
Rainfall characteristics for southeastern Arizona

Item Type Thesis-Reproduction (electronic); text

Authors Tracy, Frederick Charles.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:04:35

Link to Item http://hdl.handle.net/10150/191783

http://hdl.handle.net/10150/191783


RAINFALL CHARACTERISTICS FOR SOUTHEASTERN

ARIZONA

by

Frederick Charles Tracy

A Thesis Submitted to the Faculty of the

SCHOOL OF RENEWABLE NATURAL RESOURCES

In Partial Fulfillment of the Requirements
For the Degree of

MASTER OF SCIENCE
WITH A MAJOR IN WATERSHED MANAGEMENT

In the Graduate College

THE UNIVERSITY OF ARIZONA

1983



z

DatePet	 F. Ffolliott

2	 1 e2 

Martin M. Fogel	 ate
Thesis Director

Professor of Watershed Management

A0, 40"
Ai: -enneth . ' enard

Research Leader, SWRWRC

STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfillment of
requirements for an advanced degree at The University of Arizona and is
deposited in the University Library to be made available to borrowers
under rules of the Library.

Brief quotations from this thesis are allowable without special
permisson, provided that accurate acknowledgement of the source is
made. Requests for permisson for extended quotation from or reproduct-
ion of this manuscript in whole or in part may be granted by the head
of the major department or the Dean of the Graduate College when in his
judgement the proposed use of the material is in the interests of
scholarship. In all other instances, however, permission must be
obtained from the author.

SIGNED:  '.- /nstlo:-,..XCDA,14,_

U

APPROVAL BY THESIS COMMITTEE

This thesis has been approved on the date shown below:

Professor of Watershed Management



ACKNOWLEDGEMENTS

I would like to acknowledge the support of the Southwest

Rangeland Watershed Research Center of the United States Deptartment

of Agriculture. In particular, thanks go to Dr. K.G. Renard and the

staff at the Tucson office and the Walnut Gulch Experimental Water-

shed. Dr. Ed Shirley provided invaluable assistance with the design

of the data acquisition system and later in analyses of the data and

results. Art Dolphin and the others at Tombstone were both patient

and innovative in the design of sampling equipment and during sampling

on the watershed. Sue Anderson prepared the drafts of this document

and taught me to use the word processor. Robert Wilson was most

helpful in the drafting of the illustrations. Roger Simanton

volunteered encouragement and a critical review of the text. It has

been a pleasure to be associated with this group of people.

Special thanks go to my committee members: Dr. Martin Fogel

and Dr. K.G. Renard were most flexibile, allowing a great deal of

freedom during the development of this study. Dr. Peter Ffolliott and

Dr. Lou Hekman, consented on short notice, to be on my committee and

provided critical review of this text.

Special thanks are also extended to David Steinke who, out of

personal interest, designed and built the data acquisition system and

patiently helped to debug it.

Finally, special thanks to my fellow graduate students fo r .

their friendship. And in particular, Jeff Franklin and Jeffry Stone,

Without whose impetus this study might still be going on.



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS 	

LIST OF TABLES 	 vi

ABSTRACT 	  vii

CHAPTER

1	 INTRODUCTION 	 1

Drop measurement techniques 	 3

2	 DESCRIPTION OF SAMPLING SITES 	 5

3	 MATERIALS AND METHODS 	 11

Equipment 	 11
Calibration 	 16
Data collection 	 16
Data analyses 	 19
Assumptions 	 21

4	 RESULTS AND DISCUSSION 	 22

Transducer error 	 22
Correlations 	 22
Curve fitting 	 24
Median diameter and kinetic energy distributions with
intensity 	 26
Comparison of distributions 	 27
Rainfall energy factor 	 34

