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CHAPTER I 

INTRODUCTION 

This thesis describes an investigation of dust storms as a 

factor in urban runoff quality in Lubbock, Texas. The study was con

ducted to determine whether Texas Tech University's urban runoff 

study conclusions should be generalized to apply outside the Lubbock 

area. Specific cause and effect relations in the suspended solids 

subsystem of the urban runoff problem were examined. The study 

developed a relationship among several areas of environmental con

cern including water resources, water pollution control, air pollu

tion, soil conservation, and meteorology. 

Dust storms have occurred frequently in the annual Lubbock 

weather pattern for many years. The most intense occurrences of 

blowing sand or dust, dust storms, are reported by the National 

Weather Service (NWS) whenever visibility is reduced to less than one 

quarter mile. It was, however, the blowing sand or dust phenomenon 

(NWS definition: visibility seven miles or less), including dust 

storms, that was of interest in this research. For convenience and 

word economy, the term dust storm was used throughout this paper to 

include all events within the NWS blowing sand or dust definition. 

1 
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Purpose and Scope 

A study by Wells et ale (1) included the following comment: 

As runoff moves over the basin, pollutants are dissolved or 
suspended and carried in the outflow. These pollutants are 
found on street surfaces, sidewalks, driveways, roofs, 
grassed areas, alleys, gutters, and storm drains and are 
generally deposited as a result of human activity within the 
basin. 

The hypothesis of this thesis was that in Lubbock, Texas, dust storms, 

as well as human activity, contributed significantly to urban runoff 

suspended solids loads. Further, dust storms could be quantified 

and correlated with other factors to produce a useful mathematical 

model of suspended solids loading in urban runoff. The impact of 

verifying this idea would be that suspended solids study results from 

Lubbock, Texas, should not be generalized, without qualification, to 

areas that are meteorologically different. 

If suspended solids loads contributed to, or were indicative 

of, other urban runoff quality parameters such as BOD (biochemical 

oxygen demand), these study results would have an even wider applica-

bility. That is, the qualification developed for suspended solids 

results should be similarly applied to BOD and other urban runoff 

parameters to the extent that suspended solids contributed to or 

influenced that parameter. 

This study was limited to: (1) a specific geographic area--

a single drainage area in Lubbock, Texas; (2) a specific quality 

parameter--suspended solids; and (3) data drawn from previous 
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research efforts as recorded in technical literature. An approach 

based on an existing computer model was used to test the hypothesis. 

The scope of the study was limited to establishing whether or not a 

more detailed investigation was justified. 



CHAPTER II 

REVIEW OF PREVIOUS RESEARCH 

Literature concerning this topic was less profuse and more 

diffuse than literature concerning many other topics. The literature 

seemed divided into several categories. A fairly extensive amount 

of recent literature existed on the general topic of urban runoff 

quality and many of its details. Research efforts at Texas Tech 

University in this area have produced considerable material. Research 

to quantify the concentration of blowing sand and dust in air was 

located in two distinct areas: recent air pollution investigations 

and an older literature generally related to the 'Dust Bowl' days of 

America's recent past. Some literature was available concerning 

dust storms in Lubbock, Texas. 

The Water Pollution Control Federation (WPCF) published in 

its 1974 literature review issue a very complete summary of urban 

runoff literature by Field and Szeely (2). Although a small number 

of the articles suggested by the WPCF have been reviewed, none were 

found to be specifically applicable to this research effort. Since 

a reasonable amount of literature was located with specific reference 

to this study, no further consideration will be given to general 

urban runoff literature. 

4 
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Urban Runoff Research in Lubbock, Texas 

The Water Resources Center at Texas Tech University has 

participated in a research effort centered around urban runoff 

studies. This report was financed in part by that research program. 

The results of this overall effort have included several reports 

which discuss various aspects of the urban runoff process in Lubbock, 

Texas. 

Brownlee et ale (3) reported on urban runoff from a 135 

acre drainage area containing primarily middle class single-family 

dwellings with some multi-family and commercial development. Along 

with runoff quantity data from four storms, 25 samples of runoff were 

analyzed for various quality parameters including total solids (TS), 

total volatile solids (TVS), suspended solids (SS), dissolved solids 

(DS), hydrogen ion concentration (pH), nitrate ion concentration 

(N03)' and alkalinity (ALK). Brownlee investigated a simple linear 

regression model relating the logarithm of the pollutant concentra- ~ 

tion and the time since the beginning of the runoff event. The high 

correlation coefficient resulting from this study suggested, 

that a relationship of the form, 

Log (Y) = A + B (X) (2.1) 

exists between constituent concentration (Y) 
and runoff duration (X) for the storms con
sidered. It is expected that rainfall inten
sities, antecedent moisture conditions, storm 
movements, and other parameters also influence 
this relationship. 
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A continuing study of the. same ' drainage area was reported 

by Wells, Austin, and Cook (1). This study, while introducing some 

additional data on urban runoff quality, was essentially an effort 

to develop a complete urban runoff simulation model. The model was 

suggested to be of special value to urban drainage design engineers. 

The modeling approach to the quality aspect of the urban runoff 

simulation process was based on stepwise multiple linear regression. 

An urban runoff study by Ray (4), conducted at Texas Tech, 

investigated runoff quantity and quality at six sites during 11 

storms in 1971. The primary purpose of the study was to establish 

the overall quality of urban runoff in Lubbock in connection with 

its prospective use as make-up water for the city's recreational 

lakes project. 

Additional data concerning runoff quality in the drainage 

area studied by Brownlee et al. (3) and Wells et al. (1) were 

reported by Wells, Anderson, Sweazy, and Claborn (5). Additional 

efforts were made to improve the stepwise linear regression quality 

model through the application of 35 data transformations to intro

duce various non-linear relationships. Analysis of data from 10 

storms yielded a best fit line with a multiple correlation coeffi

cient of 0.78. 

The Texas Tech urban runoff studies investigated two addi

tional drainage areas. Thompson (6) reported on results of a study 

in one of the areas, a mixed development area of 1499 acres. Land 
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uses included commercial, mixed income level residential, and indus

trial. Data were reported from fifteen storms providing over 200 

samples for analysis of quality parameters including: chemical 

oxygen demand (COD), TS, SS, DS, phosphate ion concentration (P04), 

N03 , and pH. Analysis of the data collected by Thompson was limited 

to estimation of total pollutant volumes during the study period and 

projection of the estimates onto a yearly basis. 

