitry, and galvanometer) is approximately 0.3 second. The test 

equipment required to determine the response times of the MRS2 and air

borne temperature units is discussed in the Sailplane Instrumentation
section.
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Recorder.-- The recorder consists of a Century (24 channel gal

vanometer) Dynamic Visual Monitor (DVM) and a 16-mm Bolex movie camera. 

The DVM (Model 20c) measures only 6x7x8 Inches and is shock resistant 

up to 12g, which makes it ideal for mobile applications. The eleven 

pressure, temperature, and wind velocity inputs are presented on a 

2.5x4-inch translucent screen which is photographed continuously at 

32 frames per second. Both the camera framing speed and a sweep second

hand watch were used for time references. The camera framing speed was 

checked by electronic timer and found to be consistently less than 

0.5% in error. The galvanometer optical system is so designed that a 

12-inch optical arm is achieved which produces a d.c. sensitivity of 

0.0315 ma per inch deflection on the display grid. The galvanometers 

are electromagnetically damped to 64% of critical, while retaining a 
flat frequency response, within + 5%, from zero frequency to 60% of its 

natural frequency (70 cps).

Mobile Tower and Field Operations.--A mobile instrument tower 

was designed and constructed for mounting on a surplus jeep (Fig.3.12). 

The height of the tower was approximately 30 ft and it was constructed 

mainly of 1.5- to 2.0-inch (O.D.) aluminum tubing. Although the tower 

was in essence supported only from one side, the A-Frame construction is 

surprisingly rigid; this permitted speeds up to 40 mph on smooth sur

faces and excellent slow speed maneuverability over rough terrain. The 

tower has 3-ft extension arms at three levels (6, 17, and 30 ft) which 

act as instrument supports. The 6-ft and 30-ft levels contain tempera

ture, pressure,and wind velocity instruments, whereas the 17-ft level 

has a single temperature sensor. The selection of the two primary levels



Fig. 3.12.--Ground Recording System Mobile Tower.
ooN)
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(6 ft and 30 ft) was based solely on maximum tower height and vegetation 

height. That is, the initial design analysis indicated that 30 ft was 

approximately the maximum tower height that the jeep could sustain and 

still have the desired maneuverability. The lower level was placed at 

6 ft, since this height was usually above the highest forms of vege

tation in the dust devil research area, and the remaining temperature 

level was placed approximately half-way between the two primary levels. 

Initially a fourth level at 1 ft was used, but it soon became apparent 

that successful maneuvering in rough terrain was not possible. Due to 

the nature of the individual instruments, it was necessary to have some 

separation between certain components. For example, the bivane was ap

proximately 2 ft above the support level (i.e., 6 ft and 30 ft) while 

the hot-wire anemometer and resistance thermometer were at support level 

but were displaced about 10 inches laterally from the bivane pivot point. 

The pressure sensor was located 5 inches below the temperature sensor. 

This particular grouping of the sensors was necessary in order that the 

bivane had proper clearance (360 degrees in the horizontal and + 80

degrees in the vertical) and that there was a minimum of air flow shield

ing due to sensor location or support components. While this means that 

each sensor instantaneously samples slightly different air, it was as

sumed that, in view of the individual error bands of the instruments and 

the highly turbulent nature of the dust devil, all measurements would 

be referred to an intermediate level along a vertical center line 

of the bivane hot-wire anemometer unit, i.e., at 7 ft and 31 ft.

In order that all instruments may be regularly inspected and serviced,
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the vertical aluminum mast may be lowered to the instrument retrieval 

position (Fig. 3.13). This facilitated the removal of the bivane hot

wire anemometer units at the end of each day, or at any time during the 
day, when thunderstorm activity was imminent.

The instrument control and recording console was located in the 

seat-well next to the jeep driver (Fig. 3.14). The camera photographed 

the galvanometer screen through a one-way mirror in a standard scope 

mount. The jeep driver was then able to rapidly zero all instruments, 

even in the bright sunlight prior to a dust devil penetration. Two 

battery power packs were carried in the rear of the jeep, and all power 

adjustments and instrument control were within easy reach of the driver.

Conceptually, the actual data collection is straightforward, 

i.e., position the tower so that the dust devil center passes directly 

over the instruments. However, the results of the dust devil census 

indicated that the success of such an operation was not straightforward 

and that considerable ingenuity and effort would be required for even a 

few penetrations. Since most dust devils have a visible lifetime of 

approximately 1-4 minutes, and a translatory speed of about 5-15 mph, 

the initial location and mobility of the MRS2 are the decisive factors 

for a successful penetration. The most successful method was to posi

tion the jeep downwind of the area of maximum dust devil activity so that 

only lateral positioning of the jeep was necessary. As the dust devil 

approached the tower, final adjustments were made in the jeep position 

before the brakes were set and engine shut off (eliminating engine vi

bration) so that the trajectory of the dust devil would allow the dust 

devil center to pass over, or nearly over the instruments. Because of
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Fig. 3.13.— Mobile Tower in Instrument Retrieval Position,

Fig. 3.14.--Location of Instrument Control and Recording Console.
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the difficulty in determining and forecasting the dust devil trajectory, 

the dust devil was usually allowed to approach the tower to within 50 

ft before the jeep was secured and the data recording started. While 

this permitted center penetrations of most dust devils, it resulted in 

proportionally more data on the dust devil rear than on the front (the 

front (rear) is defined as that portion of the dust devil that passes 

first (last) over the tower). However, this was not considered a seri

ous drawback, since the advantages of a center penetration (see Chapter 

VI) greatly outweighed the loss of data on the forward side of the dust 

devil.

Generally, a crew of three was necessary to operate the MRS2 

successfully. As already indicated, one crewman acted as the jeep 

driver and instrument operator. In addition, a second crewman was nec

essary as a cameraman to operate the 16-mm Bolex with 75-mm zoom lens. 

The camerman was responsible for filming the dust devil passage over 

the MRS2 tower. The purpose of this operation was to obtain the trans

lation speed of the dust devil during the measurement period. The film 

gave a precise time record of the dust devil so that,with the known 

scale of the jeep, rather precise distances could be calculated. These 

two sources of information, along with the easily identifiable forward 

edge of the dust devil, resulted in a good estimate of the average 

translation velocity. With this average translation velocity and the 

MRS2 film recorder time record of the measurements, an equivalent radial 

distance record for the measurements could be determined. The camera

man was usually a few hundred feet away from the MRS2 and always in 

line with the jeep and normal to the duet devil translation trajectory.



in order that the distances measured on the film were true distances.

The zoom lens was helpful in obtaining the necessary detail over a wide 

range of filming distances. A third crewman was used to observe the 

accuracy of the dust devil penetration. His upwind or downwind posi

tion was along the dust devil trajectory, and hence he had a good view 

of the instruments and of the vertical axis of the dust column (the 

center of the dust devil was assumed to lie along the vertical axis of 

the dust column). In addition, prior to penetration, he released ap

proximately two dozen 6x6-inch squares of aluminum foil (Kaiser heavy 

duty broiling foil). Some of these bright targets were photographed by 

the cameraman. From a knowledge of their fall speeds in still air, one 

could make an estimate of the vertical velocity of the air in the region 

outside the dust column (even though the horizontal trajectory may be 

somewhat different from that of the air). Drop tests indicated an aver

age (oscillations varied the drag of the targets) fall speed for the 

targets of approximately 3 m sec“ .̂ Although the exact location of the 

target with respect to the MRS2 measurements of w was unknown, the target 

vertical velocity data acted as a consistency check for the measured 

vertical velocities.

Air-Borne Recording System

Choice of Airplane as Research Vehicle.--Since the height of 

the clear, upper portion of dust devils (hereafter referred to as 

thermals) frequently exceed 10,000 ft above ground, an instrumented 

aircraft was used to obtain vertical velocity and temperature data near 

and within the thermal. A sailplane (Fig. 3.15) was selected as the
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Fig. 3.15.--Laister K a u f fmann Sailplane.

Fig. 3.16.— Resistance Thermometer Installation.
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air-borne instrument platform primarily because it responds rapidly to 

atmospheric vertical motions. Although it may lack the mobility of a 

powered aircraft, its stability, cockpit visibility, and lack of prop

wash, which facilitated instrumentation (i.e., sensor location), are con

sidered definite advantages. Since the sailplane has no propulsion sys

tem it is always in a descending (sinking) mode with respect to the am

bient air. Consequently, for accurate measurements of vertical air 

motions the speed polar (relation of sinking speed to air speed) must be 

known. This was determined by performing straight and level flights at 

a constant air speed and sinking speed in very still air. Flights were 

made before sunrise between 2000-5000 ft (above ground). A specially 

calibrated static-bomb (calibrated by Douglas Aircraft, Santa Monica, 

California, and borrowed from the Soaring Society of America) was 

towed on a 50-ft wire below the sailplane for accurate measurements of 

sinking speed. At the same time the sailplane instruments were cali

brated with the SCSA calibrating instruments. The results of these 

tests show in Fig. 3.7 (a) the relationship between sinking speed (V8) 

and the lift-drag ratio (^) with true air speed (V^). Thus, for air 

speeds flown during the penetrations (generally 50-70 mph), the cali

brated sinking speed of the sailplane (VSc) could be determined. With a 

knowledge of V8c and the sailplane indicated rate of climb or descent 

(V8i), one can determine the vertical motion of the air (w) from the re

lation: w * V8c + VS£, where V8j> 0 for climb and V8^< 0 for descent, 

and VS(; is always positive. The ^ curve was included in Fig. 3.17 (a) to 

indicate the efficiency with which the sailplane is able to operate with

in its radius of action. When the dust devil to be investigated is more



Fig. 3.17.— (a) Performance Curves for L-K Sailplane and (b) 
Sailplane Thermometer Response to a Step Change.
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than a few miles away, the pilot must trade potential energy for the 

necessary kinetic energy to reach the dust devil while it is still 

visible. In doing so, he must therefore lose considerable altitude 

in order to increase his forward speed. Since ^ = cot If (where 

y is the angle between the flight path and the horizontal), the L/D 

curve in Fig. 3.17 indicates the horizontal distance a sailplane can 

traverse while descending a fixed amount at a particular air speed.

For example, an air speed of 50 mph indicates an ~ «  22, which means 

that the sailplane will glide 22 horizontal miles while descending 1 

mile vertically at 50 mph. Although from an altitude of 1 mile, the 

pilot has a radius of action of 22 miles (in still air), the dust devil 

lifetime becomes the deciding factor, which reduces the radius of ac

tion for large dust devils to approximately 3-6 miles for a single 

penetration and 1-3 miles for multiple penetrations. In addition, the 

radius of action is critically dependent on the sailplane altitude at 

the time the dust devil is sighted, since little is gained if the sail

plane reaches the dust devil and is forced to land. In the dust devil 

research, the relatively small radius of action of the sailplane (as 
compared to a powered aircraft) was minimized by selection of an area 
of maximum dust devil activity a few miles west of Ryan Field (Fig.2.3) 

Vertical Velocity Instrumentation.--The sailplane vertical ve

locity was measured by a special sailplane variometer. These instru

ments operate on the varying ambient pressure as the sailplane climbs 

or descends. The instrument was fitted with a total energy unit which 
tends to eliminate any climbing or descending motions induced by the



92

pilot. Hence, only those vertical displacements of the sailplane asso

ciated with atmospheric vertical motions are measured. The variometer 

response time (T) Is approximately 4 seconds, which is considerably 

longer than that of the sailplane ( T $»1 second). Consequently, at 

sailplane flight speeds (60-70 mph), vertical gusts with wavelengths 

less than about 450 ft are significantly suppressed. At the altitudes 

that the penetrations were made, the thermal diameters were of the 

order of 1 mile. Thus, while the sailplane-variometer response time 

tended to eliminate the fine detail, the gross features of the thermal 

updraft were accurately recorded.

Temperature Instrumentation.--The wire resistance temperature 

sensor was mounted under the sailplane wing (Fig.3.16) and was similar 

in construction to the HRS2 units except that a small transistor ampli

fier was needed to drive the indicating microammeter. Due to the wide 

range of flight altitudes and hence ambient temperatures, the tempera

ture of the transistors was thermostatically controlled to eliminate 

instrument zero drift. The temperature unit was designed and cali

brated to indicate temperature variations of 0.1°C through a total 
o orange of -10 C to 45 C. Due to the scale of the indicating micro- 

ammeter, several intermediate range changes were necessary to accommo

date the total range. This was accomplished remotely by the pilot who 

monitored a "slave" microammeter during all altitude changes. Prior 

to and after each flight the calibration of the temperature unit was 

checked with calibrating resistors, and several times during the sea

son vertical soundings were made and compared with the Tucson radiosonde



data(differences were usually less than l°C)for a rough check on the 

stability and accuracy of the system over a wide range of ambient tem

peratures.

Since the sailplane is traversing the thermal at approximately 

60 mph (88 ft sec^), it is important to have some idea of the response 

time (T) of the temperature measuring system in order that the resolv

ing power of the system is known. Due to the lack of a suitable method 

for determining T , a new method was developed, which is considered of 

sufficient value to warrant some discussion. Since the temperature 

sensor in its operating state was to be air-ventilated at approximately 

88 ft sec'l, the response time (r) should be determined under similar 

conditions. Note these conditions are not satisfied for some of the 

standard techniques which use stationary air or oil baths. To simulate 

the flight conditions, the sensor was enclosed in a cylindrical shroud 

and heated to a few degrees above ambient by a small wire-resistance 

heater (Fig.3.18). There was an air gap between the shroud and the 

sensor exterior to reduce heat losses to the environment, and the unit 

was enclosed at the ends with foam rubber pads attached to spring 

mounted doors. With the entire unit placed in a wind tunnel and the 

sensor heated to a few degrees above tunnel temperature, a step func

tion change in temperature was applied by quickly opening both doors 

which allowed the cooler tunnel air to enter the sensor housing. The 

door opening time was approximately 0.03 second (timed by crystal time 

base electronic timer) and it takes about 0.02 second for the tunnel 

air to completely flush the sensor housing at a tunnel speed of 40 mph.
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Fig. 3.18.--Test Apparatus for Determining Response Time of 
Wire-Resistance Thermometers.
The test unit, mounted in the wind tunnel, with doors closed is shown 
in (a) and with doors partially open in (b). The heating unit is 
visible on the inside of the foam rubber door seal in (b). The air- 
gap between the sensor housing and the cylindrical shroud is shown 
in the end view (c).
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(a)



Conservatively then, the total transient time for flushing the sensor 

chamber is approximately 0.05 second. This is about an order of magni

tude less than the response time of the temperature measuring system 

which is approximately 0.37 second (Fig.3.17b). Host of this time is due 

to the lag of the microammeter, which was apparent when similar sensors 

of the MRS2 were tested using a fast response galvanometer. A number 

of tunnel speeds were used to determine the ventilation effect (which 

appears insignificant at these speeds and above), since the maximum 

speed of the tunnel was less than most flight speeds. It may be noted 

that the tunnel temperature is approached but not equaled by the sensor. 

Part of this discrepancy is due to dynamic heating of the sensor by the 

tunnel air flow which amounts to approximately 0.1°C at the highest flow 

rate. The results of these tests indicate that at normal flight speeds 

of 60-70 mph, the temperature measuring system will resolve (within 

62%) ambient temperatures over a flight distance of 30-40 ft. The mis

match of the response times of the temperature and vertical velocity 

systems was unavoidable, as the originally planned vertical velocity 

system was not delivered on time by the manufacturer. While this elim

inated detailed comparisons of temperature and vertical velocity varia

tions, the thermals were of such a size that the gross features were 

adequately represented.

Recording System.--The indicating meters of the temperature and 

vertical velocity units as well as indicators for altitude, air speed, 

temperature range setting, and time, are mounted on an instrument panel 

and photographed by a time-lapse 16-mm movie camera (Fig.3.19). The 

instrument package was completely enclosed with a black cloth covering



in order to eliminate overexposure of the film due to intense solar ra

diation entering the front or rear cockpit. Artificial lighting was 
therefore necessary and was controlled by the camera operation. From 

the front cockpit (Fig.3.20), the pilot was able to control the camera 
operation and select the optimum temperature range setting for each 
thermal penetration. Near the end of the flight program, the more sen

sitive vertical velocity measuring system became available. Although 
the unit arrived too late to incorporate in the instrument package, it

was installed in the sailplane and used by the pilot to determine maxi

mum upward and downward vertical motions. These figures were cross

checked with the recorded data of the less sensitive unit and were 
found to be in good agreement, indicating that the shape of the re
corded vertical velocity profile is probably quite accurate. In addi
tion to the measurement and recording system, the sailplane was 
equipped with radio for contact with a ground observer and oxygen
for thermal penetrations over 10,000 ft.

Method of Operation.--The simplest and most meaningful method

of sampling was accomplished by flying through the thermal at a constant 
heading and nearly constant air speed. While there are some disadvan
tages to this method (i.e., only one level sampled which therefore re

quires a large number of penetrations to cover all thermal altitudes), 

other methods requiring circling flight with large and frequent air 

speed variations requires a very sophisticated system involving fast 

response aircraft gyros and ground tracking equipment. The constant 

heading and air speed method allowed both the thermal updraft and the 

surrounding environmental downdraft to be sampled during each



97

Fig, 3.19. Air-Borne Recording System (ARS) Instrument Package.

Fig. 3.20.--Sailplane Cockpit Instrumentation.



penetration. In some cases, multiple penetrations were possible and 

these yielded important information on whether the thermal was of 

bubble, vortex ring, or chimney structure.

Since it is easier for an observer on the ground to sight a 

duet devil (ground and sky present a good contrasting background), the 

sailplane pilot was vectored to the dust devil area by radio from the 

ground. When the pilot had the dust devil in visual contact, the sail

plane was maneuvered so that the thermal penetration was always made at 

constant heading and at essentially constant air speed from a downwind 

or upwind position from the visible dust devil. With such a flight 

pattern there was some assurance that the sailplane passed near the 

thermal center since all penetrations were made in the plane of the 

thermal axis and its trajectory. Hence the vertical slope of the 

thermal did not have to be known as would have been the case if the 

penetrations had been made at some angle to the dust devil trajectory. 

In addition, this flight pattern permits the sailplane to approach the 

thermal from either direction with a speed that is constant with 

respect to the thermal center. This is dependent on the assumption 

that the thermal moves with the speed of the environmental air flow at 

the flight altitudes, which is probably a good approximation since ob

servations of the visible dust column at the surface indicate this to 

be the case at the lower elevations. Thus, for a constant air speed 

the sampling intervals are essentially equal.



CHAPTER IV

THE LOWER STRUCTURE OF DUST DEVILS

Temperature, Pressure, and Wind Velocity Profiles

As explained in Chapter III, the temperature, pressure, and 

wind velocity data were recorded on 16-tnm movie film during the dust 

devil penetration. The eleven channels of data from each film frame 

were then tabulated and converted into temperature, pressure, and wind 

velocity by application of the proper calibration curve. The wind ve

locity was further reduced to the three cylindrical components (u,v,w) 

by use of the total wind speed (heated thermocouple anemometer data) and 

the azimuth and elevation angles (bivane data). These data for three of 

the more distinct dust devils, hereafter referred to as D-D #1, #2, or 

#3, are presented in Figs. 4.1, 4.2, and 4.3, respectively. It is impor

tant to note that the wind velocity data are presented with respect to a 

coordinate system fixed to the ground (where r = 0 is the dust devil 

center), and therefore the radial component (u) includes the wind speed 

of the environment in which the dust devil is embedded. To a good ap

proximation the dust devil moves with the speed of the environmental wind 

and hence u includes both the radial velocity component associated with 

the moving dust devil pressure system and the translational speed of the 

dust devil. Due to the penetration technique, v and w are considered



Fig. 4.1.--Temperature, Pressure, and Wind Velocity Profiles 
Through the Base of Dust Devil #1.

The temperature profiles are at the top of the figure and represent 
temperatures (°G) along a horizontal line at the indicated heights 
of 7 ft, 17 ft (light line) and 31 ft. The lower temperature scale 
refers to the 7 ft profile and the upper scale to both the 17 ft 
and 31 ft levels. Pressure profiles for the 7 ft and 31 ft levels 
are shown directly below the temperature data. The pressure scale 
is in millibars below the environmental pressure. The wind velocity 
is presented in terms of the three cylindrical components u, v, w 
in m sec”* for the 7 ft and 31 ft levels, and represents the ve
locity with respect to a coordinate system fixed to the ground.
The negative signs on either side of zero for vy and vgi merely 
indicate that the dust devil is rotating anticyclonically,which 
in cylindrical coordinates requires,by convention (right hand 
system),a negative tangential component. The abscissa is the 
radial distance (meters) out from the dust devil center (defined 
as that point in which v changes direction and remains approxi
mately 180 degrees from the wind before center passage). This is 
also the center of the cylindrical system at each level (i.e., 
r = 0). Due to the dust devil slope,each level has a separate 
radial scale. The D-D Dia. refers to the width in meters of the 
dust column at each level. The dust devil is moving to the left 
at 1 m sec”*. The measurements were made in flat desert terrain 
on 7 August 1962, at 1422 MST near Tucson, Arizona.
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Fig. 4.2.--Temperature, Pressure, and Wind Velocity Profiles 
Across the Base of Dust Devil #2.

See Fig. 4.1 for explanation of ordinate and abscissa scales. The 
dust devil is moving to the left at 3 m sec"*. The measurements 
were made in flat desert terrain on 13 August 1962, at 1300 MST 
near Tucson, Arizona.
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Fig. 4.3.— Temperature, Pressure, and Wind Velocity Profiles 
Across the Base of Dust Devil #3.

See Fig. 4.1 for explanation of ordinate and abscissa scales. The 
dust devil is moving to the left at 4.5 m sec"'*'. The measurements 
were made in flat desert terrain on 14 August 1962, at 1350 MST 
near Tucson, Arizona.
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unaffected by the translational movement of the dust devil. All three 

cases exhibit essentially similar characteristics, and therefore they 

will be discussed as a group rather than individually.

Characteristic Profile Features

Temperature.--The primary feature of the temperature distribu

tion is the well-defined temperature increase in the direction of the 

duet devil center. These measurements (MRS2) corroborate earlier tem

perature measurements made with the MRSl (Figs. 3.3 and 3.4). Thus, 

the warm core feature of the dust devil is firmly established, and 

therefore the temperature measurements by Ives (1947), which indicated 

that the core temperature could be as much as 6°F below the environment, 

must be considered in error. The maximum temperature deviations (ATnux) 

from the environment temperature (i.e., the temperature furthest from 

the dust devil center) occurred at the lowest level (z - 7 ft) and 

varied from 3.5°C to 5°C, which is similar to the MRSl data where 

Aleax ■ 4°C to 8°C. The larger ATg^t 8 in both cases are in general 

associated with a larger visible dust column or with a wider central 

core of downward motion. In all three cases the warm air is confined 

essentially within the dust column. At the 17-ft and 31-ft levels the 

ATmax's are •ooewhat less (approximately 20-4°C) than at the 7-ft level 

which implies considerable mixing with the environmental air between 

the lower and upper levels.

In cases where a sufficient number of measurements could be made 

prior to passage of the duet devil center over the tower, the tempera

ture data indicate considerable symmetry about the center. In general.
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the temperature returns to essentially the same value after the dust 

devil passage as that recorded before penetration. Although little is 

known about the azimuth dependence of temperature, this latter feature 

along with the strong tangential wind component suggests that the tem

perature field may be essentially symmetrical. The regions of higher 

temperature to the rear of the dust devil ( x • 7 ft) that are shown in 

D-D'a #2 (r a  35 m) and #3 (r *  55-95 m)(Figs. 4.2, 4.3) may be due to 
weak thermal updrafts (note wy of Fig. 4.2) which follow in the wake of 

the main disturbance. In a number of cases relatively small dust devils 

resembling "little brother" disturbances (Huschke, 1959) have been ob

served to follow the larger dust devil (Williams, 1948). In some cases 

the writer has observed the smaller dust devil to overtake and combine 

with the larger disturbance. These observations, and the existence of 

weak thermal updrafts in the dust devil wake, suggest that disturbances 

which may later manifest themselves as small dust devils may be con

stantly forming and dissipating in the wake.

Careful inspection of the radial temperature distribution with 

height (Figs. 4.1, 4.2, and 4.3) prior to passage of the dust devil cen

ter reveals a slight lag with decreasing height in the onset of the 

large temperature increase. That is, as the duet devil approaches, the 

temperature begins increasing first at the 31-ft level and then pro

gressively later at the 17-ft and 7-ft levels respectively. This is 

due primarily to the forward slope (in the direction of translational 

movement, which is essentially the direction of the environmental wind) 

of the dust devil field of motion which in many cases is visually
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evident (see Fig. 1.1). In contrast, the large temperature decrease to 

environmental values occurs in the rear portion of the dust devil almost 

simultaneously at each level, although the rate of decrease at the upper 

levels is somewhat leas than at the lowest level. This characteristic 

slope of the temperature field with height is consistent with measure

ments of the other quantities and is especially evident in the tangen

tial velocity profiles. Similar slope characteristics have been found 

by Taylor (1956) and discussed by Priestley (1959) for invisible plumes 

(thermal convective elements with no detectable rotation) of much less 
intensity ( ATmax «? 1°C). This characteristic slope with height would 

then suggest the possibility that measurements made from a vertical 

tower would show a temperature inversion on the dust devil front (the 

dust devil front and rear refer to data to the left and right of r ■ 0 

respectively) due to warmer air arriving first at the upper levels. The 

measurements in all three cases do, in fact, show a temperature inver

sion on the forward side between the 17-ft and 31-ft levels. The maxi

mum lapse rate (V ) within the inversion in all three cases is 

Tfmax*»0,31°C ra"̂ . While this is an extremely large value compared to 

usual inversion situations, it is relatively small with respect to the 

general lapse conditions near and within the dust devil. For example, 

Table 4.1 shows the average lapse rates between 7 ft and 31 ft in terms 

of multiples of the dry adiabatic lapse rate ( V^ = 0.98°C/100 m), at 

the beginning of the penetration (Front), through the warm core 

(Center), and to the rear of the warm core (Rear) for all three duet 

devils. No values are available on the Front of #2 and #3, due to 

lack of data. The center values are consistently higher due to the
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Table 4.1.—  Temperature Lapse Rates Near and 

Within the Dust Devil in Multiples of the Dry Adia
batic Lapse Rate.

Dust Devil Front Center Rear

n 75 90 81

n 101 63

#3 89 79

relatively large temperature increase at 7 ft as compared to that at 

the 31 ft level. The significance of the smaller lapse rate in the 

front as compared to that in the rear of D-D #1 (Fig. 4.1) cannot be 

stated definitely, although it is of the right sense with respect to the 

temperature characteristics associated with the dust devil slope. Lapse 

rates below the 7 ft level in the open desert are considerably higher, 

approaching 1000-2000 very near the surface (Williams, 1948).

Another interesting feature of the temperature distribution is 

the presence of slightly cooler air within the central warm core of the 

dust devil. This feature is shown in Figs. 4.1, and 4.2 where the warm 

air near the center of the dust devil may be as much as 10-2°C cooler 

than the surrounding air. The feature is best brought out in Fig. 4.1 

where the presence of this cooler air is easily detected at all three 

levels. The explanation for this seemingly peculiar temperature distri

bution is related to the vertical velocity distribution and therefore 

will be discussed in the Wind Velocity section.