5	 CONCLUSIONS AND RECOMMENDATIONS 	 37

APPENDIX A:	 SAMPLE STORM DATA AND PARTIAL ANALYSIS 	 39

APPENDIX B:	 ERROR ANALYSIS 	 46

REFERENCES  	 50

iv



LIST OF ILLUSTRATIONS

Figure Page

2.1 Monthly mean precipitation	 in	 inches 	 6

2.2 Sampling sites location map 	 5

2.3 Seasonal	 distribution of precipitation 	 8

2.4 Average annual	 precipitation	 in	 inches 	 10

3.1 Raindrop disdrometer 	 12

3.2 Exploded view of the transducer 	 13

3.3 Construction of the transducer 	 14

3.4 Static drop calibration configuration 	 17

3.5 Transducer output calibration curve 	 18

4.1 Rainfall	 intensity correlation 	 23

4.2 Total	 rainfall	 depth correlation 	 23

4.3 Broken-line fit to	 intensity vs kinetic energy data 	 25

4.4 Non-linear least squares fit to median diameter data 	 28

4.5 Non-linear least squares fit to kinetic energy data 	 29

4.6 Standard error envelopes for kinetic energy relationship 	 30

4.7 Comparison of median diameter relationships 	 32

4.8 Comparison of kinetic energy relationships 	 33

4.9 Maximum intensities for raingauge 83	 (1970-1981) 	 35



LIST OF TABLES

Table	 Page

3.1 General storm characteristics 	  20

4.1 Annual erosivity values 	  36

v i



ABSTRACT

Drop-size distributions were determined for thunderstorms in

southeastern Arizona using a transducer whose output is a function of

impact energy. Continuous observations were taken for 24 thunderstorms

during 1981 and 1982.

Median drop diameter and kinetic energy distributions were

characterized at one minute intervals for each event. The kinetic

energy distribution, calculated from the mass relationship was

determined using a non-linear least squares regression. The resulting

exponential relationship follows:

KE = 7960 exp .1351 .175
- 8030

where: KE = kinetic energy in foot tons(f)/acre in

I = intensity in inches/hour

The southeastern Arizona relationship yielded higher values

than published kinetic energy relationships for Mississippi, Louisiana

and Washington, D.C. Annual erosivity values (R) for 12 years of

record at two sites on the Walnut Gulch Experimental Watershed yielded

values about 15 percent higher than values calculated using the USLE

kinetic energy term.
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CHAPTER 1

INTRODUCTION

The falling water of raindrops serves both as a source of vital

soil moisture for plant growth, energy for soil erosion and damaging

floods. Raindrop size and velocity are primary factors in calculating

storm energies and subsequent soil losses. Several raindrop size and

energy equations have been developed for specific areas of the United

States. A generalized, more widely applicable, version has become the

basis of the energy term (R) of the Universal Soil Loss Equation (USLE)

developed by the United States Department of Agriculture (Wischmeier

and Smith, 1978).

The USLE is an empirical equation of the form:

A =RKLSCP	 (1.1)

where: A = Estimated annual soil loss

R = Rainfall energy factor

K = Soil erodibility factor

L = Slope length factor

S = Slope gradient factor

C = Crop and management factor

P = Erosion control practice factor

The rainfall energy factor (R) is the average annual storm

erosivity index (El). This storm erosivity value is calculated as the

product of the maximum 30 minute intensity and the total kinetic energy

for the storm. The kinetic energy equation is:

KE = 112(mv2 )	 (1.2)

1
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where: KE = Kinetic energy in foot pounds

m = Rainfall mass in slugs

v = Drop impact velocity in feet/second

Both components of rainfall kinetic energy, mass and velocity,

are related to the size of the raindrop. Mass is a function of volume

(7T/6 diameter
3
), while velocity, related to surface friction, is a

function of surface area (7rd
2
).

Wischmeier and Smith (1958, 1978) utilized the raindrop sizes

and distributions published by Laws and Parsons (1943) and the terminal

velocities reported by Laws (1941) and Gunn and Kinzer (1949) in

determining the rainfall kinetic energy used in the USLE. They

extrapolated this rainfall data to compute rainfall kinetic energy for

intensities of up to 10 inches/hour. These data were then used to

develop the rainfall erosion index map, presented in Agricultural

Handbook 537 (Wischmeier and Smith, 1978), for computation of soil loss

in the contiguous United States.