Blowing Sand and Dust Research in Lubbock, Texas 

In addition to the Lubbock research concerning urban runoff, 

local information concerning the occurrence and characteristics of 

dust storms was required. Fortunately, at least a limited amount of 

literature concerning this topic was available. 

Sidwell's (7) work included a study of 25 instances of dust 

storms from as early as 1935-36. He reported an average monthly wind 

velocity during March, April, May, and June that was 50 percent 

greater than during the other months of the year. Although Sidwell'~ 

article ranged broadly over its subject, it contained particle size 

distributions measured during dust storms at various heights above the 

ground. 

A second study of dust storms was discussed in a report by 

Warn and Cox (8). Although this article provided limited data rele

vant to this study, it did provide an excellent background discussion 

of the blowing dust phenomena and agreed with the particle size 



distribution reported by Sidwell. A portion of the conclusion to 

the Warn and Cox article was especially helpful: 

Severe dust storms in the Lubbock area are due to 
deep low pressure cells which develop outside of the 
state, usually to the northwest or north. These storms 
transport surface materials into and beyond the Lubbock 
area while less severe storms are usually of local origin ' 
and transport local surface materials. The relative 
amounts of material added to or removed from the surface 
in this area were not measured. 

Wind blown sediments consist primarily of quartz 
grains (55-90%) in sizes of 1/16 - 1/8 mm. Claysized 
particles (less than 1/256 mm. diameter) comprise 25 to 
40% of the sediments. Carbonate materials make up 5-20% 
of the sediments. About 5% of the sediments are made up 
of gypsum, and an average of 2% are of visible organic 
matter. Magnetite, rutile, and zircon contribute less 
than 1% each to the sediments •..• 

The quantity of material carried in a given dust 
storm depends on weather factors and on the condition of 
the ground over which the winds travel. Maximum wind 
loads are obtained under weather conditions of low 
humidity, high turbulence and sustained wind velocities 
of more than 25 mph. Surface conditions conducive to 
dust storms include: dry barren cultivated soil fur
rowed paralled to wind flow. . . . 

In ten of the dust storms in the Lubbock area a 
calculated total of 17,566.2 tons of sediment crossed 
the 5 mile width of the city. An average of 121.8 tons 
per hour was carried across the city during these 
storms. Surface sediments were carried to a maximum 
reported height of 25,000 feet. 

8 

A more recent study of dust storms in the Lubbock area was 

conducted by Pecille (9) of the National Weather Service. The Pecille 

study reported on wind direction and speed during dust storms between 

1951 and 1960. 

Pecille's report examined 87,660 blowing sand or dust 

observations in NWS records to conclude that most dust blows from the 

west or west-southwest with lesser amounts occurring from south through 
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southwest through northwest through northeast (clockwise). A further 

evaluation concluded that wind velocity during dust events also was 

strongest from the west or west-southwest, then from the north or 

northeast, and finally slowest from all other directions previously 

mentioned. 

The present surge of environmental concern in the United 

States introduced a new title to the conditions studied by the three 

previous authors--air pollution. Suspended particulate matter in the 

air, such as blowing dust, was one of several parameters normally 

measured in air pollution studies. A study by the Lubbock City

County Health Department (10) included suspended particulate matter 

in its air sampling program. Suspended particulate material was 

collected over several randomly selected 24 hour periods during each 

month. Data for 1970 showed increasing particulate concentrations 

from January through May. Unfortunately, June data were not avail

able due to the destruction of the City-County Health Department 

facilities in the 1970 Lubbock tornado. July through October data 

showed decreases from May values, but November and December data were 

again as high as May's. 

Quantifying Dust Storms 

The previous two subsections of this literature review were 

written to establish the general basis found in the literature for 

this study of the relationship of dust storms to urban runoff quality 
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in Lubbock, Texas. In addition to .those two general areas, various 

technical details needed investigation. 

Estimating Suspended Particulates in Air 

The Journal of the Air Pollution Control Association 

(JAPCA) provided a format for a continuing discussion of the poten-

tial for measuring suspended particulate air constituents using light 

attenuation. Ensor and Pilat (11) listed several previous efforts to 

correlate particle mass concentration with light transmittance. 

Although their paper was somewhat theoretical and dealt most specifi-

cally with high mass concentrations over short light paths (smoke 

plumes), it represented some of the earlier work in the general area 

of interest. 

A more directly applicable effort was reported by Ettinger 

and Royer (12). The authors' abstract to their JAPCA article con-

tained the following summary, 

An air sampling program was carried out in a nonurban, low 
pollution area to relate: (a) total particulate mass con
centration measured with a high-volume sampler, (b) particu
late mass size distribution measured with aerodynamic size 
samplers, and (c) visual range measured by the integrating 
nephelometer for low suspended particulate mass concentra
tions, the following relationship was defined between visual 
range (Lv) and mass concentration (M - micorgrams/m3): 

24.0 miles 
----------~~~-------------

(2.2) 

+0.01 
0.2 + ( 0.01 ) M 

- 0.003 



This has been compared to similar relationships for urban, 
high pollution areas, and reasonable agreement exists. 
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Griggs (13) reported an equation previously derived by Fett 

relating air particulate mass loading and visibility. The relation-

ship was simple and inverse~ mass loading was equal to a constant 

multiplied by the reciprocal visibility. Griggs compared the mass 

loading estimated from visibility measurements for 0.55 micron wave-

length light with loading estimates based on nephelometer measure-

ments, direct filter measurement, transmission measurement, particle 

size distribution modeling, and an additional theoretical approach 

using particle size distribution data and a scattering coefficient. 

Griggs · concluded, "The comparison of the various estimates ••. 

suggests • • . that the visibility and nephelometer empirical rela-

tionships are valid .••. " 

The principle mechanism whereby particulate materials are 

maintained in suspension has been related to wind velocity. Changes 

in wind velocity have been reported to be responsible for changes in 

suspended particulate loading. A decrease in loading indicated that 

material previously suspended must have been deposited. Quantifica-

tion of various aspects of this dust fall phenomenon was reported in 

the literature. 