Pressure.— The pressure profiles (pressure in mb below the 

environmental pressure) have not been corrected for dynamic pressure 

effects of the wind since the correction procedure requires smoothing

tv
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the profiles, and it was considered undesirable to combine smoothed with 

unsmoothed data. The corrections are usually 0.1-0.2 mb and hence will 

alter the data in Figs. 4.1, 4.2, and 4.3 only slightly. In regions 

where the vertical velocity (w) is large, the pressure profiles exhibit 

high frequency oscillations which are presumably due to dynamic pressure 

effects on the pressure sensing plate. However, the general features of 

the pressure profiles are clearly evident as they show, in all cases, a 

low-pressure region in the center of the dust devil which coincides with 

the dust devil's warm core. The maximum pressure drops occur within the 

warn core and for both levels amount to approximately APmax = 2.5-4.5 mb 

below environmental pressure (which is taken as the pressure farthest to 

the rear of the dust devil). An extreme pressure drop of AP * 7.0 mb oc

curs at almost the exact center of D-D #1 (Fig. 4.1) at the 7-ft level.

For the small downward vertical velocities present there is no correc

tion factor for dynamic pressure effects (see Chapter III, Pressure Sec

tion) , and hence this region is regarded as a singularity, possibly due 

to real static pressure pulsations with which the wind is not completely 

in balance. As a result of the warm, low-pressure core of the dust devil, 

the density may be as much as 1-27. lower than environmental values. The 

magnitude and location of the pressure variations are, like the tempera

ture variations, also in agreement with the MRSl data (Figs. 3.3 and 3.4). 

In addition, although the pressure oscillations make it difficult to se

lect the pressure center of the dust devil, the low-pressure regions of 

D-D1 s #1 and #2 (Figs. 4.1 and 4.2) appear to slope in agreement with the 

temperature field.
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In all three dust devil cases, the pressure profiles are asymmet

ric about the center, with the pressure at the forward edge somewhat 

below that at the rearmost point. This is again in all cases due to the 

close initial approach required by the MRS2 in order to assure a good 

center penetration. To the rear of D-D1s #1 and #3 (Figs. 4.1 and 4.3) 

the pressure at both levels is either approaching asymptotically the 

environmental reference value or has become constant. This is also true 

at the lower level in D-D #2 (Fig. 4.2) but at the upper level the pres

sure for r >  25 m decreases (0.9 mb) with increasing radius. A similar 

feature is also evident in Fig. 3.3b where the pressure decreases (0.8 mb) 

after its recovery following passage of the dust devil center. In 

either case the cause is not certain, but the corresponding temperature 

profiles suggest the presence of a "little brother." This radial pres

sure decrease to the rear of the dust devil creates a peculiar vertical 

pressure distribution between the two levels. For example, if we assume 

a hydrostatic pressure variation between the 7 ft and 31 ft levels 

(ZIP = 0.72 mb) far to the rear of D-D #2 (Fig. 4.2) where ^  appears to 

be small (see Chapter VII), then as one proceeds radially inward from 

this point (r ~  55 m) of near hydrostatic equilibrium, the combination of 

increasing pressure at z = 31 ft and decreasing pressure at z = 7  ft 

results in either a constant pressure or a pressure increase with height 

in the interval 7 m < r < 30 m. Even without this pressure decrease 

to the dust devil rear, the forward slope of the dust devil creates 

essentially the same sort of vertical pressure distribution. That is, 

as the dust devil approaches, the upper pressure minimum arrives first
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over a point on the ground. Consequently, on the dust devil front, a 

large non-hydrostatic pressure drop with height is established. This is 

in agreement with the large vertical accelerations in this region. How

ever, on the dust devil rear, essentially the opposite takes place. Due 

to the lag of the low-level pressure minimum, the pressure decreases 

more rapidly as one approaches the dust devil center (r = 0) from the 

rear at the 7-ft level than at the 31-ft level. As a result, the as

sumed hydrostatic pressure difference between 7 ft and 31 ft far to the 

rear of the dust devil center is quickly nullified as one moves radi

ally inward at the 7-ft level. Thus, in some regions outside of the 

dust column the pressure may be nearly constant with height and may 

even increase with height near the center (r *0). With such a vertical 

pressure distribution, the magnitude of the vertical acceleration

in the vertical equation of motion will be given in Chapter VII.

Wind Velocity.--The most obvious and sometimes spectacular dust 

devil features are those connected with the vertical (w) and tangential 

(v) fields of motion. On either side of the dust devil center (r =0), 

in all cases and at all levels, the vertical velocity usually reaches 

10 m sec-*- and then falls off toward zero rather rapidly as r is in

creased. In addition, the regions of maximum vertical motion tend to 

expand radially from the lower to the upper level. An independent check 

on the vertical velocity field surrounding D-D #2 (Fig. 4.2) was made 

by inserting aluminum foil targets (6" x 6") into the dust devil and 

photographing (movie camera) their subsequent trajectories as the dust

must be large. A detailed analysis of all the individual terms
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devil passed over the MRS2. Taking into account the target fall veloc

ity in still air (approximately 1 m sec-*-), an average vertical veloc

ity of 6 m sec"* at a height of approximately 3 m in the vicinity of 

the dust column was determined. This value agrees well with the MRS2 

measured values shown in Fig. 4.2. Below the 7 ft level the vertical 

velocity must decrease as the surface is approached. However, within 

the region of strongest vertical motion this decrease must be less than 

would be indicated by a simple linear profile. From observations of 

objects that dust devils commonly pick up and carry aloft, it is ob

vious that substantial vertical velocities exist even quite close to 

the ground. For example, small cardboard boxes (approximately 1 ft on 

a side) are commonly picked up from the ground. A box of this size has 

a terminal fall velocity of about 2 m sec"* and consequently vertical 

velocities of this magnitude must exist quite close to the surface. In 

addition, Ives (1947) has reported /that dust devils are capable of

picking up kangaroo rats which have a terminal velocity of approximately
■  ^12 m sec
Such values of w so close to the ground cannot be explained by 

standard buoyancy arguments. That is, in many convection problems the 

vertical equation of motion is written in the form = pAT under the 

assumptions that a buoyant element moves about in a hydrostatic environ

ment such that its pressure is always the same as the environment, and
V A  Vthat no mixing takes place. The quantity g is commonly referred to

Te
as the buoyancy term where Te is the environmental temperature, AT the 

temperature difference between the environment and the buoyant element.
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and g the acceleration of gravity. Application of this form of the ver

tical equation of motion to the dust devil measurements near the ground 

~ 5 m sec"^, Te =  300°K) requires a horizontal temperature differ

ence between the warm and cool air of AT * 150°K. However, such large 

horizontal temperature variations are not possible, and hence one must 

conclude that this form of the vertical equation of motion is not valid 

in the vicinity of the dust devil. In situations where the equation can 

be applied (hydrostatic environment, no mixing, etc.) the buoyancy term 

(g ~ )  can be regarded as the difference between - p  ^  and g, i.e.,

- — - g = g —  = 4^. In the vicinity of the dust devil, however, thef> hz Te dt
environment is usually far from hydrostatic equilibrium and strong mix

ing is taking place. Hence, the vertical equation of motion involving 

only the buoyancy term (g ££) cannot be used and must be replaced by
Te

the more general form: c ~ j? - g + Fz .where Fz is the vertical
eddy frictional force (per unit mass). This is further reflected in the 

measurements which indicate that the vertical accelerations are not 

necessarily associated with the largest AT's. Due to the dust devil 

slope and/or the radial expansion with height of the w-field, large 

vertical accelerations are also apparent at levels some distance above 

the surface. For example, in the front portion of D-D #2 (Fig. 4.1), 

we have 6 m sec"^ and a vertical pressure gradient force (per unit 

mass) somewhat in excess of g. A more detailed discussion of the mag

nitude of the terms in the governing equations of motion will be taken 

up in Chapter VII.
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Probably the most Important finding of the measurement program 

has been the discovery of a downcurrent or a region of markedly reduced 

vertical motion at the sloping dust devil axis. In all three dust devils 

this feature is clearly evident; hence it cannot be attributed to in

strumental error. The downcurrent is especially significant in that, 

along with other features, the dust devil has a marked similarity to 

other atmospheric and some laboratory vortices. In D-D #1 (Fig. 4.1), 

the downcurrent is especially strong (note the large radial shear in w 

at the 7-ft level) at both levels and is displaced radially with respect 

to height in agreement with the other quantities. This rather complicated 

distribution of vertical motion and its notable symmetry is well illus

trated in Fig. 4.1. In a well-developed descending core a representative 

vertical velocity lies between -5i6 w <  0 m sec"^. At the lower level 

of D-D #2 (Fig. 4.2) and at both levels of D-D #3 (Fig. 4.3) there is 

little or no descending motion in the core. This may be due to the 

"pinching-off" of the descending core by the radial field of motion at 

some higher elevation as suggested by D-D #2 (Fig. 4.2). As mentioned in 

the temperature measurement section, the downcurrent may also be a region 

of somewhat cooler air embedded within the warm central region of the 

dust devil. The presence of this relatively cool air in the downcurrent 

would be in agreement with the vertical thermal stratification. That 

is, since the lapse rate is highly superadiabatic everywhere within and 

around the dust devil, adiabatically ascending or descending air parcels 

will become warmer or cooler, respectively, than the environment (Fig.4.4). 

Although the air motions are very rapid, some mixing takes place and 

therefore the A T  in Fig. 4.4 will be somewhat less than shown.
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Fig. 4.4.--Schematic Diagram Illustrating the Presence of Cool 
Air ( A T  «  1-2°C) in the Descending Core.

Immediately outside the downcurrent, the vertical velocity 

reaches positive peak values (Vmax) and then diminishes rather rapidly, 

with respect to radius, toward small positive values, or oscillates 

about zero. In front of D-D #1 (Fig. 4.1) at the 7-ft level there is 

indication of downward motion beyond r *  8 m. Whether this is the edge 

of a secondary flow, characteristic of many vortex flows near a solid 

boundary, is not known; but it seems unlikely, since the flow would tend 

to be symmetrical about the axis, and the measurements to the rear of 

the dust devil show no indication of such a feature. However, at some 

distance from the dust devil axis, continuity requires subsidence in 

view of the strong convergence in the vicinity of the dust devil. This 

may take place over a wide area so the vertical velocities may be quite 

small. At high levels the descending motion of this secondary flow has 

been measured (Chapter V). Regions of maximum upward vertical motion
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average about 10 m sec-* and appear to expand radially with height. At 

the lower level the region of vmaK lies (radially) within the region of 
maximum tangential velocity (vg,*), while at the upper level v^ax *nd 

voax h*ve been displaced radially outward to approximately the same 

radial location. This radial expansion of the voax and woex regions 

with height appears to be similar to the radial expansion of a turbu

lent jet by entrainment. It is important to note that near the edge 

of the dust column there can be no organized radial outflow since this 

violates the conditions necessary for confined dust particle orbits.

In addition to the radial expansion of Vnmx «nd Wg** with height, all 

three dust devils show a broader central core of descending or reduced 

vertical motion at the upper level.

The distinguishing feature of the tangential velocity (v) pro

files of all three duet devils is the closeness with which the measure

ments fit the Rankine vortex. That is, within v ^ ,  on either side of 

the dust devil center (which is defined as that point where v ■ 0 and is 

labeled r M 0), the tangential field of motion is essentially one of 

solid rotation, i.e,, ^ * constant. Outside of this region, the v-field 

is essentially inversely proportional to the radius, i.e., vr - constant. 

Thus, the v-field decreases more slowly with increasing radius than does 

the w-field. A more detailed discussion of the similarities between the 

duet devil wind profiles and the Rankine vortex will be taken up in 

Chapter IX.

On the front of D-D #1 (Fig. 4.1), three prominent wind rever

sals are evident in the tangential velocity (v) profiles: one at the 
lower level at r *  1.8 m and two at the upper level at r* 2 m and 2.8" m.
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As these excursions were due to a 360-degree horizontal rotation of the 

bivane. It Is believed that a small "parasite" or secondary circulation 

was embedded in the primary whirl (dust devil). It is to be noted that 

these wind speed reversals occur first at the upper level and therefore 

exhibit essentially the same slope as the primary whirl. In addition, 

the secondaries are embedded within the dust column as shown in Fig.4.5, 

which also means within a region that is normally characteristic of 

solid rotation. Although there is probably some mutual interaction be

tween the primary and secondary whirls, the wind field of the second

aries, although,intense, is locally confined and therefore has little 

influence on the motion of the primary. Consequently, the secondaries 

follow essentially concentric circular paths about the dust devil center. 

In addition to the v-fleld reversals, the vertical velocity (wy and w^j) 

and the pressure (py) exhibit similar oscillations. The writer has, on 

a number of occasions, visually observed secondary whirls rotating in 

essentially concentric circles about the dust devil center and within 

the dust column. On one occasion four secondaries rotating in concen

tric circles within the dust column were recorded on 16-mm movie film. 

Williams (1948) has also observed similar secondary whirls, although 

they were observed outside the region of approximate solid rotation.

Consistency of the measurements in the vertical is now clearly 

evident. The dust devil center so defined by the tangential velocity 

(v - 0) occurs in D-D #1 and #2 (Figs. 4.1, 4.2) usually vary near the 

centers of downward motion, lowest pressure, and highest temperature. 

Somewhat poorer agreement is apparent in D-D #3 (Fig. 4.3),which is
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Primary Whirl 
Dust Limit

Fig. 4.5.--Schematic Top View (as seen from a coordinate system 
moving with the dust devil) Showing Secondary Vortices Embedded Within 
the Dust Column and Rotating About the Dust Devil Center.

probably due to the relatively high speed with which the dust devil 

passed over the tower (approximately 4 m sec”*) and the resulting lag 

of the bivane during and directly following center passage.

The radial component (u), because of the measurement technique, 

contains the translational speed of the dust devil (see Chapter III). 

Consequently, to obtain radial velocities relative to the moving dust 

devil, the translational speed must be subtracted from the measured 

radial component (u). In keeping with the preceding discussions of wind 

velocity, all radial velocities referred to will be relative to the 

moving dust devil. In most cases, there is radial inflow at both levels 

in the rear and at the lower level in the forward part of the dust devil. 

In D-D #3 there is indication that beyond r = 29 m at z = 7 ft and 

r = 65-100 m at z = 31 ft there is radial outflow (note dust devil



translation speed is approximately 4 m sec ^). In the forward upper 

levels of D-D #1 and #3 there is evidence of radial outflow. The meas

urements indicate that the radial velocity (u) is of the same order of 

magnitude as v and w, with maximum values of approximately 5 m sec 

As w decreases very rapidly with radius from the point of waax, and v 

decreases from vmax approximately inversely with radius, within a short 

distance to the rear of the dust devil these two components become 

relatively small. The radial velocity, however, which reaches its 

maximum value outside of vmax and wmay, does not decrease as rapidly. 

Thus, as warm boundary layer air is acted on by the radial pressure 

gradient force, it spirals in toward the dust devil low-pressure center 

with essentially horizontal motion until it reaches the vicinity of the 

dust column, whereupon the air begins rising rapidly. At large radii the 

air spirals in toward the dust devil with a relatively large angle of 

inflow (approximately 30 deg for r > 5 0  ra). As the air approaches the 

dust column, v and w approach a maximum and the air must spiral upward 

and inward but with a smaller inflow angle (about 20 deg for r «  10 m). 

Within the dust column the radial velocity approaches zero and may even 

become positive (radial outflow). At this point the environmental air 

can no longer penetrate further toward the dust devil center, i.e., the 

radial pressure gradient force (neglecting friction) is no longer capable 

of accelerating the air toward the center and the air appears to spiral 

upward with a constant (or more likely with increasing) radius, since the 

radial pressure gradient generally weakens with height. Within the 

descending core of the dust devil, there appears to be no systematic
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radial flow, although there is indication of considerable outflow, which 
is consistent with the descending core. The circulation near and within 

the core may then be visualized as follows: In a small cylindrical re

gion around the dust devil axis, the air is spiraling (in the same sense 

as the air far from the axis) downward and slowly outward into the 

rapidly rising sheath of air surrounding the core. Thus, if we select 

a core diameter of 1 m and an average downward vertical motion of 

3 m sec  ̂at z = 10m, continuity requires that due to the solid (ground)

lower boundary, the air must exit out the side of the cylinder at an
— %average radial speed of about 0.2 m sec . This is not unrealistic with 

respect to the measurements indicated in Fig. 4.1. It is postulated 

that the rapidly rising and rotating air surrounding the core has, 

because of turbulent interactions with the core, a frictional con

trolling effect on the rotation and the radial outflow of the core.

The essential features of the three-dimensional field of mo

tion (surrounding the descending core), with respect to a coordinate sys

tem fixed to and moving with the dust devil, are schematically illus

trated in Fig.4.6. The air parcel trajectories shown in Fig.4.6 are there 

fore referred to as relative trajectories,which distinguishes them from 

trajectories observed from a stationary coordinate system. For simplicity 

the relative trajectories shown represent smoothed paths of the actual 

turbulent motion. They can only be considered approximate since the 

MRS2 measurements lack the necessary detail in the horizontal for their 

three-dimensional construction. However, visual and photographic
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Dust Devil 
Direction 
of Motion
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Fig. 4.6.--Schematic Diagram of Sloping Dust Devil and Simplified 
Three-Dimensional Field of Motion.

Temperatures (°C) are approximate but considered typical for a well- 
developed medium-sized desert dust devil. The air parcel trajectories 
are with respect to a coordinate system fixed to and moving with the 
dust devil.
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evidence on the motion of dust and of small aluminum targets (Reynolds 

Wrap) near the dust column of a number of slowly moving dust devils sug

gests (along with the MRS2 measurements) that the air parcels follow the 

trajectories schematically diagramed in Fig. 4.6. Note that due to dif

ferences in density of the air and the tracers, the air parcel trajec

tories will be somewhat different from the tracer trajectories. The ex

act difference is not known, but qualitatively it appears certain that 

the air parcel trajectories have a smaller radius of curvature in order 

that the air drag on the tracers is sufficient to maintain their ob

served orbital motion. In addition, the entire field of motion is based 

on the assumption of a steady-state dust devil. From visual observa

tions and duration studies (Chapter II), this is considered a good as

sumption in the case of a medium-size dust devil for approximately a 20- 

second period. With average wind velocities of about 8-10 m sec- ,̂ a 

steady-state trajectory pattern of at least the size shown in Fig. 4.6 

appears valid. The trajectories show the characteristic spiral nature 

of the air flow surrounding the dust column. The radial inflow is evi

dent at all levels except at the forward upper level (z = 31 ft) where 

the slope of the dust devil results in a small radial outflow outside 

the dust boundary.

Because of the sloping field of motion, which is accompanied by 

the sloping dust column, the occurrence of the temperature inversion 

between 17 ft and 31 ft in all three dust devils may now be interpreted 

in terms of Fig. 4.6. Air spiraling in toward the dust column at the 

lowest levels may have a temperature at point C (z e  2 ft) of approxi

mately 50-55°C. As this air spirals upward and continues to converge
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toward the dust column, it mixes with the surrounding air which may be 

either warmer or cooler, i.e., mixes with air from within or outside 

the dust column respectively. It is possible then for this air to 

arrive at point D with a temperature somewhat higher than that of the 

air directly below at point E, which has had a trajectory through a 

somewhat cooler environment. It then seems probable that turbulent 

mixing along the respective air parcel trajectories could account for 

the difference in temperature between points D and E. The possibility 

of an inversion between 17 ft and 31 ft in the rear of the dust devil 

is not so apparent. Air arriving at point H will probably in most 

cases be warmer than air directly above at point G due to a shorter 

trajectory and hence less dilution by mixing (although note Fig. 4.2). 

This is mire evident with reference to the flow and accompanying 

temperature distribution further to the dust devil front and rear along 

the vertical lines ABC and UK, respectively.

As pointed out in the preceding description, the dust devil 

slope is responsible for some important features of the temperature, 

pressure, and wind fields. Sloping dust devils appear to be more fre

quent than strictly vertical ones. Apparently this is due to the fact 

that dust devil activity takes place in a moving environment (approxi

mately 5-10 mph for highest frequency, Chapter II) and hence there is a 

good chance of vertical wind shear (wind increasing with height). In 

general, it has been observed that the stronger the surface wind, which 

suggests greater vertical wind shears at least near the ground, the

6 m ,
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greater the angular displacement (in the direction of the wind) of the 

dust column from the vertical. For very high winds, greater than ap

proximately 25-30 mph, the upper portions of the dust devil may be 

entirely obliterated leaving only the lower portions of the dust 

column which on many occasions exhibit larger than normal diameters.

While the wind shear may explain the dust devil slope, it is 

not so clear how the degree of slope is limited. That is, since a dust 

devil may move a considerable distance at essentially constant slope, 

why doeen1t the dust column at some time become parallel to the wind? 

The answer lies in the interaction of a number of factors of which the 

most obvious may be related to the slope with the following functional 

dependence:

slope = f(iM, D )dz dz *

where —  is the vertical wind shear in the environment, is thedz dz
vertical divergence of the vertical momentum flux of the updraft 

(H is the total mass flux), and Ds is the surface drag of the ground on 

the duet devil translatory motion. In the simplest case, neglecting 

Dg and —  for the moment) the slope may be constant if U and w vary 

with height in such a manner that at all levels, tan a ■  ~ - constant, 

where e is the angle between the local vertical and the sloping axis 

of the dust column. However, the dust devil measurements indicate that 

although the region of vertical motion increases with height, the mean 

values of w are nearly the same at 7 ft and 31 ft. This would imply 

that if U increases with height, « would also increase with height.
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However, this was not observed in any of the three dust devils. The

total mass flux: M =^wA, where p is the air density, w the vertical
velocity, and A the cross-sectional area of the updraft region, may vary

with height due to either A(z) or w(t); is insignificant by orders

of magnitude. Consequently, even if jS « 0 (mean refers to updraftdz
cross-section), the radial expansion of the w-proflies with height im

plies ■j““> 0, i.e., a net or "dynamic" entrainment (see Houghton and 

Cramer, 1951) of mass leads to an increase of momentum flux with height. 

Thus, even though the mean vertical motion remains unchanged with height

in the presence of vertical shear (4U>Q)tthe dust devil slope may re
ds

main essentially constant with height due to the lateral net entrain

ment. The existence of a surface drag (D*) would tend to retard the 

tranatatory motion of the dust devil base, and hence increase the tilt. 

The interaction of all three factors then enters in to determine the 

final dust devil slope. It is important to note that similar problems 

in cloud dynamics involving sloping cumulus towers probably cannot be 

directly applied to the dust devil problem as they are based on momentum 

conservation and hydrostatic equilibrium. In the immediate vicinity of 

the dust devil, momentum is probably not conserved as the air is acted 

on by an outside body force in the form of non-hydrostatic pressure 

gradients. For a precise study of the slope of the dust column, addi

tional factors such as particle size and their variation with

height, mist be included in the slope relation. The velocities u and v 

are instrumental in determining the orbit of a particular particle size; 

hence they must be known everywhere along with the particle sizes if
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the outline and hence the slope of the dust column is to be determined. 

The explicit form of the slope relation and its significance to the 

life-cycle and translatory motion of the dust devil is to be left for 

future theoretical analysis.

The Model
Because of the varying degrees of data coverage between the 

three dust devils presented in Figs. 4.1, 4.2, and 4.3, a composite model 

with these data was not attempted. Rather, features that were charac

teristic of all three dust devils were incorporated into an idealized 

model schematically illustrated in Fig. 4.7. The model is considered 

representative of conditions near the ground. The warm air is confined 

essentially within the dust column which surrounds the low pressure 

center. As a first approximation, the pressure field is assumed sym

metrical about the dust devil axis with the central pressure about 3 

mb.below the environmental pressure at the same height. The two hori

zontal cross sections through the dust devil represent conditions at 

the measurement levels (7 ft and 31 ft). The tangential velocity field 

is represented by a Rankine vortex which agrees very closely with the 

measurements (see Chapter IX, Figs. 9.1 and 9.2). The radial field of 

motion is generally inward toward the dust devil axis as illustrated 

by the two flow lines (relative air trajectories) which depict the air 

spiraling inward and upward. The relatively dust free downcurrent 

surrounding the axis is readily apparent. This hollow tube structure 

has frequently been observed and photographed by the author and noted 

by other investigators. It is shown here in its most distinct stage



Fig. 4.7.--A Schematic Model of the IXist Devil Lower Structure.

The motion is with respect to a coordinate system fixed to the dust 
devil which is moving from right to left in the diagram. The vertical 
(w) and tangential (v) velocity profiles are characteristic of the 
measurements at the 7 ft and 31 ft levels. The assumed axial sym
metric. pressure field represents approximately a 3 mb pressure drop 
from the environmental pressure (PG) to the dust devil center, i.e., 
the pressure interval is 1 mb with P0 > P^.
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of development, but is probably present in varying degrees in all dust 

devils, even though not so visually evident.

The dense dust region near the ground is characteristic of many 

dust devils. Here the surface friction promotes strong radial inflow, 

and hence even the largest particles are confined to relatively small 

orbits. As the particle is accelerated upward, however, the tangential 

velocity component increases rapidly, which results in larger particle 

orbits and hence a larger dust column diameter. Consequently, very 

close to the ground the dust column in many cases has a convex shape.

This feature has been visually observed and photographically recorded 

by the writer and also by Koschmieder (1951).

The measurements and the model are characteristic of the mature 

or well-developed stage of the dust devil. The complete dust devil life- 

cycle can only be inferred from the measurements and visual observations. 

Consequently, while the postulated life-cycle presented below may suggest 

cause-and-effect relationships, it should be regarded more as a sequence 

of events about which our knowledge is too incomplete for casual rela

tions to be firmly established. In order for dust devils to form, it 

appears that a superadiabatic lapse rate near the ground is required.

This does not necessarily mean surface heating characteristic of desert 

regions, although duet devils are probably most frequent and intense in 

such regions. Disturbance of the superadiabatic layer by a pre-existing 

eddy in the general flow, created either aloft or by surface obstruc

tions, may result in localized thermal convection of the warm boundary 

layer air near the surface. As these warm columns or plumes rise
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under the Influence of the buoyancy of the warm air, continuity requires 

inflow of warm boundary layer air, which acts to sustain the upward mo

tion. This is the plume stage, and further development probably depends 

on such factors as the depth of the superadiabatic atmosphere, environ

mental wind, terrain, etc. This radial inflow may result in the concen

tration of (1) pre-existing environmental angular momentum or (2) rotary 

motion induced by the moving system itself, either of which case may 

lead to the establishment of a weak vortex. As the column of warm air 

penetrates to higher altitudes, the pressure in the base of the column 

decreases. This may lead to a closed low pressure pattern near the 

surface that in conjunction with the surface friction leads to the 

spiral convergence illustrated in Fig. 4.7. This radial convergence 

supplies the vortex with a continuing source of warm boundary layer air 

and thereby acts to sustain the vertical motion. If the surface is 

composed of loose material and the wind velocity close to the ground 

reaches a critical value, the dust particles will become air-borne and 

the vortex becomes visible. Hence in certain types of terrain intense 

vortices may be present and not visible.

Quantitative measurements and visual observations indicate that 

the dust devil structure is characteristic of a continuous column or 

plume. The continuous plume or column model of convection, however, has 

been opposed on the following grounds: (1) a stationary, continuous 

column of warm rising air would quickly consume the warm boundary layer 

air in the immediate vicinity of the column, or (2) a continuous column 

of warm rising air "tied" to a fixed source at the ground would re

quire an unrealistically large heat source. Hence, convective
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modes would be more characteristic of intermittent bubble-like structures 

rather than continuous plumes of columns. These arguments are easily 

dispensed with once it is realized that convective elements tend to move 

along with the environmental flow (a prominent dust devil characteristic), 

and hence have a continuous source of warm boundary layer air. Once 

this source is cut off, the convective element (plume or dust devil) 

quickly dissipates. This is frequently observed when dust devils cross 

different types of terrain or moist surfaces, even though in some cases 

there may be considerable loose surface material. The cutoff column 

may then continue to rise as a distinct entity with no connection to 

the ground as long as the air within the column remains buoyant. Fric

tional dissipation at the ground may completely eliminate the low-level 

characteristic dust devil flow.

The postulated dust devil life-cycle showing the linkage between 

various stages is presented in the schematic diagram (Fig. 4.8). Note 

that each step in the life-cycle should not always be construed to mean 

a separate period of growth, but rather that several steps may take 

place simultaneously.