Suggestions have been made that the relationship along the USLE

factors may be different for various climatic regions. In reference to

kinetic energy-soil loss relationships Kinnell (1973) writes, "...it is

apparent that for a given rain type the detachment power of rainfall

may also vary between locations." Simanton et al (1980) comment, "If

the USLE is to be applied to the rangeland conditions of the semiarid

southwest, considerable research is needed into the hydrology-erosion-

biotic relationship of this climatic region."

The purpose of this study is to determine drop-size and kinetic

energy relationships for thunderstorm rainfall in southeastern Arizona
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The threefold objective is; 1) test the performance of an impact

transducer for collection of rainfall energy data, 2) utilize collected

data to characterize raindrop size and kinetic energy relationships for

southeastern Arizona, and 3) compare rainfall characteristics for

southeastern Arizona with similar information for other geographical

regions of the United States and examine potential impact on USLE

predictions.

Drop Measurement Techniques 

The acccurate measurement of drop size characteristics is, even

with current technical advances, a complex problem. A variety of

techniques and devices, examining every imaginable property of the

water drop related to its diameter, have been utilized to measure drop

size distributions. The most common techniques, as outlined by Rowland

(1976), include optical methods, replicating techniques and impact

sensors. Robinette and McCool (1981) summarize techniques for

measuring drop size characteristics and those for drop production.

Optical methods create an image of the drop. Raindrop cameras

(Laws, 1941; Jones and Dean, 1953) produce a photographic record.

Laser source devices (Particle Measurement Systems, 1981; Hotham, 1980)

detect the scattering of light by the drops. Stow and Jones (1981)

describe a self-evaluating disdrometer (from drop distribution meter)

which measures both drop size and charge.

Replicating techniques produce a permanent physical record of

each drop. Though numerous variations have been tried, sifted flour

and dyed filter paper are the methods most commonly employed. Sifted
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flour was first utilized by Bentley (1904). It has since seen

widespread use by Laws and Parsons (1943), Hudson (1963), McGregor and

Mutchler (1976) and others. Recently, Bazzoffi (1980) modified the

technique. Employing liquid nitrogen, he was able to quick freeze the

captured drop sample, eliminating the need for a flour calibration

curve.

Dyed filter paper has also seen widespread application. Hall

(1970) reviewed 12 studies utilizing different types of paper. He

reported response characteristics of each and emphasized the need for

careful storage of the paper. Spencer and Blanchard (1958) used rolls

of paper to make continuous records of rain drops to study rainstorms.

Impact sensors measure the momentum (energy) of impacting drops

upon the sensing surface. Several types of impact sensors have been

utilized, including an active styrofoam disdrometer (Joss and

Widvogel, 1970), a bulk acoustic sensor (Flach, 1972) and a piezo-

electric transducer (Imeson et al, 1981).

Other types of techniques have also been utilized. Gunn and

Kinzer (1949) and Tate and Janssen (1966) employed oil catchment traps.

The drops are captured in a container filled with low density,

immiscible liquid such as mineral or vacuum pump oil. Electrical

properties of drops have also been used to determine drop size.

Lammers (1969) measured changes in capacitance as the drop passed

through a charged field and related them to size and mass.



CHAPTER 2

DESCRIPTION OF SAMPLING SITES

Rainfall data for this study were collected at two sites loca-

ted in southeastern Arizona (Figure 2.2). Sampling during the summer

of 1981 was conducted at the Southwest Rangeland Watershed Research

Center (SWRWRC) field office in Tombstone, Arizona. Subsequent

sampling in 1982 was carried out at the SWRWRC main office in Tucson,

Arizona.

The climatic pattern for both sites is similar. Rainfall is

bimodally distributed, with 40 to 70 percent of the annual rainfall

occuring during the monsoon (Figure 2.1), July through September

(Jurwitz, 1953). Smith (1956) notes that July and August have about

nine days with more than 0.01 inches of precipitation, while September

has about five. These figures can be misleading, however, because rain

falls more frequently than it reaches the ground, being lost to

evaporation (Bryson, 1957).
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FIGURE 2.1 Mean monthly precipitation in the Santa Cruz-San Pedro