Background, Intermediate Conclusions, and Definitions 
Preliminary to Estimating Dustfall 

Remarkable insight into the, "Erosion Performed by the 

Atmosphere" was demonstrated by J.A. Udden (14). In that work, 

reported before the beginning of the twentieth century, estimates 

12 

were made of the ability of the wind to pick up, move, and deposit 

dust particles. Allowing for the spectacular nature of erosion per-

formed by water, Udden concluded that wind was probably a much more 

important factor in the long range effects of soil redistribution. 

Data from Udden's experiments were reported to show the carrying 

capacity of a 5 mile per hour wind for various sized dust particles 

in the range 0.001 mm through 0.08 mm. Some discussion was presented 

to indicate the conditions necessary to lower wind velocity and 

cause dust deposition. 

A second study, primarily of historical significance, was 

made by Free and Stuntz (15). In this exhaustive compilation of 

previously reported blowing dust information, observations ranging 

from sandstorms observed by travelers to the 'latest' scientific 

studies were recorded. The work attempted to address all the various 

closely related areas of the field with equal vigor. The comments 

which follow are restricted to that part of Free and Stuntz's work 

which discussed deposition of atmospheric load, especially in rela-

tion to sand and dust storms. 
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Free and Stuntz's paper analyzed the mechanisms suspected 

of being operative in dust deposition from air. Their report 

credited decreased wind velocity as the single most important factor 

for causing suspended particles in air to be deposited on the ground. 

However, despite this emphasis on the importance of wind velocity, 

Free discredited ·sand or dust storms as important elements in the 

cumulative movements of soil by wind when compared with day to day 

effects of lower velocity winds. 

A comparatively more modern discussion of wind erosion and 

deposition were included in an article by F.J. Malina (16). In the 

introduction to a paper devoted primarily to, "the laboratory soil

blowing (wind) tunnel," Malina summarized much of the research which 

took place after the work of Udden and Free. Included in this 

review were the conclusions of an analysis of wind erosion which 

resulted in 22 mentally isolatable variables affecting the process. 

An interesting comparison was made between the variables 

selected by Malina and a similar list of factors included in a series 

of six consecutive articles by W.S. Chepil (17, 18, 19, 20, 21, 22) 

in Soil Science. Chepil listed 18 factors, 12 of which were on 

Malina's list. These are listed in Table 2.1. 

Chepil's first article (17) discussed three different types 

of soil particle movement. Saltation was the type of soil particle 

movement accomplished in a series of short bounces along the ground, 

with the particle staying very near the surface. Particles smaller 
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or lighter than those moved by saltation could be moved in suspen

sion. The largest and heaviest particles were usually moved only 

in surface creep. 

Table 2.1 

Common Factors in Soil Erosion by Wind 

1. Wind velocity 7. Surface temperature 

2. Air temperature 8. Topography 

3. Humidity 9. Soil structure 

4. Surface roughness 10. Soil organic co~tent 

5. Ground cover 11. Soil texture 

6. Surface obstruction 12. Soil moisture content 

Chepil's article concluded that while desert sand could be 

moved primarily by the saltation and surface creep phenomena, arable 

soils were moved in "a very substantial proportion" by the suspen

sion mechanism. This conclusion was qualified, however, by the obser

vation that suspension movement was activated by saltation movement. 

A second conclusion in the article was that saltation and surface 

creep movement do not continue very far beyond the boundary of the 

actively eroding area. 

Chepil's second article (18) introduced certain equations 

useful in estimating dustfall according to a method to be developed 

in a subsequent chapter by this writer. These equations were identical 



to those in Bagnold's (23) book which will be discussed next. 

They are mentioned at this point only to establish their common 

acceptance by both authors. 

15 

Another directly applicable detail in Chepil's work was a 

conclusion in his third article (19) that dry air was especially 

significant for suspension movement because it possessed a greater 

carrying capacity than moist air. 

Estimating Dustfall During Dust Storms 

The three types of particle movement discussed in Chepil's 

work earlier in this paper were repeated in Bagnold's (23) book. 

The definitions were similar, and no additional categories or dis

tinctions were added. 

Hagnold also presented a useful equation in his book which 

was similar to an equation used by Chepil. Equation 2.3 related 

horizontal wind velocity (v) to distance above the ground (z), fric

tion velocity (V*), and roughness length (k) according to a logarit~~ 

mic relationship: 

v (2.3) 

Bagnold's work, however, went farther than Chepil's. Bag

nold presented an equation (2.4) which estimated sandflow in suspen-

s ion: 

q a V~ / d (2.4) 
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where q was the sandf10w indicator, . d was the average particle dia

meter, and a was an experimental constant. 

A third author followed the above approach, in part. 

Sellers (24) used equation 2.3 as an estimator for wind profile. 

This work was of special importance because it presented tabulated 

values of the constant k. Table 2.2 gives value ranges for k for 

selected kinds of surface cover. 

Table 2.2* 

Selected Values for Constant k in Equation 2.3 

Type of Surface Cover k (cm) 

fir forest 283.00 

citrus orchard 198.00 

large city (Tokyo) 165.00 

corn 71.50 - 127.0 

wheat 22.00 - 23.3 

grass 0.32 15.4 

*Va1ues in Table 2.2 are selected from Sellers (24) 

This literature survey has been rather wide ranging. It is 

best summarized by indicating the use made of each of the categories 

of literature reviewed. The Lubbock runoff literature was used to 

obtain data for a particular drainage area, and it also provided an 

analytical tool which was the basic ingredient of the method for this 
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analysis. The blowing sand and dust literature was used to indi

cate how the analytical technique could be modified to account for 

dust storms and provided detailed local data. By analyzing the same 

drainage area with and without regard for dust storms, conclusions 

were reached regarding the degree to which dust storms contributed 

to urban runoff suspended solids. 



CHAPTER III 

METHOD AND PROCEDURES 

Outline of Method 

After some of the available literature relating to the 

hypothesis had been reviewed, it seemed appropriate to indicate in a 

general way how the previous development led to relevant conclusions. 

The literature review established that information was available con-

cerning: (1) dust storms in Lubbock; (2) runoff from various drain-

age areas in Lubbock; and (3) certain analytical tools which might 

lead to a technique to test the hypothesis. 

In order to outline the major steps in this investigation 

and show their logical relationships, Figure 3.1 was developed. This 

chapter was written to explain the procedures used to complete each 

of the major steps in the method. The first three items in Figure 

3.1 covered the literature review activities described in Chapter II. 

They will not be discussed further. 