The Interaction of Dust Particles and Air

Theory of Multiphase Flow.-- Within the most intense region of 

the dust devil, a concentration of air-suspended dust particles changes 

the dynamics of the flow from a single-phase (air) treatment to a two- 

phase (air-dust) analysis. The most general approach to multiphase 

flow problems requires the solution of the Navier-Stokes equations of 

motion, with the appropriate continuity and energy equations, written to
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Include all the phases and subject to mutual boundary conditions. In 

addition, one would need a law specifying the functional relationship 

between the acceleration of the particles and the relative air flow, 

and expressions relating the frictional heating of the dust particles 

to this .relative flow. Further, one would require an equation of state 

for the air as well as specific heats for the constituents of the multi

phase system. Such an approach is extremely difficult requiring 
iterative techniques and electronic computer. Consequently a number of 

simplifications are necessary in order to treat the problem less 

elegantly. They appear not to be critical ones in light of an order of 

magnitude analysis of dust particle effects.

Considerable simplification is possible if a single equation of 

motion can be used for the two-phase or air-dust system. In order to 

arrive at the necessary conditions for this simplification we begin 

with the Navier-Stokes equation of motion for an incompressible medium 

(for atmospheric motions this is a good approximation, see Chapter VI):

- V p  - VS\V (4.1)

where |/ is the three-dimensional vector velocity, the effective

density of the mixture, p the pressure, and yu the molecular viscosity

of the medium. In a single phase system such as this, the definition of

the density, p - lim , presents no problem since 6 V may be taken
1 6V-o *v

sufficiently small such that (4.1) is always valid. However, this defi

nition is unsatisfactory for the air-dust system since it can lead to 

different values for the density of the mixture depending on the instant 

the limiting process is being considered. To make use of an equation of
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the form (4.1) for the air-dust flow implies the use of a single effec

tive density for the mixture. Consequently, the volume element (8V) must 

be large enough to contain a representative sample of the dust particles. 

Thus, a more appropriate definition for the mixture is (Barton et al.„ 

1953): f  where SVm £n is the smallest volume that contains a

representative number of dust particles, and 6m is the total mass (air 

plus dust) of the volume. In terms of the mixture components then,

S^min + ^d S^min _
G^min —  /°a (4.2)

whereyOa is the air density and^  is defined as the density due to the 

total number of dust particles in the volume 5 ^ ^ .  Note,yOj is related 

to the density of the dust (yOd) by: ^  6 Vmln = ^ >d Z ( 5vd)i = 
where (SVd)i is the volume of the ith dust particle, and N is the total 

number of dust particles. The last equality holds if all the dust parti

cles have the same volume, or, in the simplest case, we may consider the 

particles to be spheres of constant size,

Assuming that a volume (6Vm £n) can be specified so as to con

tain a representative sample of dust particles, we must still consider 

whether all particles within this volume are subject to the same accel

erations when acted on by the forces appearing on the right-hand side 

of (4.1). In the general case, the dust particles have, because of 

inertial forces, accelerations relative to the continuous phase (air). 

However, the magnitude of these relative accelerations tends to be 

limited by the drag forces exerted by the air on the dust particles.
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Therefore a second condition is necessary if we are to be successful in 

applying a single-phase analysis to a multiphase system, i.e.:

where V is the dust particle velocity, Vg is the characteristic free 

stream air velocity, d is the characteristic dimension of the dust 

particles, D is the characteristic dimensions of the dust devil (say 

the diameter of the dust column), and is the Reynolds number for 

the free stream flow. For simplicity, we shall assume that V =  Va, 

Thus, for a typical medium sized dust devil we may have the following 

characteristic values: Vg * 10 m sec"*", d ■ 10-50yu , D = 10m,

- 2,65 gm cva~̂,̂>a * 10 ^ gm cm"'*, and \)a(40°C) - 0.17 cm~^ sec"*1, 
which yields:

Consequently, for the single-phase treatment to be applicable, the dust 

particle sizes should be about 50yu or less in diameter in order that 

all particles in a particular location are subject to essentially the 

same acceleration. For a particle spectrum including particles 50y<or 

more in diameter, there could be a wide range of accelerations which may 

lead to particle interactions and may produce yet another complication. 

In general, then, the inertial forces ( Fg) of (4.1) for an air-dust 
system may be expressed as:

(4.3)
Inertial forces acting on dust particles 

Drag forces acting on dust particles

, (£)z —  ~  0.4 <■ 1; for d ■ 50yu
a D z°a

~  0 . 0 2 «  1 ; for d = 10/«
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where m is the mass, the subscripts a and d indicate air and dust 

respectively, and the summation is taken over ith number of particles 

which may be of different size and have different accelerations. We 

now make two simplifying assumptions: (1) most of the dust particles 

are of the same size and shape and hence will experience in a particular 

location essentially the same acceleration and therefore may be charac

terized by one set of coordinates, and (2) the dust particles essential

ly follow the air motion. We know that these assumptions are not com

pletely valid in the dust devil, since particle measurements indicate 

a dust spectrum (Fig. 4.10) and some relative motion between air and 

dust must exist in order to produce the central force (air drag) 

necessary for the confined orbits of the duet particles. The conse

quences of these approximations are not critical in light of the 

final result and investigations by others.

By assumption (1) the inertial forces of the system may be ex

pressed as:

F„ - m a± £  + t o d ^ d

where ny represents the mass of a single particle and N is the total 

number of particles. Since ^d4Vmin " » Nay, the above ex
pression becomes

d \Va * d VaIFS = /°a5Vmin +/°d SVQin ^ - d

By assumption (2), and expressing the inertial forces of the system 

in terms of unit volume:
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I r  + f* t * -
dWfl

which in view of the assumptions may be used to replace the left-hand 

side of (4.1) for an air-dust system.

To a good approximation the dust exerts no appreciable static 

pressure since the air molecules greatly outnumber the dust particles.

Thus, the total static pressure PT - Pa + Pd «  Pa or t7PT - VPa .

Finally, we must determine the effect of the dust on the viscosity of 

the two-phase system or air-dust system. In the derivation of the 

Mavier-Stokes equations, the assumption of a linear relationship between 

the stress tensor and the deformation tensor is made for single-phase flow. 

This assumption is used to define the Newtonian class of fluids and is 

therefore not, in general, valid. In the case of multiphase flow, 

theoretical analyses of the viscosity of suspensions (Einstein, 1906) 

have shown that for linear flow, spherical particles small compared to 

the characteristic diameter of the apparatus, and volumetric concentra

tions of less than 3%, the effective viscosity of the suspension is

A eff " (1 + 2.5r)A  (4.4)

where <T is the volume fraction of the suspension. The linear flow re

striction is not a serious one since it can be shown that Einstein's 

equation applies to all flows which can be constructed from a juxtaposi

tion of linear flows.

In view of the preceding discussion, we can with some approxi

mation write a Navier-Stokes equation of motion for the air-dust system

as:
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<fa + fd*> ^  “ "VPa + (fa + fd) 9 (4.5)

or *
( 1 + ̂  d ?  = V pa + (1 + ^ )  g + ~a /<effV2 W a (4.6)

*
where f^/pa represents a dust particle mixing ratio. Further simplifica

tion of (4 .6) will require some knowledge of the dust concentration in
*order to arrive at a representative ̂  and 0" .

Oust particle collection was not intended as one of the func

tions of the MRS2. However, as a matter of interest a number of dust 

devils were penetrated by an observer for the express purpose of col

lecting dust samples. The dust particles were collected by exposing a 

circular petri dish (4 . 8  cm diameter) within the dust column at approxi

mately two meters above the ground. Fig. 4.9a, b shows two examples 

(two areas selected at random on the petri dish) of the dust concentra

tion within a medium size (3.5 m diameter) dust devil. The dust particle 

photographs were made with a Zeiss photomicroscope. Oust particle counts 

were made from ch area and are shown in Fig. 4.10 as counts #1, #2, 

and their means. The counting was done visually using a K. R. May 

graticule overlay that has also been superimposed on the dust photographs. 

For the counting and sizing it was convenient to use a particle size 

interval that corresponded to the size interval of the May graticule.

In plotting the data it was assumed that the mean particle size occurred

at the center of these intervals. The individual and mean curves

(Fig. 4.10) for both particle counts (note the close agreement in particle



Figure 4.9.--Dust Particles Collected Within a Medium Size 
Duet Devil.

The two photos (a) and (b) represent two areas selected at random 
from the petri dish which was exposed inside the dust devil. The 
largest circle (lower right-hand corner of (a)) of the superimposed 
May graticule is 240/t in diameter. The particle counts were taken ' 
within the rectangular boundary of the May graticule.





Fig. 4.10.— The Percentage Number of Particles and Mass Below 
a Particular Particle Size.



Pe
rc

en
ta

ge
 N

um
be

r 
of

 P
ar

tic
le

s 
Be

lo
w

 E
ac

h

Total number of particles 
Count I ! 257  
Count 2: 256

Total particle mass 
Count 1: 1.30x10"* gm " 
Count 2 : 1.25xKf* gm

SCALE

SCALE
mean <S /

-  0.5

0 .005

Pe
rc

en
ta

ge
 M

as
s 

B
el

ow
 E

ac
h 

Si
zi



138
count in #1 and #2) result in a median diameter of 40y< and show little 

contribution from particles 10/* or less. This latter result may be due 

to one of two particle dynamic effects or a combination of these effects. 

One might immediately suspect that the collection efficiency (B) of the 

petri dish may be responsible for the collection of relatively fewer 

small particles. While the collection efficiency of the petri dish is 

unknown, Langmuir's data on spheres and ribbons give some idea as to 

the range of the petri dish collection efficiency. Langmuir's results 

indicate that a sphere or ribbon the same size (cross-section or width 

respectively) as the petri dish, and exposed to the same free stream 

velocity (approximately 10 m sec-1) as the petri dish would have col

lection efficiencies with respect to particle size as shown in Fig.

4.11. Since it seems reasonable to assume that the collection effi

ciency of the petri dish lies somewhere between that of the sphere and 

ribbon data, the relatively fewer number of small particles may indeed 

be due, at least in part, to the smaller particles being carried around 

the collector by the viscous drag of the air and therefore they are not 

collected. However, possibly an equally important factor in the collec

tion of very fine dust is that small dust particles are usually found 

below the larger sand particles at the surface and hence may remain out 

of reach of the disturbing effect of the wind. Consequently, the ground 

surface may act as sort of a dust trap for particles less than approxi

mately 30/* in diameter (Bagnold, 1941). Even though saltation (removal 

of surface sand particles by impact of air-borne particles with the 

surface) is effective in removing the larger sand particles on the
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Fig. 4.11.— Collection Efficiencies of a Sphere and Ribbon the 
Same Size as the Petri Dish (after Langmuir, 1961).

surface, the process has a relatively short time to operate as the dust 

devil passes a particular location. As a result, many of the larger 

particles may be removed while relatively few of the smaller particles 

will be dislodged from the surface by impacting air-borne particles. In 

addition, many of the larger particles as they leave the surface through 

saltation will remain air-borne due to the large vertical velocity
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gradients near the ground and hence fewer Large particles will be avail

able for saltation than would be the case in most blown sands.

Also shown in Fig. 4.10 is the cumulative frequency distribution 

of mass with respect to particle size for counts #1 and £2. The total 

mass for each count is almost the same. Count #1: 1.30 x 1 0 gm,

Count #2: 1.25 x 1 0 gm, which reflects the similarity of the particle 

frequency distributions of both counts. The median mass diameter is 

approximately 90yu with particles below 30yu contributing less than 10% 

of the total mass. The total mass of dust within a particular volume
* i(^j) was approximated by using a representative wind velocity (1 0 m sec"*1)

and the time of exposure of the petri dish (approximately 1 second).
2With this information and the collector area (2.4 mm ) covered by the

duet count, the density was estimated to be: ^  ss 5.3 gm m-^, which

corresponds to a particle concentration of 11 particles per cm'*. The 
*mixing ratio (f%/^) an<* the volume concentration (•* ) in (4 .6) may 

now be evaluated, i.e., ^ d ^ a ”  5.3 x 10*^« 1 , and (T = XE ss 2 x lO""**. 

Consequently, one can safely assume that in the case of the dust devil 

the presence of dust does not significantly affect the dynamics of the 

motion and therefore one is justified in using the equation of motion 
for single-phase flow (in this case air), i.e.,

ar* = - V Pa + 9 + V a V 2 W a (4.7)

The above theoretical analysis is supported by visual observations which 

indicate that the level of dust concentration has apparently no effect 

on the dust devil field of motion. In addition, a number of authors have
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drawn similar conclusions concerning the aerodynamics of free dusty air 

jets. Kubynin (1951) noted from his investigations of a free dusty jet 

that for small jet velocities and for dust mass concentrations less than 

0 . 5  to 1 .0 kg/kg, the particles had no appreciable influence on the aero

dynamics of the jet. Chernov (1956) found that for mass concentrations 

less than 1 kg/kg and an initial jet velocity less than 30 m sec"*, the 

presence of dust particles (moving either with or relative to the air) 

had practically no effect on the aerodynamics of the air jet, and the 

velocity of the air could be determined from single-phase flow equations.

These results are also directly applicable to cloud dynamics 

problems where the particles are then water droplets. Since cumulus 

cloud liquid water mixing ratios are approximately 1 -2 gm the use

of single-phase equations of motion will give results to a high degree 

of accuracy. However, Ogura (1963) in a numerical investigation of

moist convection takes into account the liquid water mixing ratio
*

(-f = ) where the subscript w refers to the liquid water).Sma f > a

From the preceding discussion this would seem inconsistent in light of 

the relative magnitude of other terms in the equation of motion. However, 

Ogura1s use of the Boussinesq equations permits under the necessary assump

tions the retention of the liquid water mixing ratio term. Since the 

Boussinesq equations have been successfully applied to a great many 

convection problems, the question arises as to their applicability in 

the dust devil problem and hence to the possible importance of the dust 

mixing ratio term. This question will now be examined.
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Under the assumptions that: (1) the droplet inertial forces are 

small compared to the viscous drag of the air acting on the drops and 

hence all drops have essentially the same acceleration, (2) the drops 

essentially follow the air motion, and (3) the effective viscosity is 

essentially that for air, (4.6) becomes:

(1 -M ) = - p V p  + (! +.1)3 + V V 2 W  (4.8)

where the subscript a has been dropped for brevity. The Boussinesq 

equations of motion are derived by use of the following representations 

of the state variables, i.e., p - pr(z) + p' (x,y,z, t); = ^(z) +

p#(x,y,z,t) where pr and f>r are the pressure and density respectively 
in a reference state and vary only with z; and p1,^o1 are the fluctua

tions of pressure and density due to the motion and vary with all 

coordinates. For simplicity the boundary conditions are not considered 

time dependent, hence pr and pT do not depend on time. Substitution of 

these expressions into (4.8) and stipulation of hydrostatic pressure

variations for the reference state ( lEr - - p rj) yields

*
(1 + f ' . I f w  ) &  -  - 1 Vp' - * (P' ) +v 72 W

P r dt Pr ™ f r

If now the approximation is made that the acceleration of gravity (g) is

much greater than ~  which is a measure of the characteristic fluiddt
scceleration, then the above equation may be simplified to obtain the 

following form of the Boussinesq equation of motion:

SL « -  1 Vp ' - <D(£Ljj£sL) +vV2 W
At  O — ** zi
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Note that this multiphase form of the Boussinesq equation of motion rests

1

on the same assumptions as the air-dust eq (4.6). In addition, it

should be carefully noted that since the Boussinesq equations rest on
dVthe assumption of q »  -gg they may be used only in convection problems 

where this is a valid approximation. For cloud dynamics problems this 

appears to be a valid assumption because characteristic accelerations are 

usually of the order of 1 cm sec- .̂ For the dust devil, however, where 

the characteristic accelerations near the ground are of the same order 

as 3 (Chapter VII) the Boussinesq equations are not valid.

Particle Distribution.--With some idea of the dust particle size 

distribution (Fig. 4.9), one may determine (with certain simplifying 

assumptions) whether the necessary radial inflow for particle orbits to 

remain within the sampled dust column is realistic in light of the wind 

velocity measurements made in other dust devils. Since the dust parti

cles are more dense than air, all particles would be centrifuged out of 

the rotating air column (which we know does not take place) unless acted 

upon by some outside force. This outside force is in the form of an 

aerodynamic drag acting on each particle and is produced by the radial 

component of the converging flow of air. For simplicity, the vortex 

flow is considered laminar with no dust particle interaction. In addi

tion, the horizontal projection of the dust particle trajectories are 

approximated by closed circular orbits with the tangential velocity (v) 

of the dust particles the same as that of the air. Figure 4.12 shows 

the distribution of the force and velocity components acting on the 

dust particle relative to a cylindrical coordinate system fixed to and
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moving with the dust devil which is moving with constant velocity (rela

tive velocities are denoted by the subscript r). The air-dust motion 

is examined with reference to a horizontal projection of the three- 

dimensional helical motion in order to obtain the requirement(s) for 

the radial distribution of particle sizes.

I \l A

Figure 4.12.--Force and Velocity Diagram for a Dust Particle 
in Circular Orbit.

The dashed circular lines represent the circular orbits of the dust 
particles (P) and the solid converging lines represent the air flow.
The horizontal relative velocity (Vtlr) of the air has a tangential 
component (vr) which represents the particle velocity, and a radial 
inflow component (ur) relative to the dust particle at the radius r.

•>

The necessary centripetal acceleration (Fc = -!— £ , where m is 

the particle mass and r the radial coordinate), for the particle to 

remain in a circular orbit must be produced by the aerodynamic drag (D) 

of the radial inflow relative to the dust particle. For Reynolds'
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numbers (R@) less than about 1.0, Stokes drag law Dg = 3T^*du, whereju is 
the dynamic viscosity of the air, d is the particle diameter and u,is the 

velocity relative to the particle, is valid. For R@ > 1.0 the general 

drag law, D = % ̂ ujrCpA where p is the air density, CD the drag coeffi

cient, and A the cross-sectional area of the particle normal to the 

relative air velocity (uf), must be used. Hear the duet column the 

radial inflow velocity is typically 1-3 m sec"*- (Figs. 4.1, 4.2, 4.3) 

and the dust particles range in size from d = 10/*. -200/*. (Fig. 4.9). 

This.results in 0.5 < Re <  40, and consequently the general drag law 

must be employed. Hence, for a particle in circular orbit (Fc * D):

or

mv^ 9—  " 1/2f  u^CD A

r = i <°ddv?
3 W (4.9)

where A =3Ld. m = and P<j is the dust particle density. Thus

for a particular velocity distribution and particle size, the radius at 

which the dust particle is in a circular orbit (hereafter referred to as 

the equilibrium radius) is given by (4.9). Since the measurements indi

cate that the dust column is confined within a region where the mean 

velocity (vr) profile is essentially linear (Figs. 4.1, 4.2, 4.3, and 

more clearly in Figs. 9.1 and 9.2), we may to a good approximation con

sider the motion (vr) within the dust column as one of solid rotation,
V ri.e., —  = constant a C. Thus (4.9) may be written as:

r - C  £ 2 ±  d
(4.10)
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where C' * ~ and = Cg(Rg). From the motion pictures of the

dust devil from which the dust sample was taken, the tangential velocity 

(vr) at the periphery of the dust column (diameter approximately 4 m) 

was estimated as 5 m sec"*. Hence, with C * 2.5 sec"*, ^  = 1 0 gm cm~^, 

andjjpd = 2.65 gm cm"^ (typical density of desert sand, Bagnold, 1941) it 

follows that C' = 4.6 x 10"^ sec^. It is then possible by use of (4.10) 

to determine an equilibrium radius for a particular radial inflow (u) 

and particle size (d). Fig. 4.13 represents the equilibrium radii for 

all particle classes of the dust sample with respect to the dust devil 

radius and typical radial inflow velocities (ur). For example, a 

particle 85.5y* in diameter may have an equilibrium radius at the 

limit of the dust column (r = 2m) for ur = 3 m sec-* or at some other 

radius say, r = 0.1 m where ur * 0.26 m sec"*. The interesting result 

of Fig. 4.8 is that for the bulk of the dust particles to be confined 

within the dust column (r4  2 m), the radial inflow profile cannot be 

linear (Profile #1) but must have a curvature of the form shown by Pro

file #2. Note Profile #2 is extended beyond the duet limit in a manner 

similar to that indicated by the measurements of D-D #1 (Fig. 4.1) which 

has a similar dust column diameter. A nonlinear profile of this form 

indicates that the duet particle size increases outward and inward from 

r o* 0.5 m, suggesting that the smallest particles are confined in a region 

between the larger particles. The reason particle size decreases with 

Increasing radius within this inner region is due to the linear increase

in the necessary centripetal acceleration (Fc - = mC2r) versus the
r

square law increase in the drag (D == ^fU^CpA). Consequently, the small



Fig. 4.13.— Equilibrium Radii for Typical Radial Velocities 
(ur) and Particle Sizes.
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magnitude of the radial velocity and its small increase with radius (r) 

outward from the dust devil center (Profile #2) requires that the mass 

(m) or particle size decrease in order that Fc =* D. < There is some in

crease in the drag coefficient (Cq) outward along Profile #2 due to in
creasing ur, but this is not sufficient to alter the above result. Pre

viously, it has been thought (Brooks, 1951, and Kangieser, 1954) that 

within an intense vortex such as the dust devil or tornado, there 

would be a gradual increase in particle size with radius. This is 

probably true. The existence of the inner distribution of particles 

that decrease in site with radius does not seem compatible with the 

weak radial outflow and the downward or markedly reduced vertical mo

tion near the dust devil center (see Fig. 4.1). These latter features 

are believed responsible for the often observed dust-free region sur

rounding the dust devil axis. Consequently, the portion of Profile #2 

within approximately the 0.5 m radius should be modified to show 

radial outflow. The theoretical curve (Profile #2) would then have a 

shape similar to that characteristic of the measurements.

Since the dust particle sample was taken from a dust devil of 

approximately the same size and intensity as D-D #1 (Fig.4.1 or 7.1), 

the above results should be in agreement, at least qualitatively, with 

the measurements shown in Fig. 4.1 or 7.1. The measurements indicate 

that the mean radial inflow (ur) in the vicinity of the dust boundary 

is, in general, compatible with the sampled particle size distribution 

(see Fig. 7.1). That is, most of the particles collected are of such
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a size that under the simplifying assumption, the observed mean radial 

inflow in the vicinity of the dust boundary is sufficient to confine the 

dust particles in orbits approximately within the observed dust bound

aries. Note,however, that in addition to the above approximations and 

assumptions, the uncertainty of the exact radial position of the dust 

boundary and the fluctuations of an already small radial velocity com

ponent in the region of the dust boundary allows only a rough compari

son of the theoretical results and the measurements.

Although the results suggest that most of the particles collected 

will be confined within the observed dust column, 5-10% of the particles 

are too large to be confined with any reasonable radial velocity profile. 

This is not considered a disturbing result in view of the model used, 

i.e., a non-turbulent, steady state vortex with solid rotation, and 

particle speeds the same as the tangential wind speed (v). Even without 

these assumptions, it is entirely possible that since particles of many 

sizes are picked up by the air flow or dislodged by the saltation process, 

not all particles at any one time will be executing trajectories always 

within the confines of the dust column. In some cases, an enlarged and 

more diffuse region just above the ground (Fig. 1.1) may be due to parti

cles which have been centrifuged, because of their density and/or turbu
lent motions, out of the main vortex.

Heating of the Air by Dust.--Measurements by Sinclair (1922) at 

the Desert Laboratory, Tucson, during the summer have shown that the 

temperature of the dust and sand (Bagnold, 1941 defines sand.and dust 

in terms of d >  80yu and d < 8(̂ju. respectively) at a depth of 4 ram is
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about 70°C. The surface temperature, however, Is considered much higher. 

The question then arises as to what extent the hot dust or sand con

tributes to the heating of air after the particles become air-borne.

To obtain some idea as to the upper limit of such a heating effect, we 

may proceed by first writing two calorimetric equations: one for the

heat loss by the dust to the air,

dQd - GPdmddTd - Cpdmd(Tdf - Tdo) 

and one for the heat gain by the air from the sand,

dQa = CpamadTa = Cpama(Taf - T^)

where dQ is the heat lose or gain, Cp the specific heat, m the mass, 

dT the temperature change from an initial temperature (TQ) to a final 

temperature (Tj), and where the subscripts d and a refer to the dust 

and air respectively. For an estimate of the upper limit of heating, 

it is assumed that all the heat lost by the dust is transferred to the 

air and thereby raises its temperature, i.e., dQd - -dQa or

CPd n»d(Tdf - Td0> = "Cpa ®a<Taf “ % ) (4.11)

Thus, an expression for the final temperature of the air (Taf) may be 

obtained by rearranging (4.11),

Taf =- Ta0 + kTdc 1 + k (4.12)

Cpdmd
where k - ------ and, by the above assumption, Ta , * Tdf. Using the

CPama 1
following typical values for the region within the dust devil at z = 2 m:
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Ta0 - 313°K, Cpj - 0.20 cal gm”1 “K"1, CPa - 0.24 cal m'1 °K~1, md = 5 gm, 
ma ■ lO^ gm, and assuming that the dislodged dust particles have an 

Initial temperature “ 353°K we obtain the final air temperature,

Tfl£ ■ 313.17°K. Consequently, the air temperature is increased by only 

0.17°C which is approximately one to two orders of magnitude less than 

the total temperature change through the dust devil at a height of ap

proximately 2 m. It is important to note however that the preceding 

calculation has been based on the tacit assumption that all the heat 

transfer takes place at z »  2 m where the measurements indicate a duet 

particle density of approximately 5 gm m~3. Due to the small size of 

the duet particles the loss of heat to the air takes place in a very 

short time once the particle becomes air-borne. Approximate theoretical 

treatments of similar problems (Carlslaw and Jaeger, 1959) indicate that 

the heat transfer takes place almost instantaneously for a spherical lOOyu, 
diameter dust particle. As a consequence, most of the heat transfer to 

the air probably takes place within the saltation layer (layer in which 

saltation process takes place, see Bagnold, 1941) which is approximately 

a few centimeters in depth. In addition, very close to the ground visual 

and photographic observations indicate that the duet mixing ratio may 

be substantially larger and hence the air temperature increase due to

dust particle heating may also be larger. For example, a representative
*

dust particle density (^j) within the first few centimeters of the 

ground might be five times that at the 2 m level. That is, assuming 

that very close to the ground^  =  25 gm m~J and using (4.12) with the 

values of the quantities as in the previous calculation, the heat
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transferred to the air by the dust particles increases the air temperature 

by 0.83°C. Thus, very close to the ground, the hot dust or sand that has 

become air-borne through the action of the wind or the saltation process 

may contribute significantly to the heating of the air within the dust 

column. However, the apparent lack of dust in the cylindrical core sur

rounding the dust devil rotational axis (for z >  2 m) cannot be used to 

explain the presence of somewhat cooler air within this region. For 

example. Fig. 4.1 shows that the descending air near the dust devil axis 

(z - 2 o) can be as much as 1°C cooler than the surrounding and pre

sumably dusty upcurrent. Rather, this temperature difference must be 

related to the difference in the origin and subsequent motion of the up

draft and the downdraft in an unstable temperature stratification 

(Fig. 4.4).



CHAPTER V

THE UPPER STRUCTURE OF DUST DEVILS

During the air-borne investigation twenty-seven different dust 

devils were penetrated with the instrumented sailplane. The flight 

procedures before and during penetration have been discussed in Chapter 

III. Five typical penetrations (D-D's #4-#8) are shown in Figs. 5.1 

through 5.5. Each dust devil was penetrated more than once (multiple 

penetrations) by making a 180 degree turn at the end of each penetration 

and flying back through the dust devil a second (or third) time along 

essentially the same track as that flown in the preceding penetration. 