River Basins. Dashed line indicates the average of the monthly values

(Green and Sellers, 1974).
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Tombstone is located at an elevation of about 4580 feet in

hilly semidesert country on the east side of the San Pedro River

drainage. The area is bounded by four minor mountain ranges; the

Dragoon mountains, 10 miles to the northeast; the Mule mountains, 15

miles to the southeast; the Huachuca mountains, 25 miles to the

southwest; and the Whetstone mountains, 20 miles to the northwest. The

semidesert climate is moderated by the elevation and the surrounding

mountains. The annual precipitation is approximately 14 inches, 70

percent of which occurs during the summer months of July, August and

September (Figure 2.3). Unstable air masses advancing from the south

produce moderate to intense thunderstorms during the afternoon. Osborn

(1983) writes, "both the Pacific Ocean and Gulf of Mexico are now

recognized as significant sources of moisture for summer convective

storms in the southwest, with Gulf of Mexico moisture more prevalent in

New Mexico and Pacific Ocean moisture more common in Arizona."

Generated over the strongly heated terrain, these thunderstorms are

generally of limited areal extent and are of high intensity and short

duration (Renard, 1970). Often, two or more of these storms will occur

in a single afternoon. The remaining annual precipitation is produced

by winter cyclonic storms advancing inland from the north Pacific and

yielding gentle widespread showers which may continue for several days.

Tombstone has mild temperatures and low relative humidity. Afternoon

temperatures range from the mid-sixty's ( F) in the winter to the

mid-ninety's during the summer. Daily low temperatures range from the

mid-thirty's in the winter to the low sixty's during the summer (Green
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FIGURE 2.3 Seasonal distribution of precipitation.

Percentage of precipitation falling in summer months,

May - October. (After Hastings and Turner, 1965)
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and Sellers, 1974). Relative humidity drops to its lowest during the

hot, dry months (April, May and June) preceeding the summer monsoons.

Tucson, at an elevation of about 2400 feet, occupies a basin

floor in the Santa Cruz River drainage. The north-south oriented

valley is ringed by the Santa Catalina mountains to the north; the

Rincon mountains, 10 miles to the east; and the Tucson mountains, 5

miles to the west. The desert or semidesert climate is both hotter and

drier than that of Tombstone, 60 miles to the southeast. Over half of

the annual rainfall of about 11 inches falls during the monsoons.

Figure 2.4 shows the annual average precipitation for the state. These

showers and thunderstorms result from the same unstable air masses

advancing from the south as in Tombstone. Gentle, widespread,

intermittent rain showers resulting from advancing Pacific storms

produce the remainder of the yearly precipitation. Temperatures range

from about five to ten degrees warmer in Tucson than in Tombstone.

Winter temperatures dip to the mid-forty's, while late in summer they

will commonly surpass the 100 degree mark. The severe heat of the

summer season is usually accompanied by low relative humidities.
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FIGURE 2.4 Average annual precipitation in inches.

(After Green and Sellers, 1974)



CHAPTER 3

MATERIALS AND METHODS

Data for this research project were collected using an impact

transducer. Transducer output voltage was calibrated against several

series of drops of known mass in free fall. Output was digitized and

stored on magnetic tape for analysis. Diameter and kinetic energy

distributions were statistically characterized using mean values for

one minute intervals.

Equipment 

Individual storm data were collected on a per drop basis

utilizing a Joss-Waldvogel Disdrometer provided by the Illinois State

Water Survey. The disdrometer consists of two units, the impact

transducer and a signal processor (Figure 3.1). The transducer, as

described by Joss and Waldvogel (1970), transforms the mechanical

momentum of an impacting raindrop into an electric pulse, whose

amplitude is a function of the drop diameter. The amplitude of the

pulse is roughly proportional to the mechanical momentum. Pulse output

voltages range from 0.3 to 10.0 volts for the processed output signal,

while pulse length is approximately 0.5 milliseconds. Figure 3.2

provides an exploded view of the transducer.

The impact of a drop produces a downward movement of the

sensing body and attached coils (Figure 3.3). Movement of the sensing

coil induces a voltage which is amplified and applied to the driving

11
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FIGURE 3.2 Exploded view of the transducer (After Joss and Waldvogel,
1970)
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FIGURE 3.3 Construction of the electromechanical unit (After Joss and
Waldvogel, 1970)
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coil. This produces a force which counteracts the initial movement,

returning the sensing mechanism to its original position. The

amplitude of the pulse at the amplifier output is a measure of the size

of the drop that caused it.