Procedures for Selecting Analytical 
Technique and Test Site 

The procedure for selecting an analytical technique was con-

ceptualized to include the following steps: 

18 
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(a) generation of possible criteria to use in evaluating 
various techniques 

(b) selection of criteria from list generated in step (a). 
(c) application of criteria to available techniques to 

select a usable technique 

The result of steps (a) and (b) was a list of selection criteria: 

1. The technique should apply to varying amounts of data 
(i.e., apply to situations containing or not contain
ing information about dust storms). 

2. The technique should not require data not obtainable 
for the local area. 

3. The technique should show quantitative or qualitative 
differences in results when applied to blowing dust 
and non-blowing dust situations. 

4. The technique should be specific to the subject matter. 
5. The technique should adapt to the thesis requirements 

easily. 

The literature review chapter of this paper reported on 

several attempts to develop an analytical technique applicable to the 

local situation: Brownlee et ale (3), Wells et ale (1), and Wells 

et ale (5). The technique of Wells, Austin, and Cook (1) seemed to 

best fit the criteria outlined above. Since this technique met the 

required criteria and lacked flaws which would have forced its 

rejection, it was selected and adapted to the requirements of the tqesis, 

A list of sites with available runoff data was suggested by 

the literature review. The list was tabulated as Table 3.1. 

Since the analytical technique selected to test the hypothesis 

had been applied to data from only one sampling station, its relia-

bility was questionable. In order to increase the reliability of 

the analytical technique, one selection criterion for the data site 

was that it should be any site except the original site. The second 
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selection criterion was that the maximum number of observations of 

suspended solids in runoff should be available. The site on the 

26th street storm sewer described by Thompson (6) met these criteria 

more nearly than any of the others in Table 3.1. 

Data Site 

Yellow House Draw 

North Fork 

Avenue U 

Avenue H 

Fourteenth Street 

Twenty-sixth Street 

K.N. Clapp Park 

Table 3.1 

Local Sites of Runoff Data 

Literature Reference(s) 

4 

4 

4 

4 

4 

4,25 

1,3,5 

Procedure to Modify the Analytical Technique 

Given a technique and a site, the two must he integrated to 

the purpose of the thesis. This task was divided into two parts-

adapting the technique to (1) non-dust storm and (2) dust storm situa

tions. The former was relatively simple. 

The stormwater quality modeling technique of Wells, Austin, 

and Cook (1) was divided in two parts. One part was intended to 
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predict the instantaneous variations in concentration of a runoff 

quality parameter during a runoff event. This function was of little 

significance to this research. The major relationship of interest 

was that between the total amount of suspended solids in the runoff 

from a single event and the amount of those suspended solids attri

buted to dust storms occurring prior to the runoff event. The 

second part of the Wells, Austin, and Cook quality model was con

cerned with predicting the total amount of any pollutant in the run

off from a single event given certain antecedent conditions. 

This second part of the model could do exactly what was 

necessary to test the hypothesis. Also, it accomplished the secon

dary goal of verifying the usefulness of the Wells, Austin, and Cook 

model. By using the existing model and supp~ying the same data items 

of antecedent conditions for the selected site as for the original 

site, the simplicity of application and the opportunity to test the 

model were apparent. A conclusion was reached about the hypothesis 

by (1) i~creasing the number of antecedent conditions supplied as 

input to the model to include conditions representing dust storm 

occurrences, and (2) comparing the predicted suspended solids loading 

with the loading predicted by the model application without dust 

storm antecedent condition. 

What remained to complete the modification of the model was 

to select the antecedent blowing dust conditions to be used (in 

addition to the Wells, Austin, and Cook model input conditions). The 
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parameters used in describing the blowing dust · phenomena (from Table 

2.1) provided a good starting point for selecting antecedent condi

tions. An examination of Equation 2.4 led to considering wind 

velocity, surface roughness, ground cover, and surface obstructions 

from Table 2.1. In order to make a selection from these or other 

factors, an analysis of physical relationships could have been made. 

Since an analysis was not found ready-made in the literature, the 

following trial and error approach substituted as a method for factor 

selection. The trial and error approach was justified in part by 

the tentative nature of the hypothesis as expressed in the discus

sion of scope found in the first chapter. Of course, the major 

justification for a trial and error approach was the success of an 

individual trial. 

The following first trial analysis was based on the assump

tion that most suspended solids in runoff were on the ground before 

a runoff event began. If the hypothesis that a significant portion 

of suspended solids in runoff came from dust storms was valid, then 
'" 

perhaps the analysis could be concluded easily with a selection of 

terms to represent dust storm antecedent conditions. 

The model input should measure the amount and source of 

sand and dust on the ground just before a runoff event occurs. 

Because this information was not readily available, an indicator of 

the amount of blowing sand and dust deposited on the ground was sub

stituted to test the hypothesis. A later section of this paper will 

describe how available data were transformed into this indicator. In 
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order to increase the degree to which the selected indicator con-

formed to the most desirable indicator, the selected indicator was 

calculated separately for each ten-day period in the thirty days 

prior to the runoff event being considered. The occurrence of rain 

during this period was neglected in determining the dust storm indi-

cator because separate indicators were included for rainfall. 

Since the method used to calculate the amount of blowing 

sand and dust deposited on the ground was based entirely on empiri-

cal wind velocity considerations, a second dust storm indicator was 

added to represent the amount of blowing sand and dust in the air 

during dust storms. This indicator was also divided into three 

values to represent each of the ten-day periods in the thirty days 

preceding the runoff event. This second indicator was developed 

along the lines presented in Chapter II under the detail heading 

"Estimating Suspended Particulates in Air." It has been more fully 

developed in a succeeding section. 

This section, in summary, was divided into two parts: 
' .' ; 

(1) adapting the model technique to non-dust storm ev~nts an1 (2) 

adapting the technique to dust storms. The first part was simple 

because it did not require any change from the technique selected 

from the literature. The second part resulted in the selectiori of 

two parameters for each runoff event. The two parameters were an 

estimate of the amount of blowing dust deposited on the ground dur-

ing dust storm occurrences and an estimate of the amount of blowing 

dust in air. 

--. 
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-Adaptation of Available -Data : to Selected Technique 

Having postponed technical detail until perhaps the last 

possible moment, it seemed both appropriate and necessary to add 

that dimension here. The technique of Wells, Austin, and Cook (1) 

was essentially the application of the following linear regression 

equation (see Table 3.2 for definition of variables): 

In(SS) = BO + Bl(CR) + B2( __ 1 __ ) + B3(20-ET) + 
CD 20 

(3.1) 

Values for suspended solids and causative rain amounts were 

taken from Thompson (25). Causative rain duration, elapsed time, 

and previous rain duration data were taken from Local Climatological 

Data (26) for the Lubbock station of the Environmental Data Service. 