The sailplane direction of flight and the dust devil direction of motion 

relative to the sailplane are shown for each penetration. The regions 

marked Turn represent the space in which the sailplane completes a 180 

degree turn in order to begin the next penetration. While it is be

lieved that each penetration is essentially along the dust devil diam

eter, it should be noted that due to the sinking and rising motion of 

the sailplane, the measurements are not with reference to a constant 

altitude. For the five dust devils the average altitude variation about 

a mean penetration altitude was approximately 100 m, with maximums not 

exceeding 150 m. The average total altitude variation (i.e., average 

altitude variation between beginning and end of multiple penetrations) 

was approximately 110 m. While the altitude variations may appear
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Fig. 5.1.--Sailplane Profile Measurements of Temperature and 
Vertical Velocity in the Upper Levels of Dust Devil #4.

The profile scales of altitude (ALT) and true air speed (A/S) of the 
sailplane and vertical velocity (w) and temperature (T) of the air 
are shown on the left-hand margin (in some cases also on the right- 
hand margin) directly opposite their corresponding profiles. Suc
cessive dust devil penetrations result in multiple profiles which 
are plotted such that the topmost profile (of w or T, etc.) repre
sents the first penetration with successive profiles appearing below 
representing multiple penetrations in order from top to bottom. The 
vertical velocity (w) and temperature (T) profiles begin at the left 
and proceed to the right in the direction indicated for the sail
plane. Successive penetrations begin directly below the last point 
of the preceding penetration, i.e., at the end of the interval marked 
Turn. The profiles of altitude (ALT) and true air speed (A/S) are 
shown at the top of the figure and follow the same sequential pattern 
as that for w and T. The dust devil (D-D) direction of motion is
shown directly below the sailplane direction, and the regions in 
which the sailplane reverses direction are marked Turn. A separate 
horizontal scale (abscissa) in kilometers is provided for each set of 
w and T profiles. The measurements were made over flat desert ter
rain on 19 July 1962 at approximately 1250 MST in the Avra Valley near 
Tucson, Arizona.
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Pig. 5.2.— Sailplane Profile Measurements of Temperature and 
Vertical Velocity in the Upper Levels of Dust Devil #5.

See Fig. 5.1 for explanation of ordinate and abscissa scales. The 
measurements were made over flat desert terrain on 11 July 1962 at 
approximately 1500 MST in the Avra Valley near Tucson, Arizona.
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Fig. 5.3.--Sailplane Profile Measurements of Temperature 
and Vertical Velocity in the Upper Levels of Dust Devil #6.

See Fig. 5.1 for explanation of ordinate and abscissa scales.
The measurements were made over flat desert terrain on 11 July 
1962 at approximately 1515 MST in the Avra Valley near Tucson, 
Arizona.
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Fig. 5.4.--Sailplane Profile Measurements of Temperature and 
Vertical Velocity in the Upper Levels of Dust Devil #7.

See Fig. 5.1 for explanation of ordinate and abscissa scales. The 
measurements were made over flat desert terrain on 12 July 1962 
at approximately 1550 MST in the Avra Valley near Tucson, Arizona.



157

t i i i i iiiii iiii
§ § § §8£88I5R8 <£> sj- CV1 O  CM 001 o' o' § s 8CD M" CM O  CM



Fig. 5.5.— Sailplane Profile Measurements of Temperature and 
Vertical Velocity in the Upper Levels of Dust Devil #8.

See Fig. 5.1 for explanation of ordinate and abscissa scales. The 
measurements were made over flat desert terrain on 12 July 1962 at 
approximately 1600 MST in the Avra Valley near Tucson, Arizona.
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disconcerting with respect to relating widely separated measurements, 

it is not considered critical in light of the 1-2 orders of magnitude 

difference between these vertical excursions of the sailplane and the 

horizontal dimensions (3-5 km) of the dust devil at the flight altitudes.
The horizontal distance scale of kilometers was obtained from 

the air speed and time data. Initially, small time increments were 

used along with the corresponding mean air speed to obtain an estimate 

of the horizontal distance. The difference in the horizontal length 

of a single penetration using this method and one using a mean air 

speed for the entire penetration was small with "respect to other approxi

mations (see Chapter III). Hence a uniform horizontal scale is used 

throughout each penetration. Note therefore that due to varying mean 

air speeds between each penetration, separate distance scales are pro

vided for each profile set (w and T).

In order to obtain a more meaningful picture of the temperature 

distribution, the flight level temperatures were brought adiabatically 

back to a reference level which was arbitrarily selected as the initial 

altitude of each penetration. The apparent jagged nature of the tempera

ture profiles is a result of plotting the data in tenths of a degree 

centigrade. This interval is commensurate with the calibration and 

reading error accuracy of + 0.1°C.

Vertical Velocity and Temperature Profiles

In all five dust devils (Pigs. 5.1-5.5) regions of upward air 

motion are almost always warmer than the surroundings. Maximum upward
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vertical velocities are approximately 7 m sec-  ̂with maximum temperature 

excesses ( AT) between the warm rising air and the cooler environment 

usually exceeding 1°C. In general, the maximum /XT's are closely asso

ciated with the maximum upward vertical motion. An interesting feature 

of the w profiles within the updraft regions is the sometimes prominent 

region of reduced motion, or even downward motion, near the center of 

the updraft. For example, D-D M  (Fig. 5.1) shows a region of markedly 

reduced and even descending vertical motion within the updraft region 

on the first penetration. This is again a prominent feature in the 

return or second penetration. D-D #5 (Fig. 5.2) shows less distinct but 

similar regions on three successive penetrations. This is the opposite 

of what one would expect from a vortex-ring circulation, which has a 

maximum vertical velocity in the center of the updraft.

Surrounding the warm updraft region there is, in general, a 

cooler region of downdraft. In the cases where the downdraft is not so 

evident, it is primarily due to the termination of the first penetration 

in order to keep the dust devil visually in sight. For example, the 

width of the updraft region of D-D M  (Fig. 5.1) is so great (approxi

mately 6 km) that the dust devil would have dissipated if the second 

penetration had been further delayed. Although this meant that in this 

case little of the downdraft region was sampled, most of the other pene

trations sampled a substantial portion of the surrounding downcurrent, 

and hence considerable data were obtained. A possible contributing 

factor to the extreme width of the updraft region of D-D #4 (Fig. 5.1) 

was the presence of a second, smaller dust devil. The second dust devil
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was approximately 500 m off to one side of the primary whirl and moving 

in the same direction. Consequently, both dust devils may have been em

bedded in a much larger system of which the vertical velocity profile 

(Fig. 5.1) is more characteristic. In Figs. 5.2-5.5, the relatively cool 

downcurrent surrounding the warm updraft is readily apparent. In most 

cases, the lateral extent of the downdraft region cannot with certainty 

be deduced from the measurements, except possibly in the second penetra

tion of D-D #6 (Fig. 5.3) and the first penetration of D-D #8 (Fig. 5.5). 

If the thermal is considered symmetrical in the azimuth direction (axial 

symmetric), then the upward mass flux is approximately 30% and 75% of the 

downward mass flux for D-D #6 and #8 respectively. The discrepancy 

(other than axial symmetry deviations) lies in the fact that if one were 

to ask for a balance of vertical mass flux across a horizontal plane, 

then an area encompassing a large number of thermals must be employed.

It is important to note that the downdraft velocities are of the same 

order of magnitude as the updraft velocities. Hence, the compensating 

vertical currents for the warm updraft are not characteristic of slowly 

descending air currents that are spread out over large areas. Rather 

the return flow sheaths the strong upward vertical motion and the ther

mal can be considered to have rather definite boundaries. This is also 

the general impression that the writer has obtained over the past ten 

years while flying sailplanes near and within thermals in many types of 

convective situations.

An examination of the vertical velocity profile features for 

successive penetrations through a single duet devil shows quite con

clusively that the structure of the warm rising air is continuous and
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not in the form of the so-called bubbles or vortex rings of warm air. For 

example, the successive penetrations of D-D #5 (Fig. 5.2) have generally 

the same shape and width, with mean updraft speeds of 3.9 m sec"*,

2.8 m sec"*, and 2.2 m sec"* respectively. The total flight time for 
the three penetrations was approximately 5 minutes. Consequently, if a 

mean updraft speed of 3 m sec"* is used for the total sampling period 

(300 seconds), this means that a column of warm air 900 meters in depth 

passed through the mean flight level (approximately 8500 ft MSL). If 

the mean maximum updraft speed is used, then approximately 1500 meters of 

warm air has continuously traversed the mean flight level. With a con

tinuous column of dust over 300 m in height observed at the ground, 

there can then be no doubt that the structure of a mature dust devil is 

of the continuous column type. Similar results are obtained for the 
other dust devil cases.

In examining the w-profiles for successive penetrations, it is 

readily apparent that certain characteristic features show considerable 

persistence with time. For example, the marked regions of reduced 

vertical motion in D-D #4 (Fig. 5.1) and,to a lesser extent,in D-D #5 

and #8 (Figs. 5.2 and 5.5), and the maximum and mean w-values of all 

five cases are consistently evident in successive profiles. This lends 

considerable support to the contention that successive penetrations are 

essentially along the same flight track with respect to the dust devil.

In some cases, these identifiable regions are displaced relative to each 

other on successive penetrations. This displacement is caused by the 

movement of the dust devil during the time it takes the sailplane to
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return to the same point on the following penetration. The actual dust 

devil displacement is a complicated function involving the interaction 

of the dust devil and the environmental fields of motion. However, 

some idea of the validity of assuming that the clear upper portions of 

the dust devil travel with the speed of the flight level winds may be 

inferred from the measurements. In D-D #5 (Fig.5.2), the displace

ments of five "identifiable" points (I.P.'s) were measured and showed an 

average displacement (to the left in Fig. 5.2) of 600 m. The I.P.'s 

are defined as those points along the flight path that either separated 

the main updraft from the compensating downdrafts (i.e., where w = o) 

or marked a region of updraft maximum. Surface and flight observations 

showed that the dust devil was moving from approximately 320 deg. The 

1700 MST Tucson rawinsonde indicated that the flight level winds were 

about 300 degrees at 7 m sec \  On the assumption that the thermal 

moves with the speed of the flight level wind component along its direc

tion of motion, these same I.P.'s would show an average displacement of 

about 1000 m. Hence it appears that the actual displacement of the 

thermal is somewhat less than would be indicated by the flight level 

winds. Similar results are obtained for the other cases. Note, how

ever, that due to variations in the I.P. displacements, along with the 

difficulty of selecting an "identifiable" point in a non-steady system, 

only the fact that there is a difference in the displacements, such 

that the thermal appears to be moving slower than the flight level 

winds, can be considered significant. Somewhat closer agreement is ob

tained if the mean wind in the layer between the ground and the flight 
level is used in place of the flight level winds. If, in fact, the
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thermal at flight level moves slightly slower than the ambient winds, 

then the assumption of equality between the thermal speed and ambient 

wind speed will result in an overestimate or underestimate of the 

thermal width,depending on whether the flight penetrations are upwind 

or downwind respectively. For the average case, flight level winds are 

approximately 5 m sec Some idea of the error involved in the as

sumption of thermal and ambient wind speed equality may be obtained by 

assuming that the thermal moves at some speed below that of the ambient 

wind. Assuming that the thermal moves at only 50% of the ambient wind 

speed, a percentage error of approximately 5-10% will be incurred in 

estimating the thermal widths. Since it appears that a 50% relation is 

somewhat low, and due to other uncertainties in the measurements, the 

speed equality assumption will not introduce significant errors.

Since very little experimental work in the atmosphere has been 

done on dry convective elements of this size, no direct comparisons with 

other measurements can be made. However, it is of interest to compare 

these results with measurements in similar convective currents. Air

craft measurements by Vul'fson (1957) indicate that growing cumulus 

clouds are surrounded by a ring of downdrafts in a fashion similar to 

that of the clear thermal above the dust devil. Malkus (1954) finds a 

similar feature in trade-wind cumulus where the downdraft region is par

tially within the cloud and primarily on the upwind side. Saunders 

(1961) has deduced from time-lapse photographs of cumulus thermals 

(which emerge from the summit or on the flanks of the main cloud struc

ture) that the thermals have characteristic vertical velocities of 

2-6 m sec'l. Under the assumption of complete mixing, the thermal
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temperatures were estimated to be typically 0.5°C to 1.0°C above the 
ambient temperatures. Measurements in small non-precipitating cumuli by 
Telford and Warner (1962) have shown that the updrafts and downdrafts 
both inside and outside the cloud are typically + 1-3 m sec-*. Similar 

aircraft measurements of temperature and vertical velocity by Warner 

and Telford (1963) over several types of surfaces (wooded, grassland, 
and sea) and within 1250 meters of the surface show temperature varia
tions up to 1°C accompanied by vertical velocity variations of + 2-5 m 
sec-*, depending on the nature of the underlying surface. Their meas

urements indicate that the convective elements have a plume or column 
structure rather than a bubble or vortex ring structure. Thus, meas
urements near and within growing cumulus clouds and dry convective ele
ments reveal convective currents which in some cases have structure and 

distributions of vertical velocity and temperature similar to those en
countered in the upper levels of the dust devil. In addition. Woodward 
(1960) relates a sailplane flight above a dust devil in which a maximum 
vertical velocity of approximately 12 m sec”* was encountered over a 
period of at least one minute. However, this encounter should be con
sidered a rather rare event, with maximum vertical velocities of about 
5 m sec* being most common.

Composite Model
In order to emphasize the persistent features of the upper 

structure of the dust devil, a composite of 14 of the most distinct 
dust devils (total of 27 separate penetrations) which occurred on nine 
different days was constructed (Fig. 5.6). Three altitude intervals 
(5000-7000 ft MSL, 7000-9000 ft MSL, and 9000-12,000 ft MSL) were



Fig. 5.6.--A Composite Model of the Dust Devil Upper Structure.
The dashed lines refer to the mean temperature deviations (AT) and the 
solid lines represent the mean vertical velocity (w). The notations 
(UW) and (DW) refer to the upwind and downwind side, respectively, 
of the dust devil.
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selected such that the 14 dust devils were grouped with four in the 

lowest, five in the middle, and five in the upper layer respectively.

The width of the updraft was used as a reference length (R), with the 
center of the updraft arbitrarily taken as 0.5 R from either edge (i.e., 

where w ■ 0) of the updraft. The mean vertical velocity and temperature 

profiles were then obtained by averaging the values of w and T at equiva

lent multiples of R (i.e., 0.1R, 0.2R, 0.3R ...) out from the center of 

the updraft. Note that the averaging process tends to minimize the errors 

in the thermal widths due to the thermal moving at a different speed than 

the flight level winds. The mean profiles are plotted at the mean alti

tudes of the duet devil penetrations in each layer. For lack of informa

tion of the individual dust devil slopes, the mean profiles are centered 

about a common vertical axis. The composite model (Fig. 5.6) shows 

essentially the same updraft-downdraft and temperature features as the 

five individual cases shown in Figs. 5.1-5.5. At each mean altitude 

there is a central region of strong upward motion (approximately 3 m sec'l) 

on the axis which is surrounded by a distinct region of descending 

motion slightly less in magnitude. The mean temperature profiles indi

cate, as in the individual cases, positive AT'a within the updraft 

regions (approximately 0.35°C on the axis) and in some cases negative 

values within the surrounding downdraft. Mainly in the upper two layers 

the mean /XT's in the downdraft regions are slightly positive. This 

may be due to a number of factors of which the following are the most 

obvious. First, due to the strong turbulent mixing in the boundary be

tween updraft and downdraft (indicative from the sailplane reaction),



the process lapse rate is probably not adiabatic. It is not inconceiv

able that the horizontal mixing of relatively warm (cold) air from the 

updraft (downdraft) into the downdraft (updraft) may result in a super- 

adiabatic process lapse rate for the downward (upward) moving air.

Hence, adiabatic reduction of the temperature measurements to a common 

altitude may introduce, especially in this region, systematic errors in 

the temperature. In addition, above 8000 ft MSL the environmental lapse 

rate may be slightly stable, in which case air descending essentially 

adiabatically might be slightly warmer than the environment but not as 

warm as the updraft. While below 8000 ft MSL the environmental lapse 

may be slightly unstable which would indicate a relatively cool down- 

current. This is essentially what the temperature structure of the com

posite model indicates, and is further substantiated by the correspond

ing mean lapse rate shown in Fig. 5.7. The 1700 M3T sounding is assumed 

to be indicative of the vertical temperature structure in the afternoon. 

The mean early morning sounding was included to indicate the diurnal 

variation of atmospheric stability. The 320-degree potential tempera

ture adiabat ( S = 320°) is shown for reference. The 1700 M3T sounding 

is unstable (both for Tucson airport and Ryan Field) from the surface to 

the 850-mb level and then becomes slightly stable from the 850-mb to the 

700-mb level. This vertical stability structure agrees with the earlier 

results (Fig. 1.8c) concerning dust devil activity and atmospheric sta

bility. Vul'fson (1957) found that in the compensating downdrafts near 

and in the upper part of cumulus clouds, the air temperatures were



Fig. 5.7.--Tucson Mean Early Morning (0500 MST) and Late Afternoon 
(1700 MST) Soundings Corresponding to the Composite Dust Devil Model of 
Fig. 5.6.
The solid lines refer to Tucson Municipal Airport data while the dashed 
line was constructed using the Ryan Field 1700 MST surface temperature..
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0.5°-2.0*C warmer than the surrounding environment. Vul'fson attributes 

this to a stable environment surrounding the growing cumulus.

The dotted outline shown in Fig. 5.6 represents a hypothetical 

boundary for the width of the mean updraft. In addition, the height 

and width characteristic of the dust column of large desert dust devils 

is shown near the base of the mean updraft region. Note that this 

height is to be regarded as a mean height with the possibility that in 

extreme cases the dust may still be visible at altitudes of 6000-9000 

ft above the ground (Woodward, 1960). The rapid widening of the up

draft region from the ground to approximately 6000 ft is believed to 

take place in the following fashion. As the upward moving column of 

warm air proceeds through the plume and vortex stages (Fig.4.7), mixing 

between the thermal and the environment results in a mutual exchange 

of both vertical momentum and heat. Malkus (1954) has termed this 

mixing process "gross entrainment." As the upward vertical momentum 

is mixed into the unstable environment, an upward vertical velocity 

is imparted to the environment. Due to the vertical instability of 

the disturbed environment, the air has a positive buoyancy and it 

therefore continues to accelerate upward. Thus, in the initial stages 

of growth as the vortex penetrates to successively higher levels, the 

gross entrainment acts to "trigger" the inherent instability of the 

surrounding environment in the lower levels and thereby results in 

the rapid widening of the initial updraft. Therefore, the origin of 

the updraft region at about 6000 ft (Fig. 5.6) is not necessarily at
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the ground, but may have partly had its origin someplace within the 

atmospheric layer between the surface and 6000 ft. Because gross en

trainment implies mixing both into and out of the warm updraft, rela

tively cool environmental air is mixed into the updraft. This acts 

to decrease the temperature and hence the buoyancy of the updraft. In 

addition, depending on the sign of the vertical velocity of the envi- 

ronment, the net or dynamic entrainment (air from the environment 

that is mixed into and remains within the updraft) of vertical mo

mentum acts to increase or decrease the upward motion of the warm buoy

ant air. Thus, the mixing tends to broaden the updraft region with 

height, as well as to reduce the buoyancy of the updraft. Note that 

conservation equations for the momentum flux may not be valid in the 

lower levels of the dust devil where non-hydrostatic pressure gradients 

may be operative.

In the model a typical updraft temperature excess near the 

ground is about 5°C with an excess of only a few tenths of a degree 

centigrade at about the 6000 ft level. This implies considerable mix

ing of cool environmental air into the warm updraft. With the assumed 

configuration of the composite model (Fig. 5.6) and typical mean dis

tributions of temperature and vertical velocity, it is possible to 

deduce the order of magnitude of the mean radial inflow (u) relative 

to the updraft which is necessary for energy conservation. For example, 

let us assume for simplicity that the configuration of the updraft 

region (as shown in Fig. 5.6) from the surface to 6000 ft has the form
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of a frustum of an Inverted right cone with the lower base at and 

parallel to the ground with radius r^ = 10 m and the top at 6000 ft 

with radius rg = 1800 m. In addition, the mean temperature and verti

cal velocity at the bottom and top are typically 310°K, 2.5 m sec"*- 

and 300°K, 1.8 m sec"*, respectively, with a mean temperature in the 

layer of Ts = 305°K. Assuming steady state conditions, the heat flux,

H = ̂ Cp^wTA (where A is the area normal to the flow and the remaining 
quantities have been previously defined), through the lower boundary 

(%) plus the heat flux through the curved surface of the cone (Hg) 

must equal the heat flux out through the flat circular area at the top 

(6000-ft level or approximately 820 mb) of the inverted cone (Hj).

That is, + Hg * Hj or:

A t  CpgWLTl/L + /3a8CpaU8TaA8 = /<9aTGpaVT*TAT

where n8 is the mean velocity in the layer normal to the sloping curved 
surface which makes an angle with the local vertical. Thus 

ug ■ u coa^g where u is the mean radial component of the flow in the 

layer and is therefore equal to:

u =

/ V s A g  co8/^

Using the typical values given above, the necessary radial inflow is 
approximately: U  ” 2,0 ra sec"*. In view of wind velocities charac

teristic of the thermal and the environment, this appears to be of the 

right order of magnitude. In the layers above 6000 ft the composite 

model indicates little variation of the mean temperature, vertical 

velocity, and width of the updraft region with height. This implies a
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considerably smaller radial inflow than is indicated in the lower layers. 

Since the dust devil is, in general, not a steady state phenomenon, a 

more critical analysis would have to take into account the turbulent 

mixing of heat and momentum across the updraft-downdraft boundary.



CHAPTER VI

THE GOVERNING EQUATIONS OF MOTION

Coordinate System

As discussed in the instrumentation section, the simplest and 

most meaningful location of the measuring system was one fixed with 

respect to the earth. The wind measurements therefore refer to the 
total wind, i.e., the wind due to the dust devil pressure system and 

the general environmental wind in which the dust devil is embedded. 

Consequently as the dust devil passes the instrument tower, the meas

urements are with reference to a mixed space-time coordinate system.

The time axis enters the problem due to the non-simultaneous recording 

of the measured quantities. Since simultaneous measurements of wind, 

temperature, and pressure would have required a much more sophisticated 

measuring system which was beyond the scope of the present project, it 

was assumed that during the period of measurement the dust devil does 

not change shape or intensity. This steady state assumption is neces

sary in order to relate the measurements, taken over a particular time 

period, to a common instant of time. The validity of the steady state 

assumption will in general depend on the ratio (R) of the measurement 

period to the complete life cycle of the dust devil. Since the visible 

lifetime of a medium-size dust devil averages about two minutes (see 

Chapter III),and the measurement period is typically near 20 seconds.
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it follows that R —  2 x 10“ .̂ Note that if the complete dust devil life 

cycle were known, R would be somewhat smaller. Thus, there is approxi

mately an order of magnitude difference between the measurement period 

and the mean dust devil (visible) lifetime which would lead one to sus

pect, while considering a number of specific stages of dust devil de

velopment, that during the 2 0-second measurement period the steady state 

assumption may be a good approximation (this is taken up in greater de

tail in a later section). Visual observations of dust devils traveling 

over typical desert terrain (flat, sandy surface broken only by the 

natural growth) tend, in general, to support this contention by reveal

ing little variation in shape or intensity during a 2 0-second period 

near the middle of the dust devil's life cycle. In addition, all meas

urements to be presented herein refer to medium-size dust devils that 

revealed no visual change of shape or intensity during the period of 

measurement.

As a result, all the data from a dust devil penetration can be 

assigned, with some reliability, a location in a suitable space coordi

nate system. From such a system, the magnitude of the forces which 

govern the dust devil's motion may be investigated. There are essen

tially three coordinate systems available: (1) an absolute coordinate 

system fixed with respect to the stars, (2) a coordinate system fixed 

to and rotating with the earth, and (3) a coordinate system moving with 

the dust devil, i.e., a system with its origin on the dust devil axis

and moving with the translatory speed of the dust devil. While each 
approach may be more applicable to a specific problem, the accuracy
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with which the data satisfy the governing equations will, in general, 

not be increased by use of a particular coordinate system. For this in

vestigation a coordinate system moving with the dust devil offers the 

most straightforward approach since all local derivatives which may 

appear in the governing equations vanish under the steady state assump

tion. The other two coordinate systems would still contain local de

rivatives, even for the steady state approximation, due to the motion 

of the dust devil with respect to the frame of reference. The absolute 

coordinate system has the added disadvantage of presenting the governing 

equations in a form that contains terms not readily comparable to those 

usually discussed in meteorological research.

The near perfect cylindrical shape of the debris within a dust 

devil near the ground, indicates that a cylindrical coordinate system 

whose origin is on the dust devil vertical axis and which is moving with 

the speed of the dust devil is the least complicated method of analysis. 

Consequently, the usual meteorological equations, which are derived 

with respect to a coordinate system fixed to and rotating with the 

earth's surface, must be modified to include the motion of the dust 

devil in such a manner that the wind velocities measured by the tower 

fixed to the earth are directly applicable.

Derivation of Equations of Motion for Turbulent Compressible Flow

The pertinent geometry of the moving coordinate system is shown 

in Fig. 6.1. The moving cylindrical coordinate system r', ^ s' has 

its origin O' fixed on the axis of the dust devil and is moving with 

the velocity ( <fc) of the dust devil. During the measurement period, the
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Fig. 6.1.-- Diagram of the cylindrical coordinate system 
(r1, <p ' , z1) moving with a constant horizontal velocity ($:) with 
respect to a coordinate system fixed to and rotating with the 
earth's surface.

dust devil is assumed to move in a constant direction and speed with 

respect to the earth. Visual and photographic evidence indicate this 

to be a good assumption for the 20 second recording period. The origin 

0 is fixed at the center of the earth and nr0 is the radius vector from 

this origin to the origin O' of the cylindrical system r',^',z', while 

a: is the radius vector from the origin 0 to a particular point in the 

cylindrical system. With these features and assumptions in mind, we

L
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arrive at the following vector equation, formally known as the Navier- 

Stokes equation, of the instantaneous motion with respect to the moving 

cylindrical system r1, ^ 1, z' (see Appendix 1): 

d\Vr
= -otVp - 2tUg x \Vr + 5  + TftjH (6.1)

where i,dt the acceleration of the motion relative to the moving

coordinate system.

Now since the motion near and within the dust devil is turbulent, 

the observations represent not instantaneous values but an average over 

some period of time which is of the order of the response time of the 

instruments. The Navier-Stokes equations may be modified to apply to 

the mean motion by using the averaging technique first introduced by 

Osborne Reynolds (1894). The Reynolds averaging technique is based on 

the partition of the instantaneous values of the variables into a mean 

value component (barred) and a turbulent fluctuating component (primed), 

i.e., V  c i7 + V .  Substituting expressions of this type into the Navier- 

Stokes equation of motion and taking the mean value of the terms, accord

ing to Reynolds rules (see Pal, 1957), where the mean value is defined
1 /r ‘VX/kfor an arbitrary variable Q as Q = — j Qdi, in which I is the space 

and/or time interval centered at i, we obtain the Reynolds equation of 

motion for the turbulent flow of a compressible, nonhomogeneoue medium: 

i J k  - -*<Vp - 2u>E x W r + g + + 1/3V(^V)] -59^trrv^| (6.2)

where * |"£r + \Vr*V\Vr and hence refers to a time-mean trajectory.
In the derivation of (6.2) we have also made use of the equation of 

continuity in terms of the mean motion, i.e.,
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^  = % )  (6.3)

Implicit in the derivation of equations (6.2) and (6.3) is the simplify

ing approximation that the fluctuations in density are small with respect 

to corresponding fluctuations of velocity. This is a good approximation 

in most atmospheric problems, since velocity fluctuations ( W') can be 

easily 25-50% of the total velocity, while density fluctuations (̂ »') 

rarely exceed 1-2% of the instantaneous density. Thus, for example, by 

neglecting density fluctuations we have the following simplifications 

(Reynolds rules of averaging are used):
(/>*)' = [(p+f!)*/] =(pw) +(pty) V'

and similarly, f>V =(p+f>')(y+W') ~  p V  . It is to be

noted that no restrictions as to the compressible nature of the medium 

is intended at this point. The mean density (p) is to be treated as a 
variable in order to be consistent with any expansions or rarefactions 

in the medium.

