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ABSTRACT:
Drop-size distributions were determined for thunder
storms 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 char
acterized at one-minute intervals for each event. The kinetic energy
was exponentially related to rainfall intensity by:

KE = 7960 exp .135(1),175- 8030
where:

KE'= kinetic energy In foot-tons(f)/acre-1n
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 Universal Soil

Loss Equation (USLE) kinetic energy algorithm.
INTRODUCTION

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 (17).
Suggestions have been made that the relationship among the USLE
factors may be different for various climatic regions. In reference to

kinetic energy-soil loss relationships, Kinnell (9) writes "... it is
apparent that for a given rain type the detachment power of rainfall

may also vary between locations." Simanton et al. (16) comment, "if
the USLE is to be applied to the rangeland conditions of the semi arid
southwest, considerable research is needed into the hydrology-erosionbiotic relationship of this climatic region."
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The accurate measurement of drop size characteristics is, even
with current technical advances, a complex problem. Common techniques,

as outlined by Rowland (15), include optical methods, replicating tech
niques and impact sensors. Robinette and McCool (14) summarize techni
ques for measuring drop size characteristics.
SAMPLING SITES

Rainfall data for this study were collected in southeastern Ari
zona at Tombstone in 1981 and at Tucson in 1982. Tombstone is an up
land area at the 4850 foot level, while Tucson is situated in the lower
Santa Cruz River basin at 2400 feet.
The climatic pattern for both
sites is similar.

In southeastern Arizona, annual precipitation ranges from about 10
inches on the valley floors to over 25 inches in mountainous areas.
Rainfall is bimodally distributed, with 40 to 70 percent occurring dur

ing the summer thunderstorm period, July to September (5).

Unstable

air masses advancing from the south produce moderate to intense after
noon thunderstorms during this period.
Generated over the strongly
heated terrain, these generally high-intensity, short-duration thunder

storms are often of limited areal extent (13).

Gentle, widespread,

intermittent rain showers produced by winter cyclonic storms advancing
inland from the Pacific, account for the remainder of the yearly pre
cipitation.
METHODS AND PROCEDURES

Individual storm data were collected on a per-drop basis utilizing
a Joss-Waldvogel disdrometer provided by the Illinois State Water Sur
vey. The disdrometer (drop distribution meter) consists of two units,
the impact transducer and a signal processor. The transducer, as des

cribed by Joss and Waldvogel (7), transforms the mechanical momentum of
an impacting raindrop into an electric pulse, whose amplitude is
function of the drop diameter. Pulse output voltages range from 0.3
10.0 volts for the processed output signal, while pulse length
approximately 0.5 milliseconds. Figure 1 provides an exploded view

a
to
is
of

the transducer.

The impact of a drop produces a downward movement of the sensing
body and attached coils. Movement of the sensing coil induces a vol
tage which is amplified and applied to the driving coil. This produces
a force which counteracts the initial movement, returning the sensing
mechanism to i.ts original position. The amplitude of the pulse at the
amplifier output is a measure of the drop size 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. Output from the signal processor
is passed to an encoder, where it is modified for recording on a mag
The raindrop encoder houses a peak detector and an
analog-to-digital (A to D) converter.
Data recordings were made of
each rainfall event using a standard reel-to-reel magnetic tape recor
der.
Recorded data were later decoded and loaded into a computer
netic recorder.

through a tape interface.
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kinetic energy was also calculated for each event.

Two

methodologies were employed; 1) the mass equation, and 2) the USLE en
ergy relation. The Kinetic energy equation (for individual drops) is:

KE = l/2(mv2)
where:

(1)

KE = kinetic energy: foot-pounds
m = rainfall mass of individual drops: slugs
v = individual drop velocity: feet per second

Total energy then for a storm requires summing over all drops
within an increment and over all increments defined within the storm.

The USLE equation is (16 and 17):

KE = 916 + 331 log1QI
where:

(2)

KE = kinetic energy: foot-tons(f)/acre-in
I = intensity: inches/hour

Terminal velocities for Equation 1 were calculated from regres
sions derived by Dingle and Lee (2) from the terminal velocities of
water droplets data of Gunn and Kinzer (6).
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FIGURE 2.

nation of the drop size
distribution

is

not

serious unless signifi

Static drop calibration configuration.

cant updrafts are mea

sured over the analysis period. Second, the horizontal wind velocity
component was assumed to be minimal. The horizontal wind component
produces no effect if momentum transfer is sensed only in the vertical

direction (3). Moreover, instrumentation limitations result in sensing
KE are probably further in error because the total energy component

only vertical momentum. Thus, subsequently discussed underestimates of

(vertical and horizontal) are important from an erosion standpoint.
RESULTS AND DISCUSSION

Joss and Waldvogel (7) describe the accuracy of the
ducer as + five percent of the measured drop diameter.
analyzed the effects of drop size, shape and velocity
Waldvogel transducer. He concluded that variations in

impact trans
Kinnell (10)
on the Jossvelocity and

shape resulting from air movements might produce unacceptable error in
measurement under some rainfall conditions. Joss and Waldvogel (8)
reply that the conditions under which the transducer was 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 neg
ligible compared to the scatter due to limited sample size."