Previous rqin amount data were collected from both references (25) 

(26) . -. 
The extension of the Wells, Austin, and Cook technique to 

include blowing dust information was essentially the application of 

the following equation: 



Variable 
Number 

1. 

2. 

3. 

4. 

5. 

6. 
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Table 3.2 

Definition of Variables in Equation 3.1 

Symbol Definition 

SS Suspended solids: the total weight 

of suspended solids carried in the 

runoff from a single event. 

CR Causative rain: the amount of rain-

fall during a runoff event. 

CD Causative (rain) duration: the 

amount of time the rain falls during 

a runoff event. 

ET Elapsed time: the amount of time 

between the runoff event being con-

sidered and the most recent precedins 

runoff event. 

PR Previous rain: the amount of rainfall 

during the previous runoff event ? 

PD Previous (rain) duration: the amount 

of time the rain falls during the 

previous runoff event. 
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(3.2) 

The six additional terms, in two sets of three each, were the terms 

suggested in the previous section. The DD terms were calculated to 

be proportional to the amount of dust deposited during dust storms. 

The BD terms were proportional to the amount of dust in the air dur-

ing dust storms. 

The DD terms were based primarily on wind speed observations 

during dust storms as recordeq at the Lubbock airport by the Environ-

mental Data Service (26). The second factor used in making the DD 

estimator was Equation 2.3 which expressed an estimated vertical dis-

tribution of wind velocities. The third factor used was based on 

" Equation 2.4 which estimated suspension sand flow from particle and' 

wind velocity parameters. Based on Chepi1's work (17), saltation 

and surface creep movement were ignored because the urban area stud-

ied in this thesis was assumed to be away from an actively eroding 

area. 
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The above factors were combined according to the following 

analysis. Equation 2.3 allowed different velocity profiles to be 

developed simply by changing the roughness height parameter k. 

Tabie 2.2 presented selected values for this constant. By selecting 

different average values of k for urban and non-urban areas, the 

measured velocity at the Lubbock Weather Station (a non-urban area) 

was used to estimate velocities at other heights at the Weather 

Station and also for all heights in the urban setting of the study 

site. 

Since Equation 2.3 also showed a ·linear relationship between 

V* and v, the two terms were interchangeable in a multiple linear 

correlation model. Given a ten-day average value for the velocity 

of blowing dust in a non-urban area (as measured at the Weather 

Station), that velocity was proportional to suspension sand flow 

according to Equation 2.4. Using the procedure of the previous para

graph, a related urban velocity was determined. By applying Equation 

2.4 again, the urban velocity was made proportional to suspension 

sand flow. The difference between these two sand flow estimators 

was taken to represent DD, the amount of sand deposited. 

The BD terms were developed in a simpler fashion. Since 

more than one of the authors in the literature review (i.e., Ettinger 

(12) and Griggs (13) agreed that the quantity of dust in the atmos

phere was inversely related to visibility, the average reciprocal 

visibility was calculated for each of three ten-day periods preceding 



a runoff event. This number was used for the appropriate BD term 

in Equation 3.2. 

Application of Hethodology 

29 

The application of the method was relatively straight

forward. The data located for the literature review were trans

formed to the required format as developed during the preceding 

discussion. The transformed data were put in the required format 

on computer punch cards. The computer cards were submitted to the 

Texas Tech Computer Center to be analyzed by the Bio-Medical Data 

Program package and monitored until mistakes were eliminated and 

correct analysis was achieved. The results of this effort were 

exactly what was required for a comparison of the two models. 

Model comparison was perhaps, conceptually, the simplest of 

the steps in the method. If the correlation coefficient using the 

blowing dust terms was greater than the coefficient without those 

terms, the hypothesis was reinforced. If not, the hypothesis was 

subject to question. But, beyond this basic comparison, little of 

the analysis of results was planned pending the availability of 

results. 

If a procedure for comparison was dependent on results, 

making conclusions was even more results dependent. No attempt was 

made at this point to outline a procedure for drawing conclusions. 

It was, however, worthwhile to recall that, in addition to the 
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primary purpose of the thesis, a secondary objective was to compare 

the non-blowing dust model on the chosen drainage area with previous 

performance of the model on a different drainage area. 



CHAPTER IV 

FINDINGS AND INTERPRETATIONS 

It seemed most reasonable to organize this chapter in a 

manner consistent with the organization of the methods chapter. The 

initial items of the method were concerned with the literature review 

and were discussed in Chapter II. 

Findings and Interpretations 
Regarding the Analytical Technique and Test Site 

The only findings that seemed especially important to this 

section were items found in the literature which tended to place the 

analytical technique in perspective. Of particular interest were 

the results of the application of the technique in its original set-

ting. These findings were reported by Wells, Austin, and Cook (1). 

In applying Equation 3.1 to analyze data representing seven runoff 

events, Wells et al. obtained a correlation coefficient of 0.9766. , 

The findings related to the test site were also based on 

developing perspective and were taken from the literature. The site 

selected for this research was the site previously described by 

Thompson (6). The 1499 acres of Lubbock's 26th street storm sewer 

drainage area were characterized by a mixed development of commercial, 

industrial, and residential uses. The residential development was 

likewise mixed in both type of dwelling (single and multifamily) and 

31 
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socio-economic status (property values from $10,000 to $100,000). 

The drainage a~ea had an average population density of 9.1 persons 

per acre. Thompson est'imated that the drainage area was more than 

half impervious. "The predominant business activities consist of 

small commercial establishments, warehouses, and l .ight industry. A 

large cottonseed processing plant is located in the eastern part of 

the basin." More details concerning the drainage area were reported 

in Thompson's (6) paper. 

Findings and Interpretations 
Regarding Adaptation of the Data* 

Table 4.1 was developed to show the data essential for 

application of Equation 3.1. The ratios of certain of the averages 

in the table provided interesting background data for this study. 

An estimated 35,827 pounds of suspended solids (23.9 pounds per acre 

per inch of rainfall) were produced per inch of rainfall. The average 

rainfall intensity for the selected events was 0.045 inches per 
~ 

hour. Of additional interest was the fact that an estimated 167,000' 

pounds of solids were contained in the runoff from the fifteen selec-

ted runoff events. 