Equation (6.2) is identical in form with (6.1) except for the 

additional termoLV *^ 3 , which is the divergence of the momentum

flux (due to the turbulent eddies) and thus represents a force due to 

the transport of turbulent momentum by the turbulence. Now, since the 

wind velocity was measured from a tower fixed to the ground, (6 .2) is 

not directly applicable to the recorded data unless the velocity of the 

moving system is taken into account. If fc is the velocity of the moving 

system with respect to the ground, then it follows that Vr m V  -  C,
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where \V is the wind velocity measured with respect to the tower fixed 

to the ground. Thus (6.2) may be written as:

(j’CW-tc)
dt 5Vp — + V |yl(\V-c.) ~ *̂[p(\v-ic)'(v-cy]

The last term of the right-hand member of (6.4) when expanded into 

component form in terras of cylindrical coordinates has the following 

form:

V ‘|p(lV-(0'(\V- cyj =  ? ĵrff t- ri>(f ~ C *)J f -  ̂~j

|t(f (v-c$y t ̂  (f (v-c^w-c,)At+_ £p (̂-Cr)'(y-

dr(f (vv"CiX u'ĉ )+ ̂ ( f  Cw *c»)(v"ĉ  + .1)..

where u, v, w are the radial, tangential, and vertical wind velocity 

components respectively, and cr, c^ , c2 are similarly the radial, tan

gential, and vertical velocity components,respectively,of the moving 

system with respect to the ground. Thus, for example, the term (u-cr) 

refers to the radial velocity component relative to the moving system.

It is important to note that cr, ĉ  , and cz are functions of the azimuth 

coordinate. The particular functional relationships are taken up in 

detail in the next section. Since the measurements represent essentially 

mean values oi the principal variables, the influence of the turbulence 

on the mean motion can only be taken into account by relating the eddy
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flux terms or Reynolds stresses (terms of the form and ul

of (6.5) to the mc.in variables. One possible approach to this problem 

was introduced by Boussinesq (1877), who related the Reynolds stresses 

to the mean quantities as shown in the following example:

-? ^ T (6.6)

The proportionality factors K are defined as the eddy viscosity coeffi

cients which in general are different for the r, <f> , z coordinates and in 

addition vary in space and time. By introducing relations of the form 

(6.6) into (6.5), the equations of motion may be expressed in the 

following component form:

#

d(u -cr)
Jt d z

(v+c,)2 _ dP= - a jy + 2cuz (v+ĉ,)
(6.7)

I
r

d(u-cr) l d1u-cr) 
!Tr + 7 2

u-cr d(u-cr)
“T- ^"dz*

2 d(v^c#) <■- ̂ -(V (xv-K))]

dtu-cf )

dr

d(u-cf)

rdf ]*
d_

dz

<3(0-cr)

dr

p  d(v-c ) I  
r K# r d f  /

d(v+c,)
at + (u-cr)

atv+ĉ )
dr

+(v+c,)
d{v+Cp)  ̂  ̂ â (v+c*) | (u-c,)(v+c^)

(6.8)
2cuz(u-cr)

+2w,V (w-cz)4y -alv-tĉ ) j_ d(v-t-ĉ) _
dr2 r dr

v+Cf d2<v>ĉ ) 
r2 + dz2

d(6tc*)
dr

d(C‘Ĉ ) -I 
dr /
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(6.9)
- ~ ( X — g +  2104 (u -c r ) — 2aJr (v *cy )

Equations (6.7), (6 .8), and (6.9) represent in a moving cylindrical 

coordinate system the general equations of motion for a turbulent, com-

to time in the moving system), See Appendix 2 for an explanation of 

the Coriolis acceleration terms. Before applying these equations to 

the observational data, a number of simplifying assumptions and ap

proximations will be made.

Simplifying Assumptions

Quasi-Steady State.--In order to relate spatially the data which 

was taken over a measurement period of approximately 20 seconds, it is 

necessary to assume that the dust devil passes over the measuring equip

ment without change of shape or intensity, i.e., the dust devil is con

sidered to be in complete steady state during the measurement period.

As a consequence, the system of equations for a coordinate system moving 

with the speed of the dust devil will contain no local time derivatives 

and hence affords some simplification. While it is not possible to 

obtain the exact magnitude of the errors due to this assumption, we can 

show that effects of a non-steady state on the motion are probably an

pressible atmosphere (note -fy refers to the local change with respect
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order of magnitude less than the effects of other terms (the motion may

then be thought of as being in a quasi-steady state). Using the radial

equation (6.17) as an example, it can be shown that since the speed c

is not a function of time, = B-Ii is small compared to
2 _2 *(v + ^  v (c, is usually much less than 17). Since we are only in-

r ~  r
terested in establishing that the dust devil is in a quasi-steady state 

during the measurement period, we will select a characteristic time (t*) 

of 10 seconds, which is one-half the total measurement period, and a cor

responding characteristic tangential velocity (v), and length (R). Thus
•1x25L ~ X =(jL_5LJL£c— ) = 5 m sec \  while —  ~  —  a —  . For the twor R 5 m it At t*.

terms to be of the same order of magnitude requires that 4X1*50 m sec"^. 

Since the mean radial component (u) is typically only 2 m sec“ ,̂ it is 

not probable that local variations of u will be as great as 50 m sec"*".

A clue to the likely magnitude of 4Q is apparent from the visible dust 

column. Since the dust column of a medium- or large-size dust devil 

does not change shape appreciably during a period of 20 seconds (near 

the middle portion of its life cycle), the radial component, which is 

instrumental in maintaining near equilibrium orbits (see Chapter IV, 

Particle Distribution Section) for the dust particles, should probably 

not vary by more than 10-20% of the mean radial component (u). Using 50% 

as an upper limit, we have 6 u = + 0.5U a +  1 m sec**̂ . Consequently, 

the quasi-steady state assumption would appear to be valid at least with 

respect to this particular example of the u component. Further analysis 

shows that, in general, it is a valid simplifying assumption, and there

fore the local time derivatives may be eliminated from equations (6 .7),
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(6.8), and (6.9). The quasi steadiness of the motion does not necessar

ily imply that the dust devil motion is invariant with time but rather 

that the evolution with time of the dust devil may be approximated by 

a succession of quasi-steady states. The quasi-steady states are then 

themselves particular functions of time.

Penetration Assumption.— As discussed previously, the measuring 

technique requires the mobile jeep-tower to be located such that the 

instruments always lie in a vertical plane formed by the dust devil's 

diameter and symmetry axis. Thus, as the dust devil passes over the 

stationary tower, the measurements refer only to the variation of the 

recorded variables along the dust devil radius or diameter as shown in 

Fig. 6.2. The dust devil translation velocity ( to) is considered con

stant in space and time during the period of measurement. Photographic 

records (16-mm film data) show this to be an excellent approximation. 

Consequently, from the geometry of Fig. 6.2, we may with complete 

generality express c as:

c = cr$ + c^£ + cz$ = c cosf 2 - c ainf$ + cz§ (6 .10)

where r, $ are the unit vectors in the radial, azimuthal, and verti

cal directions respectively. Since the dust devil is always moving 

parallel to the earth's surface, there is no vertical component, i.e., 

c2 = 0. Further, as all dust devil penetrations are made along the dust 

devil diameter as shown in Fig. 6.2, then <f> - 0° or 180°. This means 

that to = cr£, where c is always positive; hence cos^ = +1 , for 

0 » 0° or 180°. In other words, the translatory velocity ( c) of the
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Fig. 6 .2.--Schematic top view of dust devil penetration where 
u and v are velocity components in cylindrical coordinates measured 
with respect to the stationary jeep-tower and represents the 
horizontal component of the wind.

dust devil for a penetration along the dust devil diameter as shown in

Fig. 6.2 has a component only in the radial direction (?). This result

rests on the assumption that the penetration is as specified. During

the measurement program an observer visually determined, from the dust

column, the validity of this assumption. The observations indicated that

in most cases the dust devil penetration was very close to that shown

in Fig. 6 .2,and hence this assumption is not considered a critical one.

Axial Symmetry.--For a dust devil at rest with respect to the

earth, i.e., c = 0 , the motion is considered axially symmetric about the

z axis at any one level, i.e., * -~r ” 0* Since the dustr)# rif r&+
particle trajectories are a result of the aerodynamic drag produced by

___



the three dimensional velocity field, the assumption of axial symmetry 

suggests that if it is valid, we should observe a marked symmetry in the 

visible dust column. The fact that this is observed in a large number 

of dust devils, stationary or moving, indicates that at least in the 

vicinity of the visible dust column, the assumption of axial symmetry 

may be valid. Since the measurements were always taken in well-defined 

dust devils and over a period much less than the duration of the visible 

dust column, the symmetry assumption for these data appears justified. 

Note that we are not requiring absolute symmetry, but only that those 

terms involving derivatives with respect to $ (i.e., ) are small
r®r

compared to other terms in the equations.

If the axially symmetric dust devil begins to move with some 

translatory velocity, the wind measurements made from a system fixed to 

the ground should show an asymmetry with respect to the ^ coordinate. 

This results from the translatory velocity being added to or subtracted 

from the vortex velocities that have a component in the same direction 

as or opposite direction to, respectively, the translatory velocity (see 

Fig. 6.3). From Fig. 6.3 it is evident that any (horizontal) transla

tory motion of an axially symmetric dust devil (shown in (a)) produces 

an asymmetry in the horizontal wind field with respect to a fixed coor

dinate system. However, for a system moving with the translatory ve

locity ( «c) of the dust devil the motion is axially symmetric. Thus in 

(6.7), (6.8), and (6.9) all derivatives with respect to ^ vanish.

The preceding discussion neglects, however, the possible influ

ence of the variation of surface friction (due to the translatory motion) 

on the horizontal wind (V^). That is, since the surface friction depends
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Stationary
(a)

Moving
(b)

Fig. 6.3.--Schematic Top View of a Stationary and Moving Dust 
Devil Showing the Asymmetry Produced, With Respect to a Fixed Coor
dinate System, in the Radial and Tangential Components (u, v) for a 
System Moving with a Translatory Velocity «p. The Velocity Components 
With a Subscript r (i.e., ur, vr> Vhr) Refer to a Cylindrical Coor
dinate System Fixed to and Moving With the Dust Devil translatory 
Velocity c, and the Components Without Subscript r Refer to a 
System Fixed With Respect to the Ground. Thus, from eq (6.10): 
u - ur + c cosf and v * vr - c sin^ .

on the relative motion of the air with respect to the ground, the in

crease and decrease of Vh due to the translatory motion also increases 

and decreases, respectively,the surface frictional drag. Thus V^ at 

some levels may be overestimated or underestimated depending on the 

azimuth position <f> . Since the translatory velocity ( (c) of the dust 

devil is constant, this implies that the velocity field with respect to 

the moving system is no longer symmetric and hence the symmetry assumption 

may be open to question. A complete analysis of such a possibility 

involves the solution of an extremely complicated boundary layer problem.



The complications arise from the presence of large pressure gradient 

forces, rotary motion, insufficient knowledge of the boundary layer wind 

profile, and non-steady motion. Some feeling for the problem may, how

ever, be deduced from the experimental studies of Lettau (1961), which 

have shown that an order of magnitude increase in the surface stress 

(produced by varying the drag characteristics of the surface) affects 

the wind velocity at and above the 2 meter level by 5% or less. Lettau1s 

results may be considered grossly analagous to the dust devil problem in 

which the drag characteristics of the surface are essentially constant 

while the wind speed is varried. While it does not seem likely that the 

varying surface stress produced by the motion of the dust devil would 

change by an order of magnitude, we might consider a typical case to ob

tain an estimate of in the equation ~rr = - £  cosf (ref.ro# r»f r
Appendix 3). Considering a moving dust devil with c = 5 m sec"*, vr =

10 m sec"* and a 5% error in the wind due to the varying surface stress, 

it follows that: v^e1<>. »— vr - c^ = vr - c sin^ = 5.25 m sec”*, and 

v^e270. ”  vr - c *inf = 14.25 m sec"*. The tangential variation of
vr at^ = 0° may be roughly approximated by considering mean values, i.e., 

(-L2L ). _  =  53L = (5.25 - 14.25)m sec"* « 0.48 sec"*, and
rSf raf_ 6T m

£ cosf = 5_m__sec__ x o.637 = 0 . 5 3 sec which leads to — ~ « 0 . 0 5  sec" . r 6m rdf
It turns out (Chapter VII) that the inertial terms (other than those f 

dependent) are usually 1-10 m sec 2. Consequently,^ dependent terms, 

such as vr d^r ,will probably be smaller by an order of magnitude which 

implies that the moving dust devil is essentially axially symmetric

(similar arguments may also be employed with respect to ur), While this 

is a very rough approximation, it is felt that in light of the other



approximations or simplifications and the measurement errors, the wind 

field at or above 2 meters may be considered unaffected by a varying 

surface stress produced by the motion of the dust devil.

Incompressibility.--The atmosphere is considered an incompres

sible gas, which requires that ^  = 0. This implies then from the con

tinuity equation, ^  = -fV’W, that V • V = 0 , or for the moving system 

(see Appendix 3):

V  W r = V- ( W  - e0 = + 5 - cr + &E = o (6 .11)dr r

Although the assumption of incompressibility is made in nearly all mete

orological problems, it is important to note that in convection prob

lems a paradox may arise if absolute incompressibility is imposed. That 

is, if the medium is incompressible, how can non-adiabatic processes pro

duce local density variations which may lead to buoyancy forces and 

hence a free convective regime in an initially homogeneous medium? In 

the atmosphere, local heating of the ground by solar radiation may pro

duce, due to terrain and wind irregularities, horizontal density varia

tions in the air immediately adjacent to the ground, and thereby initi

ate local convective currents. Consequently, in convection problems, 

one does not regard the atmosphere as incompressible but rather it is 

treated as a quasi-incompressible gas in the sense that it is assumed

that the magnitude of ~ ^  is much smaller than the magnitude of ther dt
individual terms of V • \V, i.e. ,|Vy • • It is to be noted at this

point that density variations as they affect buoyancy forces within the 

fluid are still allowed,and hence the source of energy believed neces

sary for the initiation of the convective system has not been eliminated.



The validity of this assumption will now be investigated by esti

mating the relative magnitudes of ^  ̂  and the terms inV* V  for the
t

dust devil. Remembering that the derivatives are with respect to the 

moving system, we would not expect local variations in density to ex

ceed the maximum spatial variation during the lifetime of the dust 

devil. If V* *  5 m sec""* represents a typical velocity, T =  3 min rep

resents the lifetime of the dust devil, and L ® 20 m represents charac

teristic length, say the dust devil radius, and the maximum density 

variation (approximately 1-2%) across the dust devil represents a meas

ure of the local time variation of density during the dust devil life

time, then an order of magnitude analysis indicates:

1 = 1 if. + l\vr‘Va*A£ - V* && a; 10'4 sec- 1 - 10'3sec' 1 =  -10'3sec' 1f> dt f> it e r />T fL
where Af and represent local time and space differentials respec

tively. On the other hand, the velocity divergence terms are at least 

an order of magnitude larger, i.e. , ~  ~ = 0.25 sec. Hence the in

compressibility assumption for the dust devil appears to be a valid 

simplifying approximation during most of the dust devil lifetime and 

especially during the 2 0-second measuring period.

Effect of Earth's Rotation.--In small-scale systems, the effect 

of the earth's rotation, which gives rise to the Coriolis acceleration 

terms in the equations of motion, is usually much smaller than the 

accelerations arising from any imbalance in the pressure, frictional, 

and gravitational forces. An order of magnitude analysis of the Coriolis 

terms in (6.7), (6 .8), and (6.9) (i.e., those terms containingw ) shows
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-3 -2that for the dust devil all these terms are of order 10 m sec . On

the other hand, a representative velocity V* == 5 m sec"* and a radius

R = 20 meters shows that corresponding acceleration terms have the
V*^ - 2following approximate form and order of magnitude: — s i  m sec 

Consequently, to a good approximation the Coriolis acceleration terms 

may be neglected from the equations of motion to be used for the dust 

devil analysis.

Density Variations.--Although there are rather large pressure 

and temperature variations within the dust devil, the spatial varia

tions in the density are approximately 1-2%. Since this is small com

pared to the instrumental errors, we may safely neglect these varia

tions and simplify the equations and hence the computations by making 

use of a representative mean density or specific volume. While this 

implies complete incompressibility, it will have an insignificant effect 

on the order of magnitude analysis of the individual terms of the 

equations.

Viscosity Coefficients.-- Since the molecular kinematic viscosity 

(N) may be 4-5 orders of magnitude smaller than the eddy viscosity 

coefficient, we can safely neglect those terms multiplied by V in com

parison to similar terms involving K. This is tantamount to saying that 

the frictional effects within and near the dust devil are governed 

primarily by the eddy motions and to an insignificant extent by the 

molecular stresses. In addition, for lack of information we will as

sume also that the eddy viscosity coefficients are equal and either do 

not vary or vary insignificantly in the intervals defined by the finite



difference grid, l.e., Kre=K^-Kz*K. Because of the empirical nature of 

the eddy coefficient#, the magnitude of K can be, at beet, only approxi

mated. The Prandtl mixing length theory suggest# that the eddy coeffi

cient# may be expressed as: K * w'l. The 1 is envisioned as a length 

over which the turbulent elements retain their initial momentum. The 

measurements indicate a v ’ at 1 m sec”*, and for lack of better informa

tion the mixing length for an adiabatic atmosphere will be used; l.e., 

depending on the measurement level (z), 1 * kz = 1-4 m, where k is the 

von Karmen constant. Thus, a rough order of magnitude for the eddy coef

ficient might be K *  1-4 m^ sec~^. This value of K is consistent with 

values employed in a number of numerical studies of cumulus convection. 

However, in the case of the dust devil, K may be larger since relatively 

large buoyancy and nonhydrostatic pressure forces are present.

An accurate and independent check of the magnitude of the eddy 

coefficient suggested by the mixing length theory requires detailed 

measurements of the eddy velocity components. Lacking such information, 

one might attempt to get some notion of the magnitude of K from visual 

observations of the dust devil. For example, is the eddy mixing indi

cated by K *  1-4 m^ sec"*- (i.e., w' *  1 m sec’*-, 1 *  1-4 m) consistent 

with the rather well-defined dust colimm? Assuming for the moment that 

any fuzziness or eddying dust motion in the vicinity of the dust bound

ary is a measure of the eddy mixing, we might conclude that such fea

tures are associated with a mixing length which would thereby permit an 

estimate of 1. Visual observations and movies of the dust column indi

cate that in many cases (medium or larger duet devils) fluctuations 

in the dust motion may extend over distances of a meter at z ■ 7 ft,



193
and over somewhat greater distances at higher levels (see Fig. 1.1).

Note that horizontal eddy fluctuations of the dust will not necessarily 

destroy the rather well-defined dust boundary because vertical eddy 

fluctuations will tend to disperse the dust in the vertical and thereby 

tend to eliminate such irregularities along the dust boundary. The dust 

motion would then seem to lend some credibility to the eddy coefficient 

obtained from the mixing length theory. However, one must be extremely 

careful with such arguments for the following reasons. First, the ob

servations are visual ones and hence there is no assurance that the dust 

particles follow exactly or even to a good approximation the eddy mo

tion of the air. In addition, if the duet mixing ratio is low, the dust 

may be extremely difficult to see or photograph— yet considerable mixing 

may be taking place. Second, the apparent eddy motion of the duet may 

not be so much a result of the mixing, but rather due to the availabil

ity of dust and sand. That is, one cannot be sure that irregularities 

in the dust motion are due to turbulent eddies or whether they are due 

to variations in the supply (with respect to quantity and particle 

size) of loose surface material along the dust devil trajectory.

Further, once the duet or sand is picked up by the air flow, the en

suing eddy motion of the duet may also be influenced by particle size. 

For example, particles, because of their mass, speed, and radial loca

tion, may be moving in a direction somewhat different from the eddy 

fluctuations of the air. This would be especially true of particles 

picked up near the dust devil center which after being accelerated by 

the air flow are centrifuged radially outward (because of their
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density) quite independently of the eddy motion of the air. Therefore, 

the observed dust motion may or may not be indicative of the turbulent 

mixing suggested by the mixing length theory. A comparison of the eddy 

coefficients deduced from the mixing length theory and the measurements 

will be taken up in Chapter VII.

Reduced Equations

With these approximations and assumptions in mind, (6.7), (6.8) 

and (6.9) may be reduced to the following form:

$ “ p + A  , 1
*bz2 r %r (6 .12)

#  * a 4  B] (6.13)

3 §  4  e l (6.14)

and the corresponding equation of continuity (Appendix 3) for this system 

is:

"bu , u - c . bU
57 + ~r + 5z = 0 (6.15)

It will be the purpose of Chapter VII to determine the order of 

magnitude and spatial variation of the terms in the above equations and, 

if possible, by use of this information reduce these equations to an 

even simpler form.



CHAPTER VII

ORDER OF MAGNITUDE ANALYSIS OF TERMS IN EQUATIONS OF MOTION 

Data Smoothing Procedure

In order to evaluate the terms in equations (6.12), (6.13), and 

(6.14), the recorded data were smoothed by taking running means over a 

radial distance of approximately 1 meter, which is equivalent to a time 

interval of about 1 second. This smoothing resulted in space-mean fields 

of pressure, temperature, and the three cylindrical velocity components 

(u,v,w), which were considered representative of the corresponding mean 

fields of the dust devil. In addition, the data smoothing was helpful 

in eliminating spurious oscillations of the bivanes and the pressure 

instruments which had periods of less than 1 second, and hence may have 

exhibited considerable amplitude error. This appeared especially true 

for the u-proflies of D-D #1 (ref. Figs. 4.1 and 7.1). The reason 

that the measured u-proflies have relatively more high frequency 

oscillations is that the inflow angle is usually small (less than 

15 degrees). Hence, horizontal oscillations of the bivane can cause 

large percentage variations (in direction and magnitude) in the radial 

velocity, because it is a sine function of the total horizontal veloc

ity (Vjj)* i.e., u = VhSinJf, where V is defined as the angle between the 

radial normal and (ref. Fig. 6.2). On the other hand, the tangential 

velocity (v) is a cosine function of Vh (i.e., v - V^cosr ), and hence 

spurious lateral oscillations (i.e., overshooting) of the bivane due to

195
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turbulent eddies may cause considerable variation in V without intro

ducing large percentage changes in the magnitude or changes in sign of 

v. In no case was the smoothing so severe that characteristic features 

of the profiles were suppressed or eliminated.

Computational Procedure

The space-mean profiles of D-D #1 and D-D #2 are shown in Figs.

7.1 and 7.2. At each level (7 ft and 31 ft) the radial derivatives in 

(6.12), (6.13), and (6.14) were calculated using a radial differencing 

interval ( Ar) of approximately 1 m. Thus, for example, for the radial 

u derivative, * ~  = ■ Z— . Since the radial grid in-

terval of the space-mean values was usually less than 1 m, an overlap

ping differencing technique was employed. For example, in the case of 

D-D #1, a radial grid interval of about 0.3 m was employed, and hence 

the overlapping differencing resulted in the calculation of derivatives 

for approximately every 0.3 m. A similar procedure was used for D-D $A2 

where the radial grid interval was approximately 0.5 m. In addition, 

in this latter case, the radial differencing interval was increased to 

2 m for r >16 m, but was kept at 1 m for r <16 m, where the mean quanti

ties varied rapidly, and hence greater detail was desirable. In both 

dust devils it was assumed that the derivatives so computed were a good 

approximation to the actual derivatives at each radial grid point. Since 

only two completely instrumented levels were available, vertical deriva

tives could be, at best, only roughly approximated. The vertical de

rivatives of the two horizontal velocity components (i.e., — , 1 2 ,
2 2  *z >z

1 - 2  , 1—2 )were approximated by using linear variations of u and v 
iz2 &z



Fig. 7.1.— Radial Profiles of Mean Temperature, Pressure, and 
Wind Velocity for the Two Measurement Levels of D-D #1 (7 August 1962).

See Fig. 4.1 for explanation of ordinate and abscissa scales.
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Fig. 7.2.-- Radial Profiles of Mean Temperature, Pressure, and 
Wind Velocity for the Two Measurement Levels of D-D #2 (13 August 1962).
See Fig. 4.2 for explanation of ordinate and abscissa scales.
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between the two levels and from the 7-ft level to the ground where the 

lower boundary condition dictates that u = 9 = W * 0. The linear veloc

ity profiles are not to be construed as representative of the actual 

profiles, but are regarded as useful only for obtaining a rough approxi
mation to the first and second order derivatives of u and v at each 

level. For simplicity the vertical derivatives were calculated using 

linearly interpolated values of u and v at the intermediate levels of 

z\ = 3.5 ft, Z2 * 10.5 ft, and Zj = 19 ft. The 3.5-ft and 19-ft levels 

represent the midpoints between the lower measurement level and the 

ground and the two measurement levels, respectively. The 10.5-ft and 

3 .5-ft levels formed an equally spaced vertical grid about the 7-ft 

level where the derivative was estimated to apply. Thus for the 7-ft 

level:

cedure was used for the tangential velocity component (v), although at 

the upper level (31 ft) the estimate of the second order derivative 

was not possible in either case. Although such a procedure of 

estimating the vertical derivatives invites considerable error, the 

calculations were performed with the idea that the terms so obtained 

would be useful in an order of magnitude comparison with other terms 

in the equations of motion.

The vertical derivatives of w were obtained by using the equa

tion of continuity (ref. 6.15) in the form:

z2-zi and " sssa2u __ (aH/az)z3 - (Au/az)Zl

A similar pro-



which is dependent on the assumptions of axial symmetry and incompres

sibility. However, the largest errors in are probably due to errors 

in the (u-c) measurements, especially near the duet devil center. The

second order derivative of W ) was approximated by constructing
H2

vertical profiles of w at each grid point. These profiles were drawn

by fitting a smooth curve by eye to the V  values at the two levels

(7 ft and 31 ft) and the lower boundary where 0 = 0 .  To guide the

slope of the profiles, the values of ~  at the two levels were also

used. An estimate of the order of magnitude of the second derivative

of 9 was then made from (&%) 7 %  for the
ds2 As2 (7 ft)2

7-ft level. A similar procedure was used at the 31-ft level. While 

this procedure invitee considerable error, the results may be useful 

if interpreted in the light of order of magnitude ra ther than absolute 

value comparisons.

Vertical derivatives of pressure (£E) could only be, at beat,OK
approximated by using the pressure values at the two measuring levels

(7 ft .nd 31 ft), t.e.. c£ ) 7i31 =  (^>7,31 =  Althou«h thl
mlcrobarophones measured only pressure variations relative to the ambi

ent pressure, permitting a direct estimate of the horisontal pressure 

derivatives, the calculation of vertical pressure derivatives requires 

knowledge of the absolute pressure. This was approximated by using the 

shelter microbarograph pressure at nearby Ryan Field for the 7-ft pres

sure. The 31-ft pressure was obtained by use of the 7-ft pressure and 

the hydrostatic equation at a point far from the duet devil center.