Rainfall intensity and total precipitation depth calculations for
the transducer data were compared to values obtained from corresponding
recording raingage records to evaluate reproducibility. Intensity val
ues calculated from the transducer output compared favorably with the
chart record,, as shown in Figure 3 for Storm 9 (9/03/81). The larqest
differences may be attributed to the discrete nature of chart evalua-

+ «. a c B2ffd.on. Prel1mi'nary analysis, various nonlinear forms were
tested for fit to kinetic energy data as a function of rainfall inten
sity. An exponential form provided the most acceptable data fit, with
the lowest error term and the best visual fit

RAINFALL ENERGY CHARACTERISTICS

563

Data for raindrop characterization consisted of 1258 one-minute
samples. Kinetic energy values were calculated as the average kinetic
energy over the one-minute interval. An optimized best-fit nonlinear
least squares regression was computed for kinetic energy as a function
of rainfall intensity. The relationship is:

KE = 7960 exp .135I-175- 8030
where:

(3)

KE = Kinetic energy in foot-tons(f)/acre-in
I = Rainfall intensity in inches/hour

or converted to SI metric units:

KE = 2.10 exp .07661-175- 2.12
where:

(4)

KE = Kinetic energy 1n megajoules/hectare-millimeter
I = Intensity in millimeters/hour
The best-fit curve and the
distribution of the residuals
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The kinetic energy relationship for southeastern Arizona was com

pared to the relationships observed in the southcentral U.S. (1), Holly
Springs, MS (12), and Washington, DC (11).

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 Washing

ton, D.G. were extrapolated for intensities of 4 to 6 inches/hour by
Laws and Parsons (11) and later for intensities of 6 to 10 inches/hour
by Wischmeier and Smith (17). Due to the lack of data at higher inten
sities, extrapolations made for the Arizona data are questionable. A
plot of the kinetic energy relationships with the Arizona data, and
their respective equations are presented in Figure 5. Kinetic energy
values increase with increasing intensity. However, the calculated
values for the Arizona samples are higher than those observed for the
three eastern sites.

An analysis of 12 years of rainfall data for raingage 83 on the
Walnut Gulch Experimental Watershed Showed the occurrence of shortduration maximum intensities well above the 3.5 inch/hour rate measured
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to that for
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Table 1

3 in/hr.
compares

the

R

values calculated for the Arizona relationship (Eq. 3) with values com

puted using the USLE energy term (Eq. 2).

Rainfall energies were com

puted to be about 15 percent higher when using the Arizona equation.

Table 1.—Frequency Distributions for Maximum Storm Intensities at Gage
83, Walnut Gulch Experimental Watershed for 1970-1981*

Storm Maximum Intensity (in/hr)
Max irnum
criteria

0-1

1-2

2-3

3-4

2 minute
maximum

590

61

24

13

0

1

5 minute
maximum

600

61

25

10

0

0

30 minute
maximum

678

22

3

0

0

0

4-5

5-6

6-7

7-8

8-9

9-10

* n=704

Computed values are lower than the expected annual R values of
about 70, from the isoerodent map published in Agricultural Handbook
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(18).

However,

below

average rainfall (10.0 inch

es) during the 12-year period
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ted energy values.
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FIGURE 5. Comparison of kinetic energy relationships
developed in different climatic/geographic regions.

Kinetic energy data for
southeastern

Arizona

showed

distributional trends similar to those documented for Louisiana, Missis

sippi and Washington, D.C.

A best-fit relationship for kinetic energy

precipitation intensity was found to be higher in Arizona than that
developed for southern and eastern sites. Rainfall erosivity values (R)

calculated with the southeastern Arizona relationship (Equation 3)
yielded values about 15 percent greater than the USLE energy term (Equa
tion 2). However, the lack of data at higher intensities limits the
applicability of the Arizona relationship for predictive purposes.
Table 2.—Annual Erosivity Values for Tombstone, Arizona (1970-1981)
RAINGAUGE #82
Rainfall

Eq.3

RAINGAUGE #83

Eq.2

(in)
Mean

Standard
Deviation

Rainfall

Eq.3

Eq.2

(in)

10.0

60.4

50.5

9.1

64.0

53.1

3.0

40.8

33.9

2.2

55.3

44.8

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 spatial and temporal variability
of thunderstorm occurrence and intensity in southeastern Arizona, the
probability of sampling extreme events is relatively low for short per
iods of record.

Finally, the apparent difference in the kinetic energy-intensity
relationships in different areas indicates that a single algorithm for
all conditions in the continental United States is suspect.
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