In order to proceed to the application of the data to the 

model (Equation 3.2), the data required for Equation 3.1, as well as 

* No findings were presented regarding method item 6 of 
Figure 3.1. 



Table 4.1 

Tabulation of Data 
Required for Application of Equation 3.1 

Variable Abbreviation** 
Event No. Date SS pounds CD hours CR inches ET days PD hours PR inches 

1 
2 
3* 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Means 
Std. Dev. 

(26 JUL 73) 
(28 JUL 73) 
(12 SEP 73) 
(12 SEP 73) 
(26 SEP 73) 
( 4 OCT 73) 
( 6 OCT 73) 
(10 OCT 73) 
(27 OCT 73) 
( 9 MAR 74) 
(10 MAR 74) 
(20 MAR 74) 
( 1 MAY 74) 
( 4 MAY 74) 
( 1 MAY 74) 
(11 JUL 74) 

8,658 
2,163 

5,800 
2,250 
1,300 

637 
15,513 

6,633 
39,360 
37,071 
5,150 

19,771 
2,504 

11,052 
9,444 

11,154 
12,240 

7.0 
6.0 

3.0 
2.0 
6.0 

20.0 
3.0 
8.0 
5.0 
6.0 
8.0 

24.0 
3.0 
1.0 
2.0 

6.9 
6.6 

0.16 
0.05 

0.04 
0.02 
0.20 
0.00 
0.42 
0.27 
0.50 
0.83 
0.23 
0.82 
0.02 
0.36 
0.75 

0.31 
0.30 

4.0 
2.0 

5.0 . 
8.0 
8.0 
2.0 
4.0 

17.0 
20.0*** 
1.0 

10.0 
2.0 
3.0 
1.0 

10.00 

6.47 
5.79 

4.0 
7.0 

7.0 
10.0 

2.0 
6.0 

20.0 
3.0 
7.0 
5.0 
6.0 
3.0 

24.0 
5.0 
1.0 

7.3 
6.4 

0.37 
0.16 

0.22 
0.00 
0.02 
0.20 
0.00 
0.42 
0.01 
0.50 
0.83 
0.43 
0.82 
0.01 
0.36 

0.29 
0.28 

* data for event no. 3 is subject to extraneous interference and is not used in this 
analysis 

** refer to Table 3.2 for definition of variables 
*** 20 is largest number.accepted by the model (see equation 3.1) 

w 
w 
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six additional data elements were .required. The values for these 

elements were included in Table 4.2. 

The somewhat arbitrary units in the table were based on con-

venience. The data values were taken from the records of the Envir-

onmental Data Service (26) in a manner which minimized the required 

amount of data manipulation. The regression modeling technique 

allowed this informality while allowing easy conversion of the corre-

lation equation term coefficients to any desired unit system upon 

completion of the regression analysis. 

Findings and Interpretations 
Regarding Application and Analysis of Modeling Techniques 

This topic should be the focal point of the thesis. For 

this reason it seemed most reasonable to discuss application and analy-

sis together rather than serially. 

The correlation coefficient and other data for the computer 

run which does not consider dust storm data were listed with computer 
. ~ 

run designation A. Run A should be compared with the result obtained 

by Wells, Austin, and Cook (1), listed as run Z. While the correla-

tion coefficient for run A was lower than that for run Z, a check of 

statistical significance (27) of the correlation at the five percent 

level indicated that only run A could be considered valid. 

Run B included the variables used in run A, but added the 

variables associated with dust storms. Although run B had a slightly 

higher correlation coefficient than run A, again, that correlation 



Event No. Date 

1 (26 JUL 73) 
2 (28 JUL 73) 
3 (12 SEP 73) 
4 (12 SEP 73) 
5 (26 SEP 73) 
6 ( 4 OCT 73) 
7 ( 6 OCT 73) 
8 (10 OCT 73) 
9 (27 OCT 73) 

10 ( 9 MAR 74) 
11 (10 MAY 74) 
12 (20 MAY 74) 
13 ( 1 MAY 74) 
14 ( 4 MAY 74) 
15 ( 1 JUL 74) 
16 (16 JUL 74) 

Table 4.2 

Tabulation of Additional Data Required 
For Application of Equation 3.2 

Variable Abbreviation 
DD10 DD20 DD30 BD10 BD20 BD30 

[ (na u t. mi.) 3 /hour3] x 3 hour (1/mi1e) x 3 hour 

0 0 17,310 0.0 0.0 0.2132 
0 0 17,310 0.0 0.0 0.2132 
0 0 0 0.0 0.0 0.0 
0 0 0 0.0 0.0 0.0 
0 0 0 0.0 0.0 0.0 
0 0 0 0.0 0.0 0.0 
0 0 0 0.0 0.0 0.0 
0 0 0 0.0 0.0 0.0 
0 0 0 0.0 0.0 0.0 

74,163 281,761 30,100 1.9032 4.8836 0.3800 
74,163 263,570 48,290 1.9032 4.3368 0.9720 
23,215 74,163 263,570 0.5730 1.9032 4.3368 
18,813 292,891 445,379 2.2734 6.7414 19.2168 
17,008 145,355 355,783 2.2335 3.4638 10.1972 
82,929 80,380 0 1.5918 0.9520 0.0 

162,941 82,929 80,380 7.3767 1.5918 0.9520 

. ./ 
Vol 
\J1 
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was not significant at the five percent level. In addition to the 

statistical test, however, an additional comparison was made between 

the two runs. In both cases, the first four parameters selected were 

identical. Also, these parameters were not the dust storm parameters 

added to the model for run B. 

With a very limited positive conclusion for the thesis 

seemingly imminent after completion of the two originally scheduled 

computer runs, it seemed reasonable to see whether any alternative 

action might prove useful in reducing the apparent damage to the 

thesis before proceeding directly to the concluding chapter. Such 

an alternative was found in the extreme flexibility of the stepwise 

regression model used to generate the results of runs A and B. As 

can be seen in Table 4.3, three aqditional computer runs were made to 

analyze the effect of changing the composition of the set of inde

pendent variables. 