This was always to the rear of the dust devil in a region where
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— e=(u-c) —  + w ̂ 2 was usually less than 10% of g. The mean specl-dt tr Oz
fic volume , which is necessary in the pressure gradient force 

(per unit mass) terms (5 ̂  and« ,  was obtained by using a space- 

mean value for each level since 5  varied less than 1% across the 

entire dust devil.
The terms in (6.12), (6.13), and (6.14) were calculated for a 

number of points across the dust devil. Two separate dust devil cases 

were investigated with the following results.

Magnitude of Terms in Equations of Motion 

Dust Devil #1, 7 August 1962

Radial Equation, Bq. (6.12).-- The variation of the 

terms in the radial equation (6 .12) across the dust devil (along the

line of penetration) is shown graphically in Fig. 7.3. From Fig. 7.3
—2

it is immediately apparent that the centripetal acceleration ( ^ ) and 

the pressure gradient force per unit mass (a ^  ) are in general the

dominant terms. The inertial terms (u-c) ~  and w ~  are not only inor os
general smaller but exhibit considerable fluctuation about zero, which

is primarily due to the frequent fluctuations in the radial component

(u). The distinguishing feature of Fig. 7.3 is the general agreement
_ 2

in shape of the«  and — profiles. Lack of agreement is most prodr r
nounced at r = 2 m on the D-D front and near the D-D center. The former 

is believed to be associated with the pressure field of a small second

ary vortex which was embedded in the primary dust devil. The large 

values ofo(|£ near the D-D center is a result of the strong pressure 

pulse which occurred as the D-D center passed over the pressure sensor 

(ref. Chapter IV).



Fig. 7.3.--Radial Variation of the Terms in the Radial Equation 
of Motion (6.12) for D-D //l, z = 7 ft.

The Front and Rear refer to that part of the dust devil that passes 
over the mobile tower first and last respectively.
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I
The magnitudes of the terms in Fig. 7.3 indicate the requirement 

for a suspiciously large radial eddy frictional force per unit mass (F^). 

Across the dust devil (excluding the descending core where large spurious 

pressure oscillations occur) Fr averages about 60% of the pressure 

gradient force per unit mass (5 -|^). While this is much larger than 

that usually considered in most meteorological problems, it should be 

noted that Gray (1961) has found for the hurricane that Fr averages

about 30-40% of k  This was determined from composites of space-&r
mean averages of the wind field for 10 different levels. Consequently, 

larger values of Fp might have been found at particular locations. In 

either case, it seems probable that the radial eddy frictional force is 

roughly the same order of magnitude as the pressure gradient force.

Since Fr is in general positive, the net effect of the turbulent eddies 

is to transport momentum radially outward against the inward directed 

pressure gradient force.

A similar procedure of computing the terms in eq (6.12) was used 

at the upper level (s = 31 ft) and the results are shown in Fig. 7.4. 

Again, the distinguishing feature (Figs. 7.3 and 7.4) is the general

203

disturbing effect of the secondary vortex is again clearly evident on 

the D-D front from the center to r = 3 m. The requirement for a large 

radial frictional force (Fr) is also apparent, but at this level it is 

on the average larger than the pressure gradient force. This appears 

highly unlikely if the velocity fluctuations (which are expressed in 

terms of the mean velocity gradients) in the flow are regarded as 

essentially the result of the pressure field. The suspicious nature of



Fig. 7.4.--Radial. Variation of the Terms in the Radial Equation 
of Motion (6.12) for D-D #1, z = 31 ft.
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Fr may be due to systematic errors in the mean pressure profile which 

contribute to significant errors in the term «* This appears most

evident in the D-D rear (Fig. 7.4) where both and the inertial

terms are negative. In addition, vertical pressure differences between 

the two measurement levels suggest that in the D-D rear the upper level 

pressure measurements may have a systematic error. This latter point 

will be discussed more fully in the Vertical Equation Section.

Tangential Equation. Eg (6.13).— The variation of the terms in 

the tangential equation (6.13) is shown for both levels in Figs. 7.5 and 

7.6. All terms at both levels appear to be of the same order of magni

tude. Under the steady state and axial symmetry assumptions, the turbu

lent frictional force per unit mass (F̂  ) is simply equal to the left- 

hand side of (6.13). This is to be regarded as a simplification and is 

not meant to imply that all tangential accelerations are the result of 

eddy transfer of momentum. Consequently, the F̂  term may be larger or 

smaller than that shown depending on the magnitude and sign of the tan

gential pressure gradient force (or-5_E). in general, F* is positive across 

the dust devil,and hence the result of the mixing is to be interpreted 

as a force acting opposite to the tangential flow (note, by cylindrical 

coordinate convention, anticyclonic flow is in the negative ^ direction). 

A positive eddy frictional force (F^) is consistent with the rounded 

shape of the v-profile (see Fig. 9.1) in the region where the tangential 

velocity is a maximum. That is, the mixing processes act to suppress and 

smooth out velocity maxima, resulting in a more gradual transition (as 

contrasted to pure laminar flow) between the essentially inner region 

of solid rotation and the outer region of irrotational motion.



Fig. 7.5.— Radial Variation of the Terms in the Tangential 
Equation of Motion (6.13) for D-D #1, 2 = 7  ft.
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Fig. 7.6.--Radial Variation of the Terms in the Tangential 
Equation of Motion (6.13) for D-D #1, z = 31 ft.
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With regard to the inertial term v -~r, the measurements indi-r pf

cate that typically 7 ~  5 m sec"^ and hence for this term to be similar 

to the other inertial terms in magnitude requires that »  0.5 sec 

This appears to be too large unless one also postulates a similar varia

tion in the u component, i.e., a  0.5 sec"^, in order that the aero- 

dynamic drag of the radial inflow on the dust particles be sufficient to 

produce the proper centripetal acceleration for a particular v at a 

radius r. In addition, the finite suggests by reasons of continuity 

the requirement for a term of similar magnitude which seems un

likely from debris observations. Although the above analysis is ap

proximate, it appears to substantiate further the general validity of 

the axial symmetry assumption.

The Vertical Equation, Eq (6,14).--The variation of the terms

in the vertical equation (6.14) is shown for both levels in Figs. 7.7

and 7.8. The inertial terms of (6.14) are essentially the same magni-
2

tude as the corresponding terms (excepting the — term) in (6.13) and 

(6.12); i.e., they generally vary from + 1-10 m sec-^.

The two measurement levels allowed only a rough approximation 

for many of the terms in the z-eq (6.14). This was especially true for 

the vertical pressure gradient where the value determined by use of 

data at two levels was applied equally at either level. While such a 

procedure may result in considerable error in estimating a representa

tive vertical pressure gradient at the measurement levels, the dust 

devil slope and associated pressure pattern appear to confuse further 

the representativeness of the computed pressure gradients. That is, 

due to the slope of the dust devil with height, the low pressure center



Fig. 7.7.--Radial Variation of the Terms in the Vertical 
Equation of Motion (6.14) for D-D #1, z = 7 ft.
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Fig. 7.8.--Radial Variation of the Terms in the Vertical 
Equation of Motion (6.14) for D-D #1, z = 31 ft.
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at each level is displaced laterally from those vertically above or be

low. Consequently, large errors in ^  for the 7-ft and 31-ft levels 
result near the dust devil core where the vertical z axis (the direc

tion in which the derivative is being computed) intersects the sloping 

dust devil axis. For example, one can see from Fig. 7.9 that, for 

similar pressure distributions at the two levels, the vertical pressure 

change computed along AB may be zero although the gradients at each 

level may be decidedly different from zero. Similarly on the D-D 

front, the upper low pressure center approaches the vertical line GH 

first and therefore promotes a relatively large negative && (see 

Figs. 7.7 and 7.8). In contrast, on the D-D rear, the lagging low 

pressure center at z = 7 ft may result in a vertical pressure gradient 

force less than gravity, which would seem incompatible with the large 

positive vertical velocities at both levels in this region. In addi

tion, in the vicinity of the dust devil center the vertical pressure 

derivative indicates increasing pressure with height (Figs.7.7 and 7.8) 

which implies a large downward force. A net downward force is compati

ble with the descending motion in this region, although a net force in 

excess of that due to gravity seems unlikely. While the discrepancies 

in ^  near the dust devil center are apparently related to the dust 

devil slope, the failure of on the D-D rear to exhibit a greater de

gree of symmetry with corresponding values on the D-D front (Figs.7.7 

and 7.8) appears to be due to the slope as well as a peculiar feature of 

the upper level pressure profile. In some cases (Figs. 3.3b and 4.1), 

the pressure on the D-D rear at z = 31 ft does not continue to rise
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Fig. 7.9.— Schematic View of Sloping Dust Devil.
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and approach some higher ambient pressure, but instead shortly after the 

center is passed,the pressure begins to decrease. Consequently, if one 

proceeds radially inward at z = 7 ft from the farthest radial point on 

the D-D rear (ref. Fig. 4.1), it is apparent that with the pressure de

creasing (as we proceed inward) at z = 7 ft and increasing at z = 31

ft, the vertical pressure gradient (|5) will always be somewhat lessoz
than hydrostatic (ref. Fig. 7.7). Whether the reason for this pecu

liarity in pressure at the upper level is due to a systematic error in 

the upper pressure measurements (the r-eq analysis seems to support 

this), or whether it is connected with the pressure field of a secondary 

vortex which often follows in the wake of the primary dust devil is 

not known. Thus, on the one hand, the vertical pressure gradient 

force (per unit mass) shown in Figs. 7.7 or 7.8 is consistent with 

the above discussion of dust devil slope and/or the presence of a 

secondary vortex; on the other hand, it appears to be in error on the 

D-D rear with respect to the r and z-eq analysis.

At the lower level (z - 7 ft), the pressure gradient distribu

tion is a dominant factor in requiring, on the average, a positive 

vertical eddy frictional force per unit mass (Fz), especially the 

large positive Fz in the D-D rear (Fig. 7.7). Thus, on the average, 

turbulent eddies produce a net flux of upward vertical momentum. On 

the D-D rear Fz must be exceedingly large and act upward to offset the 

imbalance between 3  ̂  and g. Since the vertical motion is believed 

to be driven by the imbalance of 5 ^  and g, it would seem more 

appropriate for the turbulent friction to be some function of this
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imbalance and thereby be some fraction of the 5^2 and g terms. On the

oz

D-D front from about 2.5 m to 8.5 m this appears (on the average) to 

be the case,while the remainder of the dust devil indicates an Fz 
consistently larger than the other terms.

Eddy Viscosity Coefficients.--The eddy coefficients (K) nec

essary for eqs (6.12) to (6.14) to balance were calculated. Since such 

a calculation invites possible errors from both the deduced eddy fric

tional forces and the derivatives contained within the frictional force 

terms (eqs (6.12) to (6.14)), the implied values of K can be only 

interpreted as an order of magnitude approximation to the eddy coef

ficients for the dust devil.

The radial variation of the derivative terms of the turbulent 

friction term Fr is shown in Fig. 7.10, where the eddy viscosity coef

ficient (K) is that coefficient necessary for (6.12) to be satisfied. 

Due to measurement errors (primarily in u), the K's are in some cases 

negative (positive values of K are indicated by small circles while 

the small crosses represent negative values). While this may not be 

disturbing for large scale atmospheric disturbances where eddy motions 

are such that momentum may be transferred against the gradient, it does 

not seem probable that a similar situation would be present in a small 

scale disturbance such as the dust devil. In view of the suspicious

nature of the fluctuating u profile which results in a profile
»rz

of similar nature, it was felt that a second smoothing of the u pro

files might be helpful in eliminating some of the errors. This sec

ond smoothing was done by eye. The turbulent friction terras computed



Fig. 7.10.— Radial Variation of the Quantities in the 
Turbulent Friction Term of Eq (6.12) for D-D #1, z ■ 7 ft.



215

-50

8 7 6 5 4 3 2  1 0 2 3 4 5 6 7 8 9 D  II



216
from these smoothed profiles are shown in Fig. 7.11. The considerably 

greater uniformity of the terms results in a somewhat larger number 

of positive K values. Most of the negative K's occur immediately 

after the dust devil center passed over the tower. This is the region 

where the bivanes must change direction (in the horizontal) by approxi

mately 180 degrees, and hence probably invites relatively large errors 

in the radial velocity component (u). During the first 4 m and the last 

6 m of the dust devil measurements the K values are consistently posi

tive with an average for the entire dust devil of about 14 sec \

The increase in K from the dust devil periphery toward the center 

suggests more turbulent mixing for the same mean gradient as one pro

ceeds toward the center in these two regions.

It is to be noted that these K values include measurement and 

data reading errors as well as errors due to the neglect of certain 

terms and/or the approximations used in estimating derivatives. Since 

the eddy fluctuations in the wind velocity are probably of a random 

nature, errors in the recorded measurements are probably also random. 

The isolation of a systematic error(s) in the velocity measurements 

appears hopeless since it is not known how the errors in the bivane 

and the hot-wire anemometer measurements interact for turbulent flow.

A constant systematic error, however, seems unlikely since the cali

bration of the instruments was checked periodically. Consequently, 

for lack of more sufficient information, significant errors in the 

measurements will be discussed from the standpoint that they are 

random, and that systematic error(s) will be considered to contribute

much less to the total error.



Fig. 7.11.--Radial Variation of the Quantities (double 
smoothed) in the Turbulent Friction Term of Eq (6.12) for D-D 
#1, z = 7 ft.
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The calibration and response of the wind instrument indicates 

that the individual measurements of u, v, w may have, on the average, 

percentage errors of about 10% and in some cases (especially the u 

component) may contain errors in sign. The mean values (u, v, w), 

on the other hand, probably deviate from the true mean with a much 

smaller percentage error (the mean involves 32 observations). Con

sequently, this suggests that finite differences computed from the mean 

components might have percentage errors as large as 20-30%. In addi

tion, percentage errors of 10-23% may occur due solely to the finite 

difference approximation for the derivatives (the larger grid interval 

and lack of data in the vertical could increase these errors appreciably). 

As a result, terms containing derivatives of u,v,w might have, on the 

average, percentage errors of approximately 10-30%, and in some instances 

errors in sign may occur. Because of the somewhat greater response of 

the pressure instrument, estimates of the mean pressure derivatives 

should be at least as accurate as those for the mean wind derivatives.

In addition to the measurement and finite difference approximation 

errors, random errors in the data recording and calculations are possi

ble. However, these errors are much smaller than the other two and to 

a good approximation may be neglected. The neglect of certain terms 

in the equations was based on an order of magnitude analysis and hence 

the eddy coefficients should be interpreted in that light. The possi

bility that all these sources of error could significantly alter the 

sign and/or magnitude of K will be taken up in the following discussion 

of each equation.
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With respect to the radial equation (r-eq), it does not seem 

likely that a 10-30% error of a random nature in the terms would affect 

the result of predominantly positive values of K. That is, the domi

nating effect of the terms —  ̂and * 2 $  suggests a relatively larger 3r
positive Fr. Large random percentage errors in either of these terms

would not appear to change consistently the sign of Fr. (Errors 
_2

in — will tend to be much less than those of since finite dif-r
ferences are not involved.) The Fr/K term (Fig. 7.10) is consistently 

positive only in the D-D rear, due primarily to the oscillatory nature 

of the u component. An additional smoothing of the u data (i.e., u) 

resulted in a more consistent profile for the Fr/K term (Fig. 7.11). 

Since the sign of Fr/K is determined primarily by two of three terms 

which are of the same sign (positive), it appears unlikely that errors 

of a random nature in the individual terms would combine in such a 

manner as to change the generally positive character of the (Fr/K) 

profile. Note that the positive region of the Fr/K profile lies out

side the most turbulent region of the dust devil and hence probably in 

a region where the measurements are the most accurate. Consequently, 

it appears that random errors probably could not account for the 

positive K obtained in these regions. On the other hand, errors in 

the magnitude of K are possible,and hence the calculations should be 

interpreted to indicate only the order of magnitude of the eddy 

coefficient.

Since only two terms of the eddy friction term (Fr) could be 

evaluated at the upper level (z = 31 ft), an estimate of the eddy
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coefficient did not seem warranted. However, for both .levels, corre- . 

spending terms of (6.12) exhibited nearly the same magnitude range.

The radial variation of the derivative terms of the turbulent 

friction term at z = 7 ft is shown in Fig. 7.12 where the eddy 

viscosity coefficient (K) is that coefficient necessary for (6.13) 

to be satisfied. Again, because of measurement errors there are some 

regions where K < 0. The eddy coefficient as deduced from (6.13) is

somewhat smaller than that deduced from (6.12), i.e., K from (6.13)
9 * 1  9is on the average approximately 2 nr sec as compared to 14 nr

sec"* from (6.12). While this is not in agreement with the simpli

fying assumption of constant and equal K's (see Chapter VI), the 

disagreement is considered minor in view of the other simplifying 

assumptions and possible errors. The consistent positive nature of 

the K profile (Fig. 7.12) is encouraging. However, the several sources 

of error in the individual terms could change the sign of F^ or F^/K 

and hence also alter the sign of K. That is, while F^ is in general

positive the dominant terms (U - c ) a n d  (Fig. 7.5) aredr r
usually of opposite sign with the result that significant percentage 

errors could change the sign of F^. This is somewhat the same situa

tion for the F^/K term (Fig. 7.12). In view, however, of the per

sistent positive character of the terms F^ and F^/K, it seems probable 

to conclude that only systematic errors in the individual terms could 

change the predominance of positive K's. In fact, the negative values 

of K in many cases appear to be directly related to large unrepre

sentative oscillations on either side of the dust devil center



Fig. 7.12.— Radial Variation of the Quantities in the 
Turbulent Friction Term of Eq (6.13) for D-D #1, 2 = 7  ft.
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(Figs. 7.5 and 7.12) where the largest measurement errors are expected 

to occur. At the upper level (z = 31 ft) only two terms of the eddy 

friction term (F ) could be evaluated and hence an estimate of K did 

not seem warranted. For both levels, however, corresponding terms of 

(6.13) exhibited nearly the same magnitude range.

The radial variation of the derivative terms in the turbulent 

friction term Fz is shown in Figs. 7.13 and 7.14 where the eddy vis

cosity coefficient (K) is that coefficient necessary for (6.14) to be

satisfied. At the lower level (z = 7 ft) the calculations of the eddy
>

coefficient (K) result in almost as many negative as positive values 

(Fig. 7.13). However, it does not appear that the Fz term is the 
primary cause, since a more symmetrical*SB. profile would not change 

the sign of Fz. Rather, it is felt that the lack of dominant terms 

in the Fz/K term (Fig. 7.13) allows random errors (in the derivatives of 

Fg/K) _ to give an almost equal number of positive and negative values 

of K. The average value of K is however positive, i.e., K * 9 m^ sec"*.

At the upper measurement level (z = 31 ft), calculations of K 

across the dust devil resulted in a more consistent profile of positive 

values of K (Fig. 7.14). The average value of K was again positive and 

the same magnitude as that found at the lower level, i.e., K = 9 m2 

sec"*. While it is encouraging that the K's found from the z-eq are 

on the average positive, errors in the derivatives.of the Fz/K term 

(Figs. 7.13 and 7.14) could have a controlling effect on the sign of 

K. This appears to be especially true at the lower level. At the \
upper level, errors might still alter the sign of K. However, on the



Fig. 7.13.--Radial Variation of the Quantities in the 
Turbulent Friction Term of Eq (6.14) for D-D #1, z * 7 ft.
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Fig, 7.14,--Radial Variation of the Quantities in the 
Turbulent Friction Term of Eq (6.14) for D-D #1, z = 31 ft.
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D-D front from approximately 3 m < r < 7 m the K's are all positive (in 

general 5 sec- )̂ with seemingly little chance that errors would 

significantly alter the results as far as sign is concerned. It 

is in this region where the vertical pressure gradient appears to have 

the proper magnitude with respect to g and where the radial velocity

(u-c), and hence by continuity the term , probably have a minimumez
error. Hence, in this region, one might expect the most consistent 

values of the derived eddy coefficients. Where the measurements indi

cate predominantly positive K's, the mean value for the dust devil 

should be regarded, at most, in terms of an order of magnitude estimate. 

Dust Devil #2, 13 August 1962

The results of the calculations for D-Dy2 are comparable to

those for D-D >>1 with respect to the magnitude of the individual terms

of eqs (6.12) to (6.14). That is, most of the terms are of the same

order of magnitude: 1-10 m sec~2. The terms 51 and — are againdr r
usually the dominating terms with values two to four times that of the 

other terms in some places. Much less success, however, was experi

enced in obtaining positive eddy coefficients. Negative K's were as 

persistent as positive values and the mean values were frequently nega

tive. The controlling effect of errors in this case may be due to the 

greater speed (3 m sec  ̂versus 1 m sec-  ̂ for D-D #1) with which the 

dust devil passed over the MRS2, The errors in this case refer to 

instrumental errors which develop from response deficiencies of the 

instruments. In addition, to the D-D rear where the measurements ex

tend out to a radius of about 50 meters, the magnitude and variation
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of all the variables become very small. As a result, many of the indi

vidual terms in (6.12) to (6.14) are small (approximately a factor of 

ten less than those of D-D #1) and fluctuate about zero. Thus, small 

errors could be responsible for the rapid oscillations in the sign of 

the derived K's in this region. And finally, the odd behavior of the 

radial pressure profile at the upper level in the D-D rear (Fig. 7.2) 

results in a downward directed vertical pressure gradient force (similar 

to that of D-D #1) which appears inconsistent with the strong upward 

vertical motion. Consequently, while the magnitude of the terms in 

(6.12) to (6.14) for D-D #2 are comparable to those of D-D #1, they 

are not of sufficient accuracy to estimate the magnitude of the eddy 

coefficient.

Simplified Equations

At least within the region covered by the measurements, i.e.,

r < 50 o, all terms of equations (6.12), (6.13), and (6.14), with two

exceptions, appear to be of the same order of magnitude (in general,

1-10 m sec"^) and therefore should be retained in any general three-

dimensional dust devil theory. The two exceptions are the centripetal

acceleration term (—^) and the pressure gradient force (per unit mass)r
term (•< sE) in (6.12). These two terms account for wist of the #r
balance of the left-hand member with the right-hand member (disregard

ing friction) of (6.12) which suggests that the dust devil, in some 

respects, may be viewed as a cyclostrophic vortex. The assumption 

of cyclostrophic motion does give a fair estimate of the radial pressure 

distribution, and hence may be helpful in deducing total pressure drops
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in violent systems such as the tornado. On the other hand, the depar

ture from cyclostrophic "balance” is in essence the basic feature of 

the flow. That is, the radial inflow produced by the relatively large 

radial pressure gradient force is a necessary requirement for the con

tinual generation of the intense vertical motion. Thus an air parcel 

is continually being accelerated toward the center (at least to the 

critical radius which separates the upward and downward flow) as it 

spirals inward and upward.

In addition to the non-cyclostrophic nature of the dust devil, 

it is also far from hydrostatic equilibrium. This is evident from the 

vertical velocity (w) measurements which require the air to accelerate 

from w = 0 at the ground to w = 1-10 m sec"1- at the 7-ft or 31-ft 

levels. The vertical imbalance of the pressure gradient force (per 

unit mass) with gravity, in general, verifies this on the D-D front 

but not on the D-D rear where the vertical pressure gradient force 

seems to be in error. Consequently, any attempt to employ hydrostatic 

equilibrium theory to the lower portions of the dust devil will be, 

in general, a gross oversimplification,and therefore (6.14) cannot 

be further simplified.

Although the turbulent friction term (F) can only be con

sidered a rough approximation, it appears to be at least as important 

as the inertial terms and therefore should be retained. Even with the 

possibility of large errors in F, the calculations for D-D #1 indicate 

that the mean K values are, in general, similar in magnitude, i.e.,

K (r-eq) » 14 m2 sec”1, K (+-eq)=2 m2 sec-1, K (z-eq)7 ft = 9 m2 sec"1,
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and K (z-eq)]! £t = 9 sec"^ with an average: K *  5 m sec- .̂ Know

ledge concerning representative values of K for different flow regimes 

is very meager as evident from the four orders of magnitude range that 
exist for convection problems. Prandtl mixing length theory indicates 

K = w'l ~  1-4 m sec-1 (and similarly for u, v components),where 

w 1 =  1 m sec'l, 1 (mixing length) = kz «s 1-10 m, k is the Von Karman 

constant, and z the height above the ground (approximately 2-10 in).

While the theory applies strictly to an adiabatic atmosphere (Y = Yj) 
it indicates a K that is comparable to those K values calculated from 

the dust devil measurements where y»Yj. The K values for the dust 

devil are, in general, larger than that indicated by the mixing length 

theory. In view of the possible errors in the computed K's and the 

restrictive assumptions involved in the mixing length theory, the 

reason for the lack of agreement between the K's is not directly ap

parent. For example, the mixing length theory is based on the ques

tionable hypothesis of a mixing length for the turbulent eddies. 

Furthermore, this mixing length must be small, otherwise higher order 

terms must be taken into account. This is not always satisfied when 1 

is cinsidered the same order of magnitude as the height of the observa
tions. Serious deficiencies in the theory develop in fluid flow studies 

of the eddy distribution. In addition, due to the presence of large 

pressure and buoyancy forces, application of the theory to the dust 

devil casts even greater doubt on the significance of the estimated 

K's. Add to these approximations and assumptions the possible errors



in the calculated K's, it is then apparent that the lower value of K 

estimated by the mixing length theory can by no means be used to cast 

doubt on the calculated values of K.

Matvejev's (1964) aircraft accelerometer records indicate that 

in temperate latitudes (winter) K ~  66 sec”* in cumulus and cumulo

nimbus clouds. Although these results are for much greater heights 

and hence larger mixing lengths, the dust devil results appear com

patible in terms of the two scales of motion. Consequently, these 

results would appear to indicate that if the eddy transfer of momentum 

is to be included in a general dust devil theory, one might as a first 

approximation consider eddy transfer coefficients in the range 

K ~  5-15 m2 sec”*.
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CHAPTER VIII

COMPARISON OF THE MEASURED VERTICAL VELOCITY AND THAT 
COMPUTED BY THE ADIABATIC METHOD

Adiabatic Method

The adiabatic method of computing vertical motion is based on 

the assumption that the process is adiabatic, and hence there can be 

no heat losses from radiation, conduction, or mixing with the environ

mental air. In general, the method requires detailed knowledge of the 

temperature and horizontal velocity fields at two different times. 

Application to large scale features of the atmosphere, such as cyclones 

and anticyclones, results in computed vertical velocities representing 

averages over trajectories of twelve hours— the time between successive 

upper air observations. A number of investigators, notably Fleagle 

(1947), Endlich (1953), University of Washington (1955), and Deardorff 

(1957) have used the adiabatic method with varying degrees of success 

to obtain .the distribution of vertical motion near a cyclonic vortex.

Derivation of Governing Equation

In general, the change in temperature experienced by a parcel 

of air along its trajectory is a function of the three-dimensional 

space coordinates and time, i.e., in cylindrical coordinates,

T = T(r, , z,t). The mathematical expression for the total change in 

temperature with time is then:
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By use of the chain rule

dT _ dT dz 
dt dldt • s

(8.1)
we may obtain the following expression for the vertical velocity in 

terms of the temperature and horizontal velocity:

+ V'VhT

S t r

(8.2)

The partial derivative of temperature with respect to height (- 25) is

defined as V , and normally one uses the dry or moist adiabatic lapse
d Trate for —=•. The latter is based on the assumption that the environ- dz

ment is in hydrostatic equilibrium and that the air parcel is moving

through this environment and changing its temperature adiabatically in

accordance with the environmental pressure field. Due to the large

variations from hydrostatic equilibrium in the dust devil, it was con-

sidered unwise to use the dry adiabatic lapse rate for without first
ascertaining the magnitude of the errors in the hydrostatic assumption.

dTConsequently, a completely general expression for ̂  is derived below.