The signal processor provides the power supply to the

transducer and houses the test and signal circuitry. Signal processing

circuitry consists of 1) a noise rejection filter, 2) a dynamic range

compressor and 3) a signal recognition circuit. The circuitry is

designed to compress the input signal and to recognize individual

pulses due to drop impacts, while suppressing the more uniform

oscillations caused by background acoustic noise.

Output from the signal processor is passed to an encoder, where

it is modified for recording on a magnetic recorder. The raindrop

encoder houses a peak detector and an analog-to-digital (A to D)

converter. Pulse magnitude is registered by the peak detector and is

converted to binary code. The binary code is recorded as the

modulating frequency of the carrier signal.

Data recordings were made of each rainfall event using a

standard reel-to-reel magnetic tape recorder. Each tape, 1800 feet in

length, provided approximately 90 minutes of recording time at a tape

speed of 3 7/8 inches per second.

Recorded data were later decoded and loaded into a computer

through a tape interface. The tape interface contains a sample and

hold circuit for recovering the binary code from the carrier signal and

a serial to parallel interface, modifying the signal for input into the

parallel input port of the computer. The carrier signal was utilized

as a time base for the input data.
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A modified Schmitt trigger, as described by Schreiber et al

(1978), was employed to automate sampling by the transducer during

rainfall. The trigger tripped a relay, opening a 110v power source to

the encoding and recording equipment. A heater circuit under the

sensing grid evaporated the water on the grid surface when rainfall

ceased and opened the detector circuit. This caused the relay to open

and terminated the recording.

Calibration 

A static drop technique was utilized to calibrate the trans-

ducer output voltage (Figure 3.4). A series of individual drops were

produced under constant head, for eight drop sizes. Equivalent dia-

meters for the drops ranged from 1.9 to 6.3 millimeters. Fall height

was 42 feet, with all drops calculated to be at terminal velocity using

the values published by Gunn and Kinzer (1949). Digital output from

the encoder was calibrated against drop equivalent diameter using both

linear and non-linear methods. A non-linear least squares relationship

was found to give the best fit. Figure 3.5 shows the derived calib-

ration curve and the measured digital output at each drop size in the

upper portion of the plot. The lower portion of the figure shows the

distribution of the error term (root mean squared error) about the

best-fit value.

Data collection 

Data sets were collected for 24 storms during the study period.

Several additional storms were monitored, however, power outages and

severe winds caused equipment failures resulting in incomplete data
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sets. Storms 1-10 occured in Tombstone, while storms 11-27 occured in

Tucson. General characteristics of the observed storms are presented

in Table 3.1. In addition to the continuous drop impact data for the

transducer, recording and directional raingauge data were collected for

each event.

Analyses 

Continuous raindrop impact data were statistically analyzed at

one minute intervals. Drop frequency was tabulated for each interval,

and total rainfall depth and average rainfall intensity were computed.

Distributional characteristics were calculated for both drop diameter

and kinetic energy. These included the mean, standard deviation, skew

and the 90th, 60th, 50th, 40th and 10th percentile values for each

distribution.

Total kinetic energy values were also calculated for each

event. Two methodologies were employed, 1) the above mentioned mass

equation (Equation 1.2) and 2) the USLE energy term (Wischmeier and

Smith, 1978 and Foster et al, 1981):

KE = 916 + 331 log io I	 (3.1)

where: KE = kinetic energy in foot tons(f)/acre

I = intensity in millimeters/hour

Terminal velocities for equation 1.2 were calculated from

regressions derived by Dingle and Lee (1972). These regressions are

based on the work of Gunn and Kinzer (1948) for the terminal velocities

of water droplets.