Run C was based on an analysis of the ET variable. This 

variable represented the time between ev~nts. During the time betw~en 

events certain things have occurred in the drainage area to increase 

the amount of suspended solids available for pickup by the next runoff 

event. Since it was exactly this situation that the BD and DD para

meters tried to represent, the BD and DD parameters in part replaced 

the ET parameter. Run C eliminated the ET variable. The small 

improvement in correlation coefficient was not interpreted, however, 

as important because the correlation coefficient was not significant 



c -- ' - ------,----- ______ _ J_. _____ _ 

Table 4.3 

Summary of Computer Modeling Results 

Number of 
Required Independent 

Number of Correlation Variables: Selection 
Computer Run Description Storms Correlation Coefficient Selected/ Order of 
Designation of Model An,:lllzed Coefficient at 5% Available Variables 

Standard run 
Z of Wells et 7 0.9766 0.9996 5/5 order 

al. unknown 
Standard run 

A after Wells 15 0.9158 0.8118 5/5 CR,PD,ET, 
et al. CD/PR 
Standard run CR,PD,ET,CD, 

B after Wells BD30,PR,DD30' 
et al. with 15 0.9294 0.9464 9/11 BDlO,DD10 
dust storm 
data 
As run B but CR,PD, BD30' 

C without ET 15 0.9425 0.9680 10/10 CD ,PR, BD20 , 
parameter DD20 ,BDlO ' 

DD1" 
As run C but CR,PR30 ,BD

eO
' 

D replace PR PR20,BD30, D, 
and PD with 15 0.9845 0.9680 10/11 DD lO ,BD 30 , 
PRlO' PR20' PRl O, BD20 
and PR30 
As run D but CR,PRl O,DD10, 

E without BD 30 , 15 0.8853 0.8895 7/8 DD20,BDl O, BD20' 
DD30' and CD w 

'-J PR10 . ~ 
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at the five percent level. Also, four of five variables selected 

first were from the original non-dust storm model. 

While collecting BD and DD data from the National Weather 

Service records, it seemed reasonable to collect rainfall data on the 

same 10, 20, and 30 day historical basis as for BD and DD. The model 

equation resulting from this approach would include three additional 

terms with Equation 3.2: 

This result was termed Equation 4.1: 

In(SS) 

(4.1) 

Each PR term represented the sum of all precipitation which occurred 

during the designated ten-day period. The result of this idea was 

~ 
compiled in Table 4.3 as run D and produced a relatively high corre- ' 

lation coefficient (0.9845). Run D resulted in a correlation coeffic-

ient which was statistically significant. 

In each of the three preceding runs (B,C, and D), at least 

one of the 30-day variables (BD30 , DD30) was selected relatively early 

for the modeling equation. Based on the intuition that ten-day variables 

should be selected before 20-day or 30-day variables, and supported by 

the Wells, Austin, Cook (1) notion that a 20-day history was probably 
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all that was significant for a runoff event, run E was made. In this 

run, BD30 , DD30, and PR30 data were suppressed. The correlation 

coefficient for run E was relatively low and not significant. How-

ever, the order in which the variables were selected by the computer 

was encouraging. 

All the findings which have been discussed thus far are 

contained in Table 4.3. Certain other findings were useful in evalua-

ting the distinctions among all the previously discussed computer runs. 

Tables 4.4, 4.5, and 4.6 were prepared to tabulate certain additional 

findings associated with runs A, B, C, D, and E. The computer-

predicted logarithms of suspended solids values were compared with the 

experimental values for each of the 15 runoff events considered (see 

Table 4.4). Table 4.5 contains additional information on the quality 

of each computer run as a model ·of the runoff/suspended solids system. 

The coefficients of the various terms in Equations 3.1, 3.2, and 4.1 

were tabulated in Table 4.6. 

, ~ 

A primary assumption of the modeling approach used for this 

research was that the residual values, resulting from subtracting the 

computer-predicted value for each event from the experimentally deter-

mined value, belonged to a normal distribution with a mean of zero. 

The zero mean assumption was examined using data in Table 4.5, and 

standard statistical procedures (28). The zero mean assumption was 

verified. 
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Table 4.4 

Comparison of Computer and Experimental Values 
For Runoff Suspended Solids 

log SS Values 
Event Computer Run Designation 
Number Experimental A B C D E 

1 3.9374 3.4132 3.4879 3.5455 3.8868 3.8365 

2 3.3351 3.3769 3.2573 3.1745 3.3461 3.4698 

3 

4 3.7634 3.4162 3.4805 3.6909 3.8553 3.4477 

5 3.3522 3.5592 3.5525 3.6560 3.4493 3.3478 

6 3.1139 3.2921 3.2045 3.1317 3.0328 3.4868 

7 2.8041 3.1153 3.1200 3.0961 2.9099 3.1835; 

8 4.1907 4.1380 4.1723 4.1289 4.1345 3.9177 

9 3~8217 3.8484 4.0021 3.8863 3. 7283 3.5704 

10 4,5951 4.5332 4.4650 4.4?47 4.4359 4.2161 

11 4.5690 4.5875 4.7187 4.7225 4.7631 4.8138 

12 3.7118 3.8169 3.7012 3.7740 3.7116 3.6139 

13 4.2960 4.3885 4.2647 4.3057 4.2952 4.4157 

14 3.3986 3.4951 3.4661 3.3554 3.3897 3.4117 

15 4.0434 4.0867 4.0576 3.9960 4.0134 4.2429 

16 3.9752 3.9403 3.9571 3.9865 3.9756 3.9335 



Table 4.5 

Tabulation of Validity Measures for Modeling Results 

Computer Run Number of Number of Average Largest* 
Designation + Residual - Residual Residual Residual 

A 6 9 +2.6667 x 10-5 0.5242 

B 8 7 -2.0000 x 10-5 0.4495 

C 7 8 +0.6667 x 10-5 0.3919 

D 9 6 +1.3333 x 10-5 0.1941 

E 8 7 +0.6667 x 10-5 0.3793 

~'c absolute value 

. .../ 

Average* 
Residual 

0.1438 

0.1358 

0.1224 

0.0667 

0.1952 

~ ..... 