As the air parcel moves through its environment, the change in 

time of its total heat content may be expressed in terms of internal 

energy changes and work of expansion, i.e., from the First Law of 

Thermodynamics

dT 
CP dt -at d£dtdt (8.3)
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In general, P = P(r,$ ,z,t) and therefore

iE.iE + V V + w|E (8.4)

Equation (8.3) then becomes

- cp f ' “fir ‘ “ '"V - ~ ">1 (8.5)

The vertical equation of motion (neglecting earth's curvature, Coriolis 

acceleration and friction) may be written as

ii * -“tf 'e (8.6)

Substitution of (8.6) into (8.5) yields

dt " CP d?-*»?-•<V' V  + S" + W 5T

which upon use of the Chain Rule (8.1) gives the following expression

dT = . + _2L. LE + _S_ \ W  p - I  dw + ^2 (3.7)Cp CpVf bt cpw Cp dt dt

This is the completely general equation for the change in temperature 

with respect to height following the air parcel, or the so-called process 

lapse rate.

If the process is adiabatic, no heat losses due to radiation, 

conduction, or mixing with the environmental air, then ^  = 0 and we 

have the complete equation for the adiabatic lapse rate

d! = _ & + l£ + 
:P cpv

— v - v  - 1  i sw " cn dt (8.8)



If, in addition to the process being adiabatic, the motion is in hydro

static equilibrium (i.e., no vertical accelerations, ~  « 0) and if use 

is made of the approximation we obtain the well-known expression
for the adiabatic lapse rate (I’d)

&_ (8.9)

The general equation for the vertical velocity (8.2) is then

*T
It + w '7hT

fP - Y ^  < u +  V ’ V ) +
(8.10)

and for adiabatic motion

g + V  V hT
El - Y - H  + v'7h!>) + i- S (8.11)

The adiabatic form commonly seen in the literature is simply

w = -
|I + V ‘ VHT
Yd -TT (8.12)

It is now readily apparent that this form of w equation results 

from a more general expression, and it is clear which assumptions are 

necessary in order to obtain (8.12). In addition, the general ex

pression for w (8.11) removes one of the inconsistencies usually at

tributed to the adiabatic method (Panofsky, 1956). That is, the form



of the w equation given by (8.11) shows that the adiabatic method does 

not break down for a neutral atmosphere (V = V j) as (8.12) indicates.

In the dust devil problem, we are using a moving coordinate 

system and hence (8.11) needs some modification. For a stationary 

coordinate system we may write

+ v .w w + w (8.13)
dt M *z

and,similarly,for the coordinate system moving with the constant ve

locity ( e) of the dust devil,

+ (V -*)-?%* + w%% (8.14)

where is the local change in w with respect to the moving system. 

Although motion with respect to a coordinate system moving at constant 

velocity (with respect to an inertial system) is decidedly different 

from that observed from an inertial system, the momentum changes and 

forces are the same according to either system. Consequently, (8.13) 

and (8.14) are the same, which means that

+ te‘VHw (8.15)

Similar expressions for the pressure and temperature terms in (8.11) can 

be derived. Thus, for the system moving with the constant velocity ( dfc) 

of the dust devil, the w equation for adiabatic motion becomes

il + ( W  - e)’VHTr = _ ..._..__..mt.... .......—..*L....._.....

7 $ ;  [ i t  +  ( 'v "  = ) ' v ] +  i p [ i ;  +  -  c ) - v n“ +  u

(8.16)
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Since the dust devil was assumed to be axial symmetric and to move with

out change of shape or intensity during the measurement period, the 

above expression reduces to

w =
(u-c) ^  + c r<u-c)P L

(8.17)

where the explicit expression for w is of quadratic form. Since (8.17) 

contains derivatives of w, it cannot be used as an independent check of 

the observed vertical velocity component (w). Rather, the derivatives 

of w were obtained from the observed data, and (8.17) was used more as 

a consistency check between the measured and calculated values of w.

The significance of the terms in the denominator of (8.17) that 

contain velocity and pressure quantities may be determined by consider

ing the following orders of magnitude of these terms as determined from 

the measurements:

1
CP

^. = > 1 2

(U-c)>r *  10-1

s1 °C sec

& =  10"2 °C m"1
CP
V *® 10"2 s• °C m~l

(H2c)kB =  IQ-* , w *r . 1
 s 1 °C m-1

+ w s  io‘4 - 10‘2 °C m"1

It is apparent then that in some regions of the dust devil all terms of 

(8.17) may be significant. In such places, the general expression (8.17) 

will be applied, while near and within much of the dust devil the simpli

fied expression
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( W - fc) ‘7hT (u - c)il _______ir (8.18)
r

Is valid.

Distribution of Vertical Motion from Qualitative Considerations

On the assumption that the temperature field is essentially ax

ially symmetric (vJLZ «  ulZ), schematic streamline and isotherm dis-
rd^ ir

tributions, with respect to a moving coordinate system of cyclonic and 

anticyclonic warm core dust devils, are shown in Fig.8.la,b. In general, 

the flow is spiraling inward (u-c < o), the temperature is decreasing 

outward < o), and the stratification is highly unstable ( T »  * .

One may then, in general, deduce the sign of the w distribution along 

the line of penetration (dust devil diameter) on the assumption that 

(8.18) applies. Fig.8.1c,d indicates the relationship of W, c, and 

VflT, thus,for V > If d there should be upward vertical motion in advance 

and to the rear of the dust devil center. Within the warm core of the 

dust devil, however, the measurements indicate downward motion. If the 

radial velocity is negative in this region, the radial temperature gra

dient must be positive for V > in order that wa<1 < 0 (eq (8.18)).

Where this descending core is large and well substantiated (Fig.4.1),

a positive temperature gradient (^=) is observed due to the presence

of slightly cooler air near the dust devil axis. Qualitatively, then,

the distribution of vertical motion based on the adiabatic assumption 

appears to be generally in agreement with that found from the meas

urements. The detailed calculations as to the agreement in both sign 
and magnitude of w for both levels of two dust devils are presented 
in the following section.
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Fir. £.1.— Schomtic Stroamlirui and Inothorm Distribution of 
a Cyclonic and Anticyclonic, Warm Coro (T^> T^) Dust Devil.

Fif. F.l(a) and (b) show the streamline and isotherm distribution. 
Fi^. ?.l(c) and (d) show the relationship of W, <E, and VHT along 
the linn of penetration.
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Verification of the Adiabatic Method of Computing Vertical Motion

Equation (8.18) and in certain instances (8.17), along with the 

mean temperature and radial velocity profiles (Figs. 7.1 and 7.2) were 

used to calculate the mean vertical motion. The environmental lapse rate 

( Y ) at the 7 ft level was approximated by using the 7 ft and 17 ft tempera
tures while the V  at 31 ft was approximated by using the 17 ft and 31 ft 

temperatures. The horizontal temperature gradients were determined from 

a radial grid interval of approximately 0.5 meter. As there are a number 

of temperature measurements within this grid interval, an overlapping 

differencing procedure was used.
The results of these calculations are shown in Figs. 8.2 and 

8.3 where they may be compared with the measured values of vertical ve

locity. In Fig. 8.2 at the lower level (z == 7 ft) there is some agreement, 

mostly in a qualitative sense, between wm and wa{j on the forward side of 

the dust devil. After passage through the center, however, there is very 

little agreement between wm and wa<j to a radius of approximately 6.5 m 

beyond which the agreement is in general quite good. All computations 

were accomplished by use of (8.18). At the lowest level (z = 7 ft) this 

is permissible since the local lapse rate (Y ) is extremely super- 
adiabatic and hence is always one to two orders of magnitude larger than 

the other terms in the denominator of the general expression (8.17).

At the upper level (z = 31 ft) the computed values of vertical 

velocity (waj) again show a qualitative agreement (in some cases good 

quantitative agreement) with the measured values (wm). In three radial 

intervals (6.5-5.5 ft., 0-4 ft., and 7-9 ft) extremely large errors were



Fig. 8.2.--Comparison of the Radial Distribution of Vertical 
Motion Computed Under the Adiabatic Assumption (wa<j) With the Measured 
Values of Vertical Velocity (vm) for the 7 August 1962 Dust Devil 
(D-D m .
The solid lines represent the measured values of vm (m sec”*) and the 
dashed lines represent the vertical velocity computed by the adiabatic 
method (wflj). The upper set of curves refers to the 31-ft level (w^j) 
and the lower set to the 7-ft level (wy). Since the dust devil has a 
slight slope, the centers are displaced; hence each level has a 
separate radial scale (meters).
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encountered in the computed vertical velocities (wa<j) from (8.18). Part 

of the reason for this is that, in these intervals, all terms in the de

nominator of the general expression (8.17) are of the same order of 

matnitude; hence, in this case, the simplified expression (8.18) is not 

valid. The radial variations of the terms in the denominator of (8.17) 

are shown in Fig. 8.4a where it is easily seen in which regions the 

simplified equation (8.18) is valid. In most cases the magnitude of 

the term ~ -“j™ - ~  ^  is governed primarily by the vertical

acceleration (—  a  (u-c)t2 + w&H ), except in regions near the dust dt er *z
devil center where the radial pressure gradient may become exceedingly 

large and consequently affect the magnitude and possibly the sign of

"ad-
A similar calculation was performed at two levels on a second 

dust devil that occurred on 13 August 1962. (Note, in accordance with 

Chapter VII, the 7 August and 13 August dust devils will be referred to 

as D-D #1 and D-D #2, respectively.) The results of these calculations 

of wad and their comparison to the corresponding measured values (%%) 

are shown in Fig. 8.3. At the lower level (z = 7 ft), there is 

generally rather good agreement between wa(j and Wq on the forward por

tion of the dust devil. On the rear portion of the dust devil the 

agreement, however, is in general quite poor. This is especially true 

in the radial interval between two and five feet where a prominent sign 

discrepancy occurs. Possible reasons for this discrepancy, as well as 

other differences, will be discussed in the next section.



Fig. 8.3.--Comparison of the Radial Distribution of Vertical 
Motion Computed Under the Adiabatic Assumption (wad) With the 
Measured Values of Vertical Velocity (wm) for the 13 August 1962 
Dust Devil (D-D #2).

The solid lines represent the measured values of wm (m sec”1) and 
the dashed lines represent the vertical velocity computed by the 
adiabatic method (wad). The values represented by small circles 
were computed by use of eq (8.18) and those represented by crosses 
were computed by use of eq (8.17). The upper set of curves refers 
to the 31-ft level (w^i) and the lower set to the 7-ft level (wy). 
Since the dust devil has a slight slope, the centers are displaced; 
hence each level has a separate radial scale (meters).
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Fig. 8.4.— Radial Variation of the Terms in the Denominator of 
Eq 8.17 for (a) D-D #1 and (b) D-D #2.

The radial variation of the absolute value of the local lapse rate ) 
is represented by the solid curves, the g/cp term by the broken straight 
line at a constant value of 1 0 -2 OKm“l, and the pressure and velocity 
terms ( A _ JSL Hl£ 2lE ) by the dashed curves.cp dt Cp w %r
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At the upper level (z » 31 ft), the approximate form of equa

tion (8.18) could be used to compute vad in only about half the meas

urement region. These values of wad are shown by the dashed lines or 

by the small circles in Fig. 8.3. Again# the agreement between wad 

and wm is qualitatively of the right sense and in some instances in 

rather good quantitative agreement. In the remainder of the dust 

devil, all terms in the denominator of the general equation (8.17) are 

of the same order of magnitude. This is graphically shown in Fig.8.4b 

where it is clearly evident that the approximate form (8.18) of the 

general expression can be applied essentially only in the most forward 

part of the dust devil and in the rear portion beyond a radius of 

about 15 m. To compute wad in the remainder of the dust devil re

quires the use of (8.17). However, such calculations can only be 

thought of as a consistency check on wad, since derivatives of w, and 

hence prior knowledge of w, are necessary in one of the terms 

(—  (u-c) ~  ) in the denominator. Note that the similar term involv-Cp or
ing the quantity (|X) is not dependent on prior knowledge of the w- 

field since It has been computed from the equation of continuity 

(eq 6.15) using the radial velocity measurements. The results of 

these calculations using (8.17) are shown by the small x's in Fig.

8.3 for the upper level (z - 31 ft). There is, in general, poor agree

ment between wad and wm , and there is considerable scatter of the com
puted values. A number of sources of error may be responsible. The 
most obvious errors will now be discussed.
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Errors of the Adiabatic Method

From the comparison of va(j and wm in Figs. 8.2 and 8.3, it ap

pears that many of the discrepancies are due mainly to differences 

in sign between wfld and wm . With respect to (8.18), these differences 

may be due to either errors in sign of (1) the radial velocity (u-c), 

(2) the radial temperature gradient ( i l ) , or (3) the sign of the local 

lapse rate (V ). At the lowest level (z * 7 ft), the lapse rate is ex

tremely superadiabatic so that there is little likelihood of an error 

in sign. At the upper level (z = 31 ft), a similar condition exists 

throughout most of the dust devil, although * is somewhat less than at 

the lower level. In the remainder of the dust devil, V may be of the

same order of magnitude as ^ or as other terms in the denominator of
CP

the general expression (8.17); therefore, the effect of an error in 

sign is not so evident. Thus, in those regions where (8.18) may be 

applied, errors in sign of wad are probably due to either errors in 

sign of the radial velocity (u-c) or of the temperature gradient (&& )s 

Throughout most of the dust devil, the profiles of (u-c) are consist

ently of one sign over an appreciable time interval (with respect to 

the response of the wind instrument). Near the center of the dust 

devil this is not always the case, especially just after passage of the 

center over the tower when the wind instrument oust rapidly change di

rection by 180 degrees. In addition, as the periphery of the dust 

column is approached, the largest and most turbulent vertical motions 

are usually present. These large fluctuations of the bivane in the 

vertical plane materially affect the magnitude of the horizontal wind



245
component and hence also affect the radial component (u-c). Evidence 

of this is suggested by the large variations in the (u-c) profile on
t

either side of the dust devil center at z * 7 ft and on the forward 

side at z = 31 ft of D-D #1 (Fig. 7.1). In the forward portion of the 

dust devil and possibly in the rear portion also, the presence of small 

secondary circulations within the dust column, as discussed in Chapter 

IV, are a contributing factor to these few, but critical, variations 

of the (u-c) field. Because these regions seemed to be contributing 

to some of the discrepancy between wa(j and wm , the radial profiles 

were smoothed further by eye. In addition, because the large amplitude, 

short period oscillations appeared to be in error, they were neglected. 

The smoothed radial velocity profiles are shown in Fig. 8.5 for D-D #1. 

The smoothing has not, in general, materially affected the shape of 

the profile, except in those regions near the center. Since the 

radial velocity profiles for D-D #2 were more uniform, no additional 

smoothing was considered appropriate.

While relatively large changes in the radial velocity profile 

have usually little effect on the sign of wa<j» rather small changes 

in the temperature profile have a more controlling effect on the sign 

of wat|, because they enter in through a derivative ( ). Errors in
the temperature measurements may be due to a number of causes (see 

Chapter III). They amount, at most, to approximately + 0.3°C - 

0.4°C. Assuming that the error band for the temperature measurements 

is approximately + 0.3°C, we might then investigate what orderly 

changes in the temperature profile, generally within this error band.



Fig. 8.5.--Smoothed Mean Radial Velocity and Modified Mean 
Temperature Profiles for D-D #1.

The upper level (z - 31 ft) profiles are shown in (a) and the 
lower level (z = 7 ft) profiles are shown in (b). The solid 
curves refer to the measured (mean) values and the values 
indicated by the small circles refer to modified temperature 
and smoothed radial velocity profiles. The modified tempera
ture profile lies within an error band of approximately 
+ 0.3°C of the measured values.



246

Radius (m); Z=3lft. 
(a)

I 0
Radius (m ); Z* 7  ft. 

(b)



247
are necessary (along with the smoothed radial velocity profiles) to pro

duce closer agreement between wQ<j and wm . If substantially closer 

agreement is achieved, one might then infer from such an error analysis 

that the calculations of wad may have been erroneously affected by the 

radial velocity and temperature measurements.

The smoothed radial velocity and modified temperature curves 

are shewn in Figs. 8.5 and 8.6. Calculations of wad by use of (8.18), 

using these slightly different profiles, are shown in Figs. 8.7 and 

8.8. Comparison of these results (Figs. 8.7 and 8.8) with those using 

the mean data (Figs. 8.2 and 8.3) indicates that the relatively small 

changes in the radial velocity and temperature profiles (Figs. 8.5 

and 8.6) lead to substantially greater agreement between wad and wm .

This is especially evident, for example, in the radial intervals 

5.5 - 6,5 m at z - 7 ft and in the rear portion at z - 31 ft of D-D #1 

(Figs. 8.2 and 8.7). In these regions, a relatively mild smoothing of 

the temperature profiles resulted in greatly improved agreement between 

wS(j and wm . In most cases, this agreement could have been further en

hanced by a more optimum modification of the temperature profiles. How

ever, it is important to note that no attempt was made to juggle the 

sometimes small temperature variations so that the closest possible 

agreement could be obtained. Instead, the temperature profiles were 

modified, in line with the + 0.3°C error band, with the primary goal 

of eliminating as many sign errors as possible between wad and wm . 

Differences in magnitude were of secondary concern, and little effort 

was devoted to minimizing such differences.



Fig. 8.6.--Modified Mean Temperature Profiles of the 
Upper and Lower Levels for D-D #2.

The solid curves refer to the measured mean temperatures and 
the temperature values indicated by the small circles refer 
to a modified profile that lies within an error band of 
approximately + 0.3°C of the measured values. The upper 
curve (a) is for the 31 ft level and the lower curve (b) 
for the 7 ft level.
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Fig. 8.7.--Comparison of wa(j and wm Using Smoothed Mean 
Radial Velocity and Modified Mean Temperature Profiles of Fig. 
8.5 for D-D #1.

The upper set of curves refers to the 31-ft level and the lower 
set to the 7-ft level. The solid curves are the measured (mean) 
values of vertical velocity (wm), and the values indicated by 
the small circles are the calculated adiabatic vertical veloc
ities (vad).
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As pointed out in Chapter III, the outward radial flow (u-c > o) 

on the forward side at z = 31 ft is a distinguishing feature of this 

dust devil. One would think, therefore, that following the qualitative 

arguments of Fig. 8.1, the vertical velocity in this region would be 

negative, i.e., downward. The measurements, however, indicate strong 

upward vertical motion of 4-8 m sec”*. The presence of a temperature 

inversion (* < o) in this region results in a positive wa{| which is in 

rather good agreement with wm (Fig, 8,7). Because the adiabatic method 

of calculating vertical motion places a stringent requirement on the 

accuracy of the velocity and especially the temperature measurements, 

the agreement of wati and wm in this region is considered strong evi

dence for the general validity of the measurements.

In the region near the center of D-D #2 at z = 31 ft, the 

general expression (8.17) must be used. These results are shown by 

the small x's in Fig. 8.3. Although only small changes were made in 

the temperature profile (Fig. 8.6a), the resulting calculations of wa^ 

by use of (8.17) for this region show a remarkable improvement in the 

agreement between wa(j and wm (Fig. 8.8, z = 31 ft). In the radial 

interval in the rear portion between 5-8 meters, the errors were of 

such magnitude as to require an imaginary wa^ in order to satisfy 

(8.17). Consequently, a physically significant value of wa(j could not 

be obtained in this region in order to make a consistency check of the 

terms in (8.17).

From the foregoing analysis, it seems reasonable to conclude 

that relatively small errors in the radial profiles of velocity and,



Fig. 8.8.--Comparison of wa,j and wm Using Modified Mean 
Temperature Profiles Shown in Fig. 8.6 for D-D #2.

The upper set of curves refers to the 31-ft level and the lower 
set to the 7-ft level. The solid curves are the measured (mean) 
values of vertical velocity (%%), and the values indicated by 
the small circles are the calculated adiabatic vertical veloc
ities (wad ).
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in particular, temperature may account for a considerable amount of the 

differences between wa<j and vm . This appears to be especially true for 

differences in sign between wa(| and wm. However, it is apparent, also, 

that in some regions there remain large differences which must be ex

plained by other means. In certain cases, the axial symmetry assump
tion ( JL2 is relatively small) may help to explain some of these 

remaining differences. In regions where the tangential velocity (v) 

is large, the existence of a seemingly small temperature gradient in 

the azimuth direction could result in a significant contribution to 

the numerator of (8.17) and (8.18), through the heretofore neglected 

v-2-Z term. For example, in the rear portion of D-D #1 the calculated 

vertical velocities (wa(j) at the lower level near r = 2-3 m might be 

substantially increased, since here v a 8-10 m sec"’*'. An estimate of

the corresponding magnitude of is rather difficult because the onlyrop
temperatures available are opposite radial values which cannot be used 

to infer the sign and magnitude of an azimuthal temperature gradient 

for points along the penetration diameter. One might infer, however, 

a possible upper limit to by considering the magnitude of ^  .

For example, in this particular radial interval ~  m 1.5°G m-* which

might imply an azimuthal temperature gradient of 0.1°C nf1.

Thus, in this particular region, could be the same order of

magnitude as (u-c)^ and hence could materially affect the magnitude 

of wad. Whether it would be of the correct sign to decrease the dif

ference between wad and wm is not known, and further knowledge would 

require detailed measurements of the horizontal temperature field. In



any case, it is clear that the possibility exists in this particular 

region, as well as in other radial intervals where the tangential ve

locity (v) is large, that axial asymmetry of the temperature field 

might considerably affect the calculated vertical (wQ .

In the derivation of (8.17) it was tacitly assumed, along with 

the axial symmetry, that the dust devil moves without change of shape 

or intensity during the measurement period, i.e., a quasi-steady 

state is assumed. With regard to the temperature, the upper and 

lower limit of the errors resulting from such an assumption may be 

assessed by considering a typical dust devil with a visible lifetime 

(t*) of approximately 2 minutes and a maximum radial temperature dif

ferential (T), between the dust devil core and the environment, of 5°G. 

If we consider that the local temperature variation at any point near

and within the dust devil does not exceed this maximum radial varia-
£T T 5®C o 1tion, then 58 “ 2~ min ~  c sec"’1, which is generally an order

of magnitude less than the other terms in the numerator of (8.16).

For an upper limit, we might consider that 50% of this temperature 

difference could take place during the average 20 second measuring 

period. Thus,-I— = = ̂ g^sec ~  0,^ ° G 8ec~*» which in some regions
is of the same or an order of magnitude larger (mainly at the greatest 

radial distances) than the other terms. Hence, in some instances, the 

local temperature variation following the moving system may account 

for some of the discrepancy between wa<j and wm . For example, in the 

rear portion of D-D #2 at z = 7 ft, the ^  term is comparable to or

larger than the (u-c) && term, and consequently some of the discrep-er
ancies between wa(j and wm could be attributed to the neglect of this
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term. However, in this same region, the radial velocity is suspiciously

small in magnitude, which may indicate a greater source of error. In

general, it is felt that the local time derivative of temperature may

be neglected without introducing additional errors during the short<
period of measurement.

In addition, the local time derivative of pressure ( 52. ) 

following the moving system can be shown to be insignificant compared 

to the other terms. For a local pressure variation of 0.2 mb dur

ing the 20-second measurement period (total radial pressure varia

tion is approximately 2 mb) and for a typical vertical velocity of
2-3 m sec-l, it follows that -2S— £2 ~  10^ - 10“^ °K m"l. Conse-cpw St
quently, it is apparent from previous order of magnitude analyses 

that this term is of insufficient magnitude to affect significantly 

calculations of wa(j. The local time derivative of vertical velocity 

( i-£ ) has previously (Chapter VI) been shown to be small compared to 

the other vertical acceleration terms; hence it may also be considered 

negligible in computations of w^j.

Another possible source of error may be related to the basic 

assumption underlying the method, i.e., the motion is strictly adia

batic. While this could be a serious error for time-average vertical 

velocities calculated from air parcel trajectories where appreciable 

diabatic heating or cooling becomes Important, the method has been 

used to estimate an "instantaneous11 vertical velocity (w^) from an 

"instantaneous" estimate of the horizontal advection and local lapse 

rate. Consequently, with the appreciable dust devil velocities, the
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effects of mixing, radiation, and conduction are considered of second

ary importance compared with measurement errors of velocity or tem

perature.

In view of the several sources of error that may be present, 

the lack of agreement in some regions between wa(j and wm (Figs. 8.2 

and 8.3) is not surprising. The extreme sensitivity of the adiabatic 

method to the horizontal temperature measurements is indicative of the 

remarkable increase in agreement between wa<j and wm shown in Figs.

8.7 and 8.8. This difficulty with the adiabatic method is important 

to note, since it appears to be the governing factor in calculations 

of an accurate wa(j in small as well as large scale systems (Deardorff, 

1957). Hence, future use of the adiabatic method requires detailed 

temperature measurements both in the radial and azimuth directions 

for the case of the dust devil, and for large scale systems a rela

tively dense network of upper air (radiosonde) stations is needed.

A second important by-product of these calculations concerns 

the derivation of the governing equation for wa<j. Heretofore, it has 

been standard meteorological practice to derive the adiabatic ex

pression for the calculation of vertical velocity in terms of a 

hydrostatic atmosphere. While the application of such an expression 

to obtain a space-mean of wa<j for large scale systems appears Justi

fiable, similar application to smaller scale systems, such as squall 

lines, individual clouds, tornadoes, and dust devils, may lead to con

siderable error, since these latter systems may not be in hydrostatic 

equilibrium. In addition, it has been shown that in certain central
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regions of the dust devil and probably in most regions near and within 

the tornado funnel, the horizontal pressure gradient cannot be ne

glected in comparison to the vertical pressure gradient. Thus, the 

simplified form (8.18) found in many textbooks and still used with 

other methods in current research problems must be used with caution 

in cases of particularly severe phenomena. Otherwise, the general 

expression (8.16) must be employed in its complete form or reduced 

to a simpler form by order of magnitude arguments.



CHAPTER IX

DISCUSSION AND CONCLUSIONS

Comparison of Dust Devil Measurements With Theoretical Vortex Models 

and Other Natural or Artificial Vortices
Rankine-Cyclostrophic Vortex,— The so-called Rankine combined 

vortex is probably the simplest vortex model that simulates,to some 

degree,the tangential motion of both natural and laboratory vortices. 

As explained in Chapter IV,the Rankine combined vortex has an inner 

region of solid rotation where v/r = constant =  C^ and an outer re

gion of irrotational motion where vr * constant H  C0. The Rankine 

vortex or a slight modification thereof has been used to account for 

a considerable portion of the tangential wind distribution in a hurri

cane. For example, vr^ = constant has been found to give a good ap

proximation to the tangential wind profile in the outer regions of 

many tropical storms (Riehl, 1963). The mean dust devil tangential 

velocity distribution also shows a rather close agreement with the 

Rankine combined vortex (Figs. 9.1, 9.2). In addition, the tangen

tial speed distribution of Wilkins' (1964) laboratory air-vortex 

follows very closely the features of a Rankine combined vortex (Fig. 

(9.1). Also, measurements of debris and cloud tag movements in the 

Dallas Tornado of April 2, 1947 (Hoecker, 1960) reveal tangential

257



Fig. 9.1.--Radial Distribution of the Mean Tangential 
Velocity at TVo Levels for D-D ifl with Superimposed Ranking 
Combined Vortex Profiles,
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Fig. 9.2.--Radial Distribution of tho Mean Tangential 
Velocity at Two Levels for D-D 02 With Suporimposed Rankino 
Combined Vortex Profiles,



w e

259

RADIUS
(METERS)



velocity profiles that are, in general, characteristic of a Rankine 

(hereafter combined will be dropped for brevity) vortex.

The vorticity (J») and divergence (7y*V) profiles for the mean 

velocity profiles of D-D #1 are shown in Fig. 9.3. The dust devil vor

ticity as well as the divergence is many orders of magnitude greater 

than that found in extratropical or tropical cyclones (ref. Fig. 9.3a), 

and, in general, larger than that found in the Dallas tornado by Hoecker 

(1960). With reference to Figs. 9.1 and 9.3, it is seen that the vor

ticity is essentially a minimum in the region where the profile is 

closely approximated by a vr-vortex (note the vorticity (Y) vanishes 

for a vr-vortex). Also, the vertical distribution of the divergence is 

in agreement with the observed upward vertical motion. That is, in 

general, on the D-D front there is convergence at the lower level and 

divergence at the upper level, and on the D-D rear there is somewhat 

more convergence at the lower level than at the upper level.