TABLE 3.1 General	 storm characteristics

Storm # Date Location Rainfall	 Depth Duration
(in) (min)

1 7/29/81 Tombstone .07 65

2 8/10/81 Tombstone .49** 55

3 8/10/81 Tombstone .11 70

4 8/11/81 Tombstone .12 30

5 8/12/81 Tombstone .10 55

6 8/13/81 Tombstone .13 60

7 8/17/81 Tombstone .02 40

8 8/18/81 Tombstone .36 195

9 9/03/81 Tombstone .43 95

10 9/05/81 Tombstone .43 45

11 1/21/82 Tucson .45 165

12 1/29/82 Tucson .17 65

13 1/29/82 Tucson .21 95

14* 2/10/82 Tucson .02 90

17* 7/24/82 Tucson .49 80

19 8/01/82 Tucson .02 20

20 8/02/82 Tucson .05 35

21 8/02/82 Tucson .43 45

22 8/02/82 Tucson .28 30

23 8/06/82 Tucson .10 45

24 8/12/82 Tucson .21 30

25 8/12/82 Tucson .75 50

26 8/23/82 Tucson .87** 55

27 8/24/82 Tucson .48 90

* Data were unusable for storms 15, 16 and 18

** Equipment failure resulted in incomplete data sets.

20
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Characteristics of storm 9 (9/03/81) and a partial analysis of

the data for this individual storm are presented in Appendix A.

Assumptions 

Several simplifying assumptions were made to facilitate data

analyses. First, it was assumed that drops are falling at their

respective terminal velocities. This assumption is well justified for

drops in the 0.5 to 5.0 millimeter range (Flach, 1972). Variations in

terminal velocity resulting from localized wind turbulance are ignored.

Rowland (1976) concludes that contamination of the drop size

distribution is not serious unless significant average vertical wind is

measured over the analysis period. Second, the horizontal wind

component to velocity was assumed to be minimal. The horizontal wind

component produces no effect if momentum transfer is sensed only in the

vertical direction (Flach, 1972).



CHAPTER 4

RESULTS AND DISCUSSION

Transducer Error 

Joss and Waldvogel (1970) describe the accuracy of the impact

transducer as + 5% of the measured drop diameter. Kinnell (1976) anal-

yzed the effects of drop size, shape and velocity on the Joss-Waldvogel

transducer. He concluded that variations in velocity and shape resul-

ting from air movements might produce unacceptable error in measurement

under some rainfall conditions. Joss and Waldvogel (1977) reply that

the conditions under which the transducer were tested are seldom found

in natural rainfall. They state that "the error. ..introduces a small

additional scatter but no bias when estimating mean diameter or rainfall

intensity," and that "additional scatter is negligible compared to the

scatter due to limited sample size."

Correlations 

Rainfall intensity and total precipitation depth calculations

for the transducer data were compared to values obtained from correspon-

ding recording rainguage records to evaluate reproducibility. Intensity

values calculated from the transducer output compared favorably with the

chart record, as show in Figure 4.1 for Storm 9 (9/03/81). The largest

differences may be attributed to the discrete nature of chart

evaluation.

22
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Total storm depth values were compared for the transducer

records and the recording rainguage charts of the twenty-two complete

storm records. A linear regression of the storm rainfall values (Figure

4.2) showed the correlation coefficient (r) to be .95 and the standard

error of estimate (se) to be 0.0402.

Curve Fitting 

A broken-line best-line relationship was determined for the

data. A series of end points were selected across the range of the in-

dependent variable (x). Values are then predicted for the dependent

variable at each preselected x value using a least squares regression.

The broken-line function can be plotted as an indicator of the best-fit

function. Figure 4.3 presents the broken-line best-fit curve for

kinetic energy as a function of intensity. The relationship indicates

that the tendency of the data is non-linear. Based on the preliminary

analysis, various non-linear forms were tested for fit,	 including:

y = a * exp
bx 

+ c (4.1)

y = a * (expbx -1) + c (4.2)

y = ax
3 + bx

2 + cx + d (4.3)

y = a * xb + c (4.4)

An exponential form provided the most acceptible fit to the

data, with the lowest error term and the best visual fit. A fourth

parameter was then added (Equation 4.5) to improve the fit and increase

the responsiveness of the curve at lower intensity values.

d
y= a * exp

bx  +c (4.5)
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This parameter was optimized by minimization of the error term. The

conceptual form of the minimization is:

Error. n = Errormin (Errormin (Errormin ))	 (4.6)

(A,B,C,D)	 (D)	 (B)	 (A,C)

where the error term is the root mean squared error expressed as:

(4.7)

Plots of the error minimization curves for median diameter and

kinetic energy as functions of intensity are presented in Appendix B.