Table 4.6 

Comparison of Modeling Equation Coefficients 

Modeling ComEuter Run Designation 
Equation Z A B C D 
Terms Modeling Eguation Coefficients 
BO 4.68595 3.72324 3.69720 2.85823 3.95570 
B1 (CR) 5.36677 1.75357 1.90169 1.78459 0.91778 
BZ---!...- -0.98674 0.44207 0.56141 1.68102 -0.44508 

CD 
B120-ET 1.76898 -0.51804 -0.55800 * * 

20 
B4 (PR) 6.79054 0.09187 0.55612 1.42270 * 
BS-L -1.15281 -1.09318 -1.28587 -0.78420 * 

PD 
B6(DD10) * * -0.00000 0.00000 0.00000 
B7(DD20) * * O. -0.00005 O. 
B8(DD30) * * -0.00000 -0.00001 -0.00000 
B9(BD10) * * 0.06349 -0.13469 -0.10083 
B10(BD20) * * O. 2.79713 0.01466 
Bl1 (BD30) * * 0.02863 -0.10142 0.01905 
B12 (PR10) * * * * 0.04399 
Bl3 (PR20) * * * * -0.30284 
B14 (PR30) * * * * -1.45435 

*variab1e not included in modeling equation 

~ 

E 

3.11863 
1.48887 
0.39791 

* 

* 
* 

-0.00000 
0.00001 

* 
-0.07074 
-0.20995 

* 
0.20428 
O. 

* 

Intuitive 
Variable 
Correlation 

+ 

+ 
+ 
+ 
+ 
+ 
+ 

+='
N 
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The last two columns of Table 4.5 were included to give 

perspective to the absolute accuracy of the modeling approach being 

presented. These columns (average and largest residual-absolute 

value) represent the difference between two logarithms and hence the 

ratio of the calculated and the experimental suspended solids values. 

The maximum residual for run C of 0.3919 means the calculated value 

incorrectly estimated the experimental value by a factor of almost 

2.5 (antilog 0.3919 2.47). In other words, the calculated value 

is either 2.5 times larger or smaller than the experimental value 

(depending on the sign of the residual). Similarly, the mean error 

for run C of 0.1224 indicated an average error factor of 1.33 (antilog 

0.1224 = 1.33). 

The coefficients generated by the regression model are 

listed in Table 4.6. Two interpretations were most apparent from 

this tabulation . Perhaps most striking was the observation that no 

pattern seemed to exist among the coefficients for ~ particular para- · 

meter throughout all or even several of the computer runs. If an 

exception to this interpretation existed, it was for coefficients 

Bl or BO. The second observation involved this writer's intuitive 

feeling concerning the proper sign of the coefficient for each var-

iable. An examination of Table 4.6 from this perspective provided 

some insight into how certain of the model runs distorted variables 

to achieve an improved correlation coefficient. Such a distortion 

was interpreted as improper and militated against generalization of 

the model. An alternate interpretation would be that an alteration 

of the writer's intuitive feeling for the process was justified. 



CHAPTER V 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Summary 

This research analyzed dust storms as a factor in urban 

runoff quality in Lubbock, Texas. The hypothesis of the study was 

that dust storms were significant contributors to urban runoff sus-

pended solids loadings. The analytical technique selected to test 

the hypothesis was new and relatively untested. This technique was 

based on: (a) a multiple regression correlation model, (b) the pre-

vious work of Wells, Austin, and Cook (1), (c) the records of the 

National Weather Service (26), and (d) an analysis of previous dust 

storm research. 

The elements listed above were coordinated toward two dis-

tinct ends. One goal was to duplicate the procedures of the Wells, 

Austin, and Cook group and to apply their suspended solids modeling' 

technique to a different drainage area. This was attempted for two 

reasons: (1) to verify the approach of Wells, Austin, and Cook and 

(2) to provide a basis for comparison against the accomplishment of 

a second goal. This second goal was to modify the Wells, Austin, 

and Cook technique to include dust storm data. 

Upon reaching the two goals just outlined, an evaluation was 

made as to whether either approach was useful in modeling urban runoff 

44 
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suspended solids loadings from individual runoff events. Prelim-

inary analyses of the results of the above studies showed that 

neither approach appeared to be optimal. For this reason, addi-

tional modeling ideas were investigated which were generated as 

combinations of and additions to the original approaches. These 

models provided additional insights which are probably best out-

lined as conclusions. 

Conclusions 

The utility of the Wells, Austin, and Cook model was mar-

ginally demonstrated as a result of its application to the drainage 

area selected for this study. The model achieved a reasonable and 

significant correlation coefficient of 0.9158. This positive result 

was offset, however, by (1) the large error factor with which this 

model predicted suspended solids loadings, (2) the disagreement 

between the actual signs on the coefficients of the model terms and 
I 

this writer's intuitive feeling for those signs, and (3) the regr~-

sion term coefficients for this model being of different sign than 

for the application of the same model in the original Wells, Austin, 

and Cook drainage area. These factors suggest a very limited appli-

cability for the model and mitigate against its general use. 

The introduction of the dust storm parameters to the model-

ing technique resulted in almost no change to the modeling results. 

Almost all the original Wells, Austin, and Cook variables were 
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selected before the dust storm pa~ameters were added. This 

result suggested that the combination of variables might be 

improper. This led to an investigation of several alternative 

variable groupings. At least one of these efforts resulted in 

early utilization of blowing sand and dust data in the model. 

Unfortunately, this model was subject to criticisms similar to 

those mentioned for the original Wells, Austin, and Cook model. 

The error factor was very high, and the signs for the regression 

coefficients were not always in agreement with intuition. 

The basic thrust of this research has been that the urban 

runoff process could be modeled. This concept has been neither 

rejected nor accepted. The suspended solids subsystem of the over-

all urban runoff process has been shown by this research to be sus-

ceptible to empirical but not theoretical modeling. These results 

led to the conclusion that additional work should be recommended. 

Recommendations 

These recommendations are restricted to suggested alternate 

research possibilities. These include: 

(1) Continued analysis of any or all of the previous 

models with additional data collected for either of 

the two drainage areas already discussed. 

(2) Analysis of any drainage area, but with improved data 

coordination. Rather than relying on dust storm data 



from the nearest NWS location, local condition 

data should be collected at a site much nearer to 

the location of the runoff data collection point. 
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(3) Additional data combinations might result in the 

isolation of a more effective group which would 

reduce the present objections to acceptable levels. 

(4) Input data should be normalized in order to place 

model term coefficients on a common magnitude basis . 

This would make regression coefficient comparisons 

easier. 

(5) A study of interaction among the variables of inter

est might reveal that some of the sign problems for 

term coefficients could best be explained by inter~ 

action rather than intuition. 
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