While the dust devil, tornado, and hurricane have tangential 

velocity profiles characteristic of a Rankine vortex, the radial veloc

ity component has no readily apparent theoretical counterpart. That 

is, although it is well-known that in the lower levels of the dust devil 

(or tornado and hurricane) there is radial inflow, the functional form 

expressing the variation of the radial component (u) with radius is 

not evident. Hoecker (1960) found that for the Dallas tornado the 

form u *  r“n where 0 < n < 1 is consistent (by continuity requirements) 

with the vertical velocity distribution if n **0.5. Because of the
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Fig. 9.3.--Vorticity and Divergence Profiles for D-D #1 
at (a) the 7 Ft Level and (b) the 31-Ft Level.

The vorticity and divergence values have been computed from the 
mean velocity profiles with the assumption of axial symmetry.
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approximate nature of the vertical velocity measurements and the assumed 

profile of u with height, the significance of this value of n, or any 

other value of n so obtained, is highly speculative.

To obtain some idea of how well the dust devil measurements 

may be explained by a simple model, consider a steady circular vortex 

(cyclostrophic motion) with the tangential velocity described by a 

Rankine vortex, i.e., the r equation and the radial distribution of 

the tangential velocity are given by:

v
r r: eq (9.1)

vr~l * Ci (core); vr • C0 (shell) (9.2)

The core is the inner region of the vortex which is essentially in 

solid rotation and the shell is the outer irrorational region. In 

general, the radial variation of the tangential velocity may be written 

as:

vrx = C (9.3)

where ^ = + 1 depending on which part of the vortex is under considera

tion. Substituting this expression for v into the r:eq leads to the 

differential equation:

dp - |OC2 r~2X ~ 1 dr (9.4)

In the case of the dust devil the atmosphere may be considered incom

pressible (see Chapter VI),and hence p is independent of r, which
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allows (9.4) to be directly integrable to yield the pressure:

P - 2 X + A (9.5)

where A is a constant of integration. In the core, v * 0 on the axis 

and therefore A == p0, where pQ is defined as the central pressure 

(i.e., at r = o) of the vortex. In the shell the constant of inte

gration may be evaluated at an outer boundary (i.e., at a point, r * ry,
2

far from the axis) where Py = - — + A. Thus, the pressure at any 

point in the core and shell, respectively, is given by:

Pi (core) (9.6)

and

Ps = Pb
" k

(shell) (9.7)

By use of (9.6) and (9.7), the total pressure drop within the core 

( APC = Pi - pQ) and the shell ( Aps ” Py - pe), as well as the total 
pressure drop for the entire vortex, may be calculated. Since the mean 

tangential wind distribution across the dust devil is characteristic 

of a Rankine vortex, an estimate of the mean pressure distribution is 

possible under the restrictive assumption of cyclostrophic motion for 

the mean flow. Table 9.1 shows the results of such a calculation for 

the Rankine profiles ( X c * -1, - +1) fitted (by eye) to the data

of D-D's #1 and #2 (Figs, 9.1 and 9.2). It is apparent, in all cases, 

that the total pressure drop ( tkpj) as computed from (9.6) and (9.7) 
is always less than the mean values. This is not always true if the
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Table 9.1.— Comparison of the Mean Pressure Variations (in mb) 

in the Dust Devil With Those Computed From the Rankine-Cyclestrophic 
Vortex.

The 7-ft and 31-ft heights refer to the two measurement levels of the 
MRS2.

Core Pressure 
Drop (Apc) :mb

Shell Pressure 
Drop (Apg) :mb

Total Pressure 
Drop
(Apt =Apc+Aps)

Height 7 ft 31 ft 7 ft 31 ft 7 ft 31 ft

D-D #1 1.88 0.56 0.98 1.34 2.86 1.90

Rankine-
Cyclostrophic
Vortex 0.72 0.84 0.63 0.62 1.35 1.46

D-D #2 1.08 0.24 1.45 1.66 2.53 1.90

Rankine- 
Cyclostrophic 
Vortex 1.05 0.82 1.04 0.85 2.09 1.67

total pressure drop is separated into core and shell contributions 

which are then compared with the corresponding mean values. For example, 

at the 7 ft level Apc and Aps are always greater for the dust devil, 

while at the 31 ft level the Apc for the Rankine vortex is larger than 

the mean values in D-D #1 and #2. In general, the calculated values 

of total pressure drop in Table 9.1 are within approximately 75% of 

the mean values for D-D #1 and #2. Consequently, one may,with some 

degree of accuracy, determine the total mean pressure drop from the 

environment to the dust devil center by use of the cyclostrophic equa

tion (9.1) and a Rankine combined vortex given by (9.2). The sim

plicity of such a model is gratifying; however, it has serious defi

ciencies if one is to make more than a rough estimate of total
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pressure differentials. The most important and obvious deficiency is 

the lack, of radial inflow and vertical motion. Also, the radial fric

tional (turbulent) force has been neglected, although the measurements 

(Chapter VII) indicate that it is an important term. In addition, there, 

is no provision for specifying at which radius the tangential velocity 

reaches a maximum unless actual wind measurements are available. 

Furthermore, the separation between the core and shell as shown by the 

Rankine vortex requires a point of discontinuity in the velocity profile 

where the velocity maximum is reached. The measurements, on the other 

hand, show a more gradual change in the tangential velocity profile be

tween the essentially irrotational region of the shell and the region 

of solid rotation in the core. This transition region is consistent 

with the calculations (ref. Chapter VII) which indicate that the turbu

lent mixing taking place in the region of the core-shell boundary pro

duces an eddy frictional force (F^) that acts to smooth out extremes in 

the tangential velocity profile. To eliminate these deficiencies one 

must solve a more exact system of equations which must include the 

vertical equation of motion and viscous effects.

Gutman's Theoretical Vortex.--It is apparent that a success

ful theoretical model of the dust devil must take into account the 

strong radial inflow and vertical motion characteristic of the sche

matic model of Fig. 4.6. Many vortex models have been proposed, 

mainly by research meteorologists and fluid dynamicists, yet only 

a few exhibit the characteristic downward motion within the core of 

the duet devil. To my knowledge there are essentially only two
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theoretical models whose solutions result in a structure similar to 

that of the dust devil model. The first is by Gutman (1957) who was 

interested in solving the governing equations for the tornado. While 

it is still not certain that the air descends within the tornado core, 

Rossman (1960) has speculated from damage reports that a strong down- 

draft exists along the tornado axis. Hoecker (1961) has deduced from 

an analysis of the tornado pressure field, using the Rankine- 

cyclostrophic model, that descending motion within the core is a neces

sary consequence of the vertical pressure distribution. In addition, 

laboratory vortices, in some cases, exhibit similar distributions of 

vertical motion within their core. Ward (1958) has simulated a small 

air-vortex in a circular chamber using a fan as an energy source. He 

has been able to photograph the descending motion in the core by using 

a smoke tracer. The writer has produced a similar laboratory air- 

vortex using a heated plate at the lower boundary for the driving 

force. The descending motion in the core was also observed by using 

titanium tetrachloride as a tracer.

While Gutman's model is based on the questionable Bouseinesq 

equations (questionable in the sense of the large vertical accelerations 

that are present in the tornado) and does not incorporate all the 

terms in (6.12) to (6.15), it results in a structure very similar to 

that of the dust devil, and hence may offer some clues as to a possible 

theoretical approach to the vortex dynamics of the dust devil. The 

model is a stationary, steady state, axially symmetric system in which 

the latent heat released by the moist air entering the funnel acts
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as the energy source for the system. The atmosphere is incompressible 

and is considered immobile far from the tornado axis. Through rather 

long and complicated mathematical manipulations, Gutman obtained analyt

ical solutions for the u, v, v wind components, and the temperature and 

pressure deviations from a reference atmosphere far from the tornado 

vortex. The results of interest here are presented graphically in 

Fig. 9.4.

Although Gutman's model was evaluated with respect to the tor

nado geometry, it is apparent from Fig. 9.4 that the vertical velocity 

distribution is similar to that of the dust devil. Gutman feels that 

the existence of a downcurrent in the tornado is confirmed by the obser

vations of grass, branches, and other objects that appear to be 

"screwed" into the ground following passage of a tornado. Rossman (1960) 

has also noted such occurrences and cites a photograph of 2x8-inch boards 

driven vertically into firm soil to a depth of 18 inches as proof of the 

existence of a strong downdraft in the tornado core. Also, the shape of 

the tangential velocity and radial pressure profiles of Fig. 9.4 has 

strong similarities with corresponding duet devil profiles. The ampli

tude of the actual radial profiles of tangential velocity and pressure 

may vary slightly from the function forms of Fig. 9.4, but the shape will 

be the same. It is significant that the tangential velocity profile 

indicates solid rotation ( — - const.) for the inner region (T < 1.0) 

and irrotational motion (vr - const.) for the outer region (l" > 2.5). In 

between, there is a region of transition in which the profile gradually
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Fig. 9.4.--(a) The Variation of the Vertical Velocity Profile 
with Height.
Region 1 which is bounded by the vertical dotted lines represents the 
limit of the visible funnel; region 2 represents the limits of the 
descending current; and region 3 lies essentially outside the field 
of vertical motion.

(b) The Radial Variation of the Functions V(? )
and PCS' ).
The radial variation of the tangential velocity and pressure arc 
directly proportional to V(^ ) and P ( ? ) respectively.

changes from one regime to the other. This is consistent with the 

turbulent mixing and the associated eddy frictional force which acts 

to reduce extremes in the tangential velocity profile. These features 

are consistent with the dust devil measurements. In general,Gutman1s
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model predicts what is considered (from the meager measurement* available) 

(;he proper order of magnitude for the wind and pressure near and with

in the tornado vortex.

If Gutman's model is modified for a nonsaturated atmosphere 

and applied to the dust devil, we obtain the following values for the 

characteristic parameters which are to be compared with the measure

ments (Figs. 4.1, 4.2, 4.3);
Ug^x = - 2 . 1  m sec"!, at r * 40 m 

vmax “ 3.4 m sec”*, at r - 16.3 m
w * 3.7 m sec”*, at r * 0, z * 10 m

w = 0.7 m sec"*, at r = o, z ■ 2 m

w ■ - 0.002 m sec-1, at r ■ o, z = o

p = - 0.63 mb, at r * o

6(o,2m) = +1.7°C and £(o,10 m) « +8.7°C 

where 6 is defined as the temperature deviation from the temperature 

far from the tornado axis. While the magnitudes of the variables are 

reasonable with respect to the measurements, their radial and vertical 

variations are not always of the right sense. The lack of a downdraft 

along the axis (except very close to the surface) is not in agreement 

with the measurements. Since the theory results in the velocity 

of the descending current being proportional to P ̂  (where P  ■  vr) 

whereas vmax«x P, Gutman reasoned that the downdraft would only take 

place in the most intense tornadoes. The dust devil measurements 

show this conclusion to be incorrect,and hence the theory needs some 

modification. However, in general, Gutman's model is considered a 

valuable starting point in that it indicates reduced or negative
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vertical motion on the axis with reasonable values for u, v, w, p, and 

S in the lower part of the vortex. In addition, the model agrees with 

the measurements by requiring that the decrease of u and v with in

creasing radius proceeds more slowly than the corresponding decrease 

in w. Thus, as in the dust devil, the model requires that air parcels 

spiral in toward the visible vortex in essentially horizontal planes 

until the region of strong upward motion is encountered. Furthermore, 

the model cannot be specified for a stable atmosphere. This is in 

agreement with the dust devil formation hypothesis (Fig. 4.7).

Donaldson-Sulllvan Theoretical Vortex.--A somewhat differ

ent vortex model by Donaldson and Sullivan (1960) results in a dy

namic structure similar to that of Gutman's model. The model is 

based on the Navier-Stokes equations for an incompressible fluid in 

steady state flow where the radial, tangential, and axial velocities

in cylindrical coordinates (r, ^ , e) are of the forms: u = M g(x),
W rv = V h(x), and w - — zf(x), where x and R, M, and V refer to a 

reference length (corresponding to the vortex radius) and reference 

velocities respectively. These particular functional forms for u, 

v, and w are dictated by the theory for the case of three-dimensional 

flow where u and v are only functions of the radial distance (r). On 

substitution of these relations into the complete Navier-Stokes equa

tions for an incompressible fluid and axially symmetric motion, the 

following equation governing the axial velocity results:

£' £'" - (f" - 1) [f" - 2£"(o)] + - lSf<£')2 - 0 (9.13)
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with the boundary conditions: f(1) = o, f(o) * 1, f1(o) - o. The 

primes represent derivatives of the function f with respect to the 

radius (r). There are many solutions to (9.13) depending on the 

radial Reynolds number, Ny ■ where U is the radial velocity at 

the vortex periphery. Once f(x) is determined, g(x) and h(x) are ob

tained by use of the continuity equation and tangential equation of 

motion, respectively. For Ny < o (i.e., radial inflow), a solution 

exists at Ny * -8 that has a marked similarity to Gutman's theo

retical model and to the dust devil measurements. The distribu

tions of u, v, and w for this particular solution are shown in 

Fig. 9.5.

Although the flow patterns are not in complete agreement 

with the dust devil measurements, the fields of motion are, in gen

eral, characteristic of the dust devil model (Fig. 4.6), It appears 

that the relatively large axial downdraft and radial outflow near 

the center are distinguishing features of the Donaldson and Sullivan 

model (hereafter D&S model) that are not present in the dust devil 

model. In addition, the D&S model is based on a constant vertical 

pressure gradient with radius (i.e., ^  ( ^2 ) - o), which also is 

at variance with the duet devil measurements.

Perhaps the D&S theoretical vortex model can be modified 

such that it is more accurately posed for the case of the dust devil. 

Possibly the incorporation of the relevant features and methods of 

solution of both Gutman's and D&S'e theories might result in a more 

acceptable theoretical solution for the dust devil. The elimination
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Fig. 9.5.--(a) Radial Distributions of u, v, and w; and (b) 
Field of Motion in the Horizontal and Vertical Planes of the D&S 
Theoretical Vortex (from Donaldson and Sullivan, 1960).

of the Boussinesq approximation in Gutman's model and the vertical 

pressure gradient constraint in the DE»S theory appear to be the first 

steps necessary in order to arrive at an adequate dust devil theory. 

In addition, the incorporation of the proper boundary layer theory 

at the ground is an added requirement that appears necessary.
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Further Research

The discussion and analysis of the preceding chapters have 

resulted in sufficient quantitative information on the behavior and 

structural characteristics of the dust devil that a foundation is now 

available from which the problem can be approached from a purely theo

retical point of view. That is, one would hope that it would be possi

ble to model mathematically the plume stage such that its evolution 

with time would result in the observed mature vortex stage. In a 

similar manner, the mature vortex stage could be used as a boundary 

condition or starting point from which it might be possible to model 

the dust devil's dissipation stage. Thus, the mature vortex stage 

could be used as an added boundary condition such that one might be 

able to mathematically model the complete evolution of the dust devil. 

At this time the details of setting up such a model are only vaguely 

apparent. A logical beginning to such a time-dependent problem would 

seem first to solve mathematically the pertinent equations for the ma

ture vortex stage using (6.12) - (6.15) and possibly relevant features 

of Gutman's and D&S's theories. One could then proceed to the non

steady state vortex stage problem which might eventually be extended 

to the dissipation stage by incorporating various frictional or thermal 

energy sinks. The incorporation of the plume stage may be more diffi

cult since little is known about the initiation mechanism(s). However, 

since the initial and boundary conditions can be specified with some 

reliability, the fact that the exact nature and form of the initiating 

disturbance may not be known, but could be specified without placing
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undue constraint on reality, may not be crucial in arriving at a 

suitable theory. The mathematical model must not only be capable of 

explaining the structure of the intense vortex near the ground but 

also in providing for a smooth transition to the clear thermal 

current above. In addition, the proper form of the mixing law(s) 

must be specified,which are compatible with the observed momentum 

and heat flux balance. The velocity and temperature data will 

probably be sufficient, but there is a need for more aircraft data 

between the 30 ft and 6000 ft levels. In particular, vertical 

soundings inside and outside the dust devil would be helpful in de

ducing the amount of mixing that is taking place.

It seems entirely possible that the proper formulation of 

a complete dust devil theory would lead to a better understanding 

of tornado vortex dynamics. Although the dust devil lacks the com

plications of phase changes, the three-dimensional fields of motion 

appear to have a striking similarity with what little tornado data 

are presently available. A clearer insight into tornado vortex 

dynamics and thermodynamics will necessitate measurements of wind 

velocity, temperature, and pressure near and within the funnel. While 

some may regard this as impossible, advanced measurement techniques 

and the use of aircraft and drones will someday yield the necessary 

measurements with which the theory can be further advanced. The 

dust devil measurements in conjunction with the meager tornado data 

may be helpful in determining the sampling regions most beneficial 

to any ensuing theory.
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With the observations of dust devil occurrence (Chapter II) 

and wind velocity and temperature (Chapters IV and V), the upward 

heat flux due solely to dust devil activity in the Avra Valley and 

the Tucson basin may be approximated. Lack of knowledge concerning 

the compensating downdrafts complicates arriving at an approximate 

value for the net heat flux. However, it may be possible to consider 

these two areas as essentially closed systems, and hence,with an 

appropriate mean sounding,one might be able to arrive at a realistic 

figure for the net heat flux under these particular conditions. The 

impressive height to which the dust devils penetrate and their in

tense nature suggest that they, or some derivative thereof, are 

the mechanism whereby heat may be transferred from the surface 

through deep layers of the atmosphere during periods of intense dry 

convection.

During the initial design of the MRS2, a potential-gradient 

measuring instrument was considered because of the apparent tribo- 

electrification of the dust that was either taking place at the 

ground or on the observer. That is, during some preliminary dust 

devil investigations,it was noticed by two observers that they 

carried sufficient charge after emerging from the dust-laden column 

to draw a spark, in one case of nearly 1/2 inch, on grounding. Be

cause of growing problems with the design and fabrication of the more 

basic instruments, the potential gradient equipment was deleted from 

the final design. Since that time, however, a number of electric 

field and space charge measurements have been made at the ground and
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above the dust column. Frier (1960) and Crosier (1964) using a con

tinuously recording field mill have shown that the near passage of

a dust devil may depress the existing potential gradient by as much 
-1 -1as 540 volts m and 111 volts m respectively. Both Frier and 

Crosier attempted to explain the time variation of the potential gra

dient by using hypothetical dipoles vertically oriented within the 

dust column and having moments of 5.7 x 10""* coul m and 1.13 coul m

respectively. Crosier estimated that for his observation this would
6require a space charge density in excess of 1.6 x 10 elementary 

charges cm""*. This extremely high space charge density was con

sidered possible since "the duet particle density in such a (dust) 

cloud may be as high as several thousand particles per cubic centi

meter". This, coupled with assuming large average particle sixes 

such that each particle has a carrying capacity of several hundred 

elementary charges, results in the necessary space charge density. 

However, the assumption of several thousand particles per cm""* is a 

number of orders of magnitude larger than that indicated by the dust 

particle measurements (Chapter IV). To further complicate the pic

ture, Bradley and Semonin (1963) continuously recorded from an air

craft the atmospheric potential gradient and space charge through the 

visible top of several dust devils. They found a maximum negative 

space charge density of approximately 50-350 elementary charges 

per cm "* which agrees with the negative charge suggestion of Frier 

(1960) and Crosier. However, the potential gradient had a maximum 

increase of about 20-50 volts m"* which indicates an excess of
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negative charge below the flight level. This does not indicate the 

hypothetical dipole charge distribution visualized by Frier or Crozier. 

Consequently, it would1seem that more measurements are necessary for 

a more consistent description of the dust devil electric field and 

associated space charge density. In addition, the measurements of 

the dust devil velocity field which indicate a dust-free central core 

surrounded by a strong spiraling updraft do not seem compatible with 

a dipole structure. Rather, the space charge distribution would ap

pear to have a structure more in the shape of a cylindrical capacitor 

whose axis slopes slightly from the vertical as it moves along with 

the ambient wind field. In any case, further study of the dust devil 

electrical features would seem desirable in view of the general inter

est in atmospheric space charge and electric field phenomena.

An immediate practical application of the dust devil research 

seems apparent in the field of aircraft flight procedures. It is the 

writer's opinion (conditioned by FAA accident reports) that a large 

number of light aircraft accidents have been the result of encounter

ing strong vertical velocity gradients near the ground--especially 

in the landing phase. In dust devil conditions the situation is some

times further complicated by the lack of surface debris or by the 

dust devil being in the plume or dissipation stage in which case 

there is no visible dust column,and hence the unsuspecting pilot has 

no prior warning. The problem is particularly important in desert 

regions during the summer and, in general, in post cold frontal con

ditions where convective elements may be unusually strong. Sailplane
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pilots are usually aware of these situations, while, on the other hand, 

most private powered pilots and even some commercial pilots have, at 

best, only a partial appreciation for them. In addition, high speed, 

low altitude flights in such conditions result not only in a nauseating 

ride; they may also result in overstressing the aircraft to such an ex

tent that either immediate or future structural failure may occur.

Finally, the duet devil results may be applicable to the 

study of the Martian yellow clouds as suggested by Ryan (1964) and 

Neubauer (1965). Using two Martian surface models, one with a sur

face pressure of 80 mb and a second with a 25-mb pressure, Ryan de

duced that the minimum wind velocities necessary for the initiation 

of grain movement do not, in general, exceed the maximum observed 

wind velocity. However, the compatibility of the 25-mb model is 

somewhat marginal. Consequently, in view of the recent Mariner probe 

which indicated a surface pressure of 10-20 mb, Ryan's dust cloud 

theory, as it now stands, may be seriously open to question. A 10-20 

mb surface pressure would require very high surface wind speeds 

(approximately 150-200 km hr"* at z ■ 1 m) for initiation of grain 
movement. While the dust movement is not compatible with such wind 

speeds, Ryan hypothesized that the storm producing the winds might be 

a small transient rotational system, possibly analogous to a terres

trial dust devil, which cannot be detected with present observing 

technique. Further analysis of such a system in conjunction with the 

duet devil measurements would seem apropos with the current interest

in Mars.



APPENDIX 1

The derivation of the equation of notion for an observer on 

a moving coordinate system, whose origin is not the same as that of 

an inertial or absolute frame, where Newton's 2nd Law of Motion 

F=ma is valid, may be accomplished as follows without loss of gener

ality. The origin of the inertial frame may be placed at the center 

of the earth, i.e., with its origin at 0 (see Fig. 6.1). For a dust 

devil moving over the earth's surface at a constant speed and in a con

stant direction, the cylindrical frame fixed to the dust devil is 

rotating with respect to the inertial frame with an angular velocity 

(tu>) which is composed of the earth's angular velocity (tuug) and an 

angular velocity due to the motion of the cylindrical frame with re

spect to the earth's surface (w'), i.e., W  ■ +«o' . The exist

ence of the angular velocity w' may be clearly understood if we con

sider the very simple case of a nonrotating earth, i.e.,W g  * 0. In 

such a case and for motion in a constant direction with respect to the 

earth, the cylindrical frame must rotate with respect to the inertial 

frame. As a result, the relation between the derivatives in the two 

frames is:

£() -IH —  o (A-l.l)
d .

where the operators and refer to the absolute and cylindrical

coordinate systems, respectively. The velocity ( W a) of the particle
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of mass m at point P with respect to the inertial frame is then found 

by substituting the position vector ( r = rQ + ar') into (A-l.l), i.e.,

where

A tJS = ddro 4 A_E 4- aux cQ l- ilj x a:'

d r
n r— 4- (ux cn and V- = <Ur'

dt

Therefore, V a - V 0 I- W r h iujx or'. The acceleration (<8.a) of the 

mass m at point P with respect to the inertial frame may be determined 

by again using (A-l.l), i.e.,

®.n = 6t0 4- dLr 4- 2<u> x V r f- ill) x or' 4-eu)x(itux or') 

where r and a Q - 4 «U x W0 « HU)x V 0, since r0 is

constant with respect to the moving system. Therefore, the equation 

of motion for an observer on the moving cylindrical coordinate system 

whose origin is not coincident with the inertial frame or fixed to the 

earth's surface may be written as:

dLr - " - - 2iu)x V r - uux r - w  x (tw x nr') (A-1.2)

where F represents the real forces and is given by:

| = - <*Vp " G ^ r0 4 %  
o

where the terms on the right represent the pressure gradient force 

per unit mass, the gravitational force per unit mass, and the fric

tional force per unit mass, respectively.
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The tranalatory speed of the duet devil over the earth's sur

face is typically 5-15 mph. Hence, we see from the ratio:

£
!‘Ul ! ~ = £ a ,  10 mph . io"2 .
I « V  £ u 1000 mph

r

where c is the constant tranalatory speed of the dust devil, R is the

axial distance from the earth's axis, and u is the zonal speed of a

point on the earth's surface. Thus, to a good approximation, (W * (Wg.

Thus, the acceleration of the origin o' is essentially that due to

a point fixed on the earth's surface, i.e.,
-2 -?

<a.o~ lu,E * x ro) 88 10 m sec .

In comparison, the magnitude of the last term of (A-1.2) for the dust 
devil is approximately:

(W x ( w x  r')*Wgr' %  (10"4 sec™^) (10^ m) - 10 ^ m sec" 2

and hence it may be neglected with respect to SL̂ . Consequently,

(A-1.2) may be written as:

■ -<*vp - 2(Wg % Vp + g  + 7nr  (A-1.3)

Note that IU) e<Wg +W' ■ 0, since the angular velocity of the earth is 

constant, as is also so', due to the constant velocity of the dust devil 

and that 7?%* is expressed as:

tV V v r + 1/37(7. v



APPENDIX 2

In most meteorological problems a rectangular Cartesian coordi

nate system is used which permits the earth's angular velocity (u^) 

to be separated into a vertical component (cuz) and a horizontal com

ponent (u^) as shown in Fig. A-2.1.

Fig. A-2.1.--Relationship of Angular Velocity Components.

The horizontal component (tû ) may be expressed in cylindrical coordi

nates (r,f ) as follows:uuh = (u^cosp)? I- (tu^sinp)^ = W^r +

Thus, the Coriolis acceleration with respect to a moving cylindrical 

system may be written as:
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2(U> x ( \V - cc) ° 2LUr (v + c^)z - 2<JOr (w - c2)$ - 2 U)^ (u-cr)z 

+ 2 tu^ (w - c2)S + 2 u>z (u - Cr)$ - 2 (v -c^)r

which reduces to the more familiar form when A = 90 degrees.



APPENDIX 3

The velocity divergence in cylindrical coordinates for a 

stationary system is

V ‘V (Ar3.1)

The relationship between the velocity components (u, v, w) of the sta

tionary system and the moving system (ur, vr, wr) may be expressed 

as (ref. Fig. 6.2 and eq 6.10):
u “ ur + c cos $, v = vr - c sin ̂ , w * wr

and.

3u > ^ r
rSf T  cos*  * "

*«rST
Substitution of these relations into (A-3.1) leads to the velocity 

divergence for the moving system in terms of the velocity components 

measured with respect to the stationary system:

V * V  " ^  + ~ ~  cos^ ^

where ™ 0 , since the moving system is considered axial symmetric,rdf
Since the measurements were taken along the dust devil diameter which

was parallel to the translatory velocity ((c), cos $ = l;and hence,for 

the moving system, V • W  = + 5^ or for the mean motion,

V ‘W  “ 5 7  + ^  + ^  • Note <fc is always considered positive which
permits cos ̂  to also be positive for <p = 0° or 180°.
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