Median Diameter and Kinetic Energy Distributions with Intensity 

Data for raindrop characterization consisted of 1258 continuous,

one minute samples. Median diameter values represent the median drop

diameter for each interval. Kinetic energy values were calculated as

the average kinetic energy over the interval. Optimized best-fit non-

linear least squares regressions were computed for both median diameter

and kinetic energy as functions of rainfall intensity. These

relationships are presented in the following equations:

050 
= -2.30 exp -.93I' 30

+ 2.73

KE = 7960 exp .135I. 175

where: 0
50 

= Median diameter in millimeters

KE = Kinetic energy in foot tons(f)/acre inch

I = Rainfall intensity in inches/hour

and converted to SI metric units:

050 
= -2.30 exp -.3521' 30

+ 2.73

KE = 2.10 exp .0766I. 175

(4.8)

(4.9)

(4.10)

(4.11)

Error .	 VE( - 1‘
Min 

=	 Yi Y ) 2
N-1
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where: 050 = Median diameter in millimeters

KE = Kinetic energy in megajoules/hectare millimeter

I = Intensity in millimeters/hour

The optimized best-fit curve and the distribution of the resi-

duals (y-9) about the best-fit value for the median drop diameter and

kinetic energy are shown in Figure 4.4 and Figure 4.5, respectively.

The upper portion of the above mentioned figures are plots of

the best-fit regression (solid line) for the data. In the lower por-

tion of the plots, the residuals (solid line) are plotted about the

best-fit value (dotted line), and the root mean squared error is

presented.

Figure 4.6 plots standard error envelopes (dotted lines) about

the best-fit regression line. The outer envelope is the two standard

error envelope, and the inner envelope is for one standard error.

Distribution of the data is markedly skewed at lower intensities,

especially less than .5 inches/hour. The occurrence of large drops at

low intensities may be a result of the convective nature of

thunderstorms. Only the larger drops are able to overcome the strong

up-drafts. Many of these larger drops will breakup in the severe

turbulence; however, significant numbers of large drops can fall out on

the leading edge of a storm cell.

Comparison of Distributions 

The median drop diameter and kinetic energy relationships for

southeastern Arizona were compared to relationships observed in the
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southcentral U.S. (carter et al, 1974), Holly Springs, Mississippi

(McGregor and Mutchler, 1976) and Washington, D.C. (Laws and Parsons,

1943). The relationships for the southcentral U.S. and Mississippi

were derived from samples collected at intensities up to and exceeding

10 inches/hour. Data for Washington D.C. were extrapolated for

intensities of 4 to 6 inches/hour by Laws and Parsons (1943) and later

for intensities of 6 to 10 inches/hour by Wischmeier and Smith (1958).

Due to the lack of data at higher intensities, no extrapolations were

made for the Arizona data. Plots of the median diameter and kinetic

energy relationships with the Arizona data, and their respective

equations are presented in Figures 4.7 and 4.8. A comparison of the

distribution of the error terms (residuals), with the southeastern

Arizona data, for each of the four kinetic energy relationships is

included in Appendix B.

Median diameter values from the Arizona samples tend to be

lower than in the other three sites. Median diameter increases with

intensity up to 2 to 3 inches/hour where it tends to level off.

McGregor and Mutchler (1976) show a decrease in median diameter above

this intensity range and attribute the decrease to drop instability.

Carter et al (1974) and Hudson (1963, 1981) found similar tendencies;

but, at intensities above 8 inches/hour they reported that drop

diameter increases once again. They attribute this second increase

(cycle) in median diameter to the coalesence of smaller drops at high

intensities.
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FIGURE 4.7 Comparison of median diameter relationships
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Kinetic energy values similarly increase with increasing

intensity.	 However, the calculated values for the Arizona samples are

higher than those observed for the three eastern sites. The limited

number of samples at intensities above 1.5 inches/hour limits the

applicability of the Arizona relationship, for predictive purposes.

An analysis of 12 years of rainfall data for raingauge 83 on

the Walnut Gulch Experimental Watershed showed the occurence of short

duration maximum intensities well above the 3.5 inche/hour rate

measured in this study. Figure 4.9 presents the distributions of 2, 5

and 30 minute maximum intensities for the 12 years of record. 2 minute

maximum intensities ranged to over 9 inches/hour, with 21 events

recording 2 minute maximum intensities exceeding 3.5 inches/hour.

Rainfall Energy Factor 

Annual erosivity values (R) were computed for 12 years of

record (1970 - 1981) at two sites on the Walnut Gulch Experimental

Watershed. Table 4.1 compares R values calculated for the Arizona

relationship (Equation 4.9) with values computed using the USLE energy

term (Equation 3.1). Rainfall energies were computed to be about 15%

higher when using the Arizona equation.

Computed values are lower than the expected annual R value of

about 70, from the isoerodent map published in Agricultural Handbook

537 (Wischmeier and Smith, 1978). However, below average rainfall

(10.0 inches) during the 12 year period may have biased the calculated

energy values. The 57-year (1897-1957) average annual rainfall for

Tombstone is 14.1 inches.
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TABLE 4.1 ANNUAL EROSIVITY VALUES FOR TOMBSTONE, ARIZONA

Year

RAINGAUGE #82 

Rainfall	 Eq.4.9
(in)

Eq.3.1

RAINGAUGE #83

Rainfall	 Eq.4.9
(in)

Eq.3.1

70 12.3 90.8 75.6 8.8 68.8 56.8

71 12.3 64.0 54.0 12.3 96.0 79.7

72 16.1 145.2 120.9 6.8 40.0 33.5

73 6.2 14.4 12.2 8.3 68.6 56.8

74 11.4 81.8 69.0 11.8 77.4 64.9

75 8.3 50.0 41.5 10.1 221.2 179.6

76 12.5 115.0 95.0 7.5 24.2 20.2

77 8.1 38.4 32.5 8.1 38.4 32.6

78 8.1 16.2 13.8 11.0 41.7 34.9

79 7.5 22.3 19.1 7.5 15.9 13.7

80 6.9 50.6 42.0 5.5 18.5 15.6

81 9.9 35.8 30.1 11.2 57.7 44.8

Mean 10.0 60.4 50.5 9.1 64.0 53.1

Standard
Deviation

3.0 40.8 33.9 2.2 55.3 44.8
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The raindrop impact transducer proved to be a relatively sim-

ple, efficient and reliable method of collecting information on rain-

drop energy. The transducer provides a continuous record of each

rainfall event, which can be incorporated into an automatic sampling

system. Storage of acquired data by standard magnetic recording

equipment facilitated remote operation without affecting data quality.

Median raindrop diameter and kinetic energy data for south-

eastern Arizona showed distributional trends similar to those documen-

ted for Louisiana, Mississippi and Washington, D.C. Best-fit

relationships for median raindrop diameter were found to be lower in

Arizona than those of the southern and eastern sites, while kinetic

energy values were higher. The occurence of a larger number of drops

of larger diameter (>3 millimeters) may account for this difference in

tendency. Rainfall erosivity values (R) calculated with the

southeastern Arizon.a relationship (Equation 4.9) yielded values about

15% greater than the USLE energy term (Equation 3.1). However, the

lack of data at higher intensities limits the applicability of the

Arizona relationship for predictive purposes.

Additional rainfall energy data must be collected, especially

for storms of higher intensity, if the kinetic energy relationship is

to be used as a predictive tool. Due to the spacial and temporal vari-

ability of thunderstorm occurence and intensity in southeastern

37
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Arizona, the probability of sampling extreme events is relatively low

for short periods of record. It is recommended that a rainfall energy

transducer be added to the rainfall sampling network on the Walnut

Gulch Experimental Watershed. In addition, it is recommended that such

a unit be interfaced directly to a micro-processing device to

facilitate data handling and analysis.
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