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Theaccuratemeasurementofdropsizecharacteristicsis,even

withcurrenttechnicaladvances,acomplexproblem.Commontechniques,
asoutlinedbyRowland(15),includeopticalmethods,replicatingtech

niquesandimpactsensors.RobinetteandMcCool(14)summarizetechni
quesformeasuringdropsizecharacteristics.

SAMPLINGSITES

KainfalldataforthisstudywerecollectedInsoutheasternAri

zonaatTombstonein1931andatTucsonin1982.Tombstoneisanup

landareaatthe4850footlevel,whileTucsonissituatedinthelower

SantaCruzRiverbasinat2400feet.Theclimaticpatternforboth

sitesissimilar.

InsoutheasternArizona,annualprecipitationrangesfromabout10

inchesonthevalleyfloorstoover25inchesinmountainousareas.
Rainfallisbimodallydistributed,with40to70percentoccurringdur
ingthesummerthunderstormperiod,JulytoSeptember(5).Unstable
airmassesadvancingfromthesouthproducemoderatetointenseafter
noonthunderstormsduringthisperiod.Generatedoverthestrongly

heatedterrain,thesegenerallyhigh-intensity,short-durationthunder

stormsareoftenoflimitedarealextent(13).Gentle,widespread,
intermittentrainshowersproducedbywintercyclonicstormsadvancing
inlandfromthePacific,accountfortheremainderoftheyearlypre

cipitation.

METHODSAHOPROCEDURES

Individualstormdatawerecollectedonaper-dropbasisutilizing

aJoss-WaldvogeldisdrometerprovidedbytheIllinoisStateWaterSur

vey.Thedisdrometer(dropdistributionmeter)consistsoftwounits,
theimpacttransduceraniFasignalprocessor.Thetransducer,asdes

cribedbyJossandHaldvogel(7),transformsthemechanicalmomentumOf

animpactingraindropintoanelectricpulse,whoseamplitudeisa

functionofthedropdiameter.PulseoutputvoltagesrangefromO.3to

10.0voltsfortheprocessedoutputsignal,whilepulselengthis
approximately0.5milliseconds.Figure1providesanexplodedviewof

thetransducer.

Theimpactofadropproducesadownwardmovementofthesensing

bodyandattachedcoils.Movementofthesensingcoilinducesavol

tagewhichisamplifiedandappliedtothedrivingcoil.Thisproduces
aforcewhichcounteractstheinitialmovement,returningthesensing

mechanismtoitsoriginalposition.Theamplitudeofthepulseatthe

amplifieroutputisameasureofthedropsizethatcausedit.

Thesignalprocessorprovidesthepowersupplytothetransducer
andhousesthetestandsignalcircuitry.Signalprocessingcircuitry

consistsof1)anoiserejectionfilter,2)adynamicrangecompressor

and3)asignalrecognitioncircuit.Outputfromthesignalprocessor

ispassedtoanencoder,where>tismodifiedforrecordingonamag

neticrecorder.Theraindropencoderhousesapeakdetectorandan

analog-to-digital(AtoD)converter.Datarecordingsweremadeof

eachrainfalleventusingastandardreel-to-reelmagnetictaperecor

der.Recordeddatawerelaterdecodedandloadedintoacomputer

throughatapeinterface.

RAJN1-AU.f-.NCRGYCMARACTIiRISTK'S5ft(

Astaticdroptechnique
wasutilizedtocalibratethe

transduceroutputvoltage
(Figure2).Aseriesofindi
vidualdropswasproducedun
derconstanthead,foreight
dropsizes.Equivalentdiam
etersforthedropsranged

from1.9to6.3millimeters.
Fallhefghtwas42feet,with
alldropscalculatedtobeat
terminalvelocftyusingthe
valuespublishedbyGunnand
Kinzer(6).

Oatasetswerecollected
for24stormsduringtheStudy
period.Continuousraindrop
inpactdatawerestatistically
analyzedatone-minuteinter
vals.Dropfrequencywas
tabulatedforeachinterval,
andtotalrainfalldepthand
averagerainfallintensity

werecomputed.Distributional

characteristicswerecalcula
tedforbothdropdiameterand

kineticenergy.Theseinclu
dedthemean,standarddevia-

J'J"-sjfj*an<!the90th,60th,
50th,40thand10thpercentile
valuesforeachdistribution.

Totalkineticenergywasalsocalculatedforeachevent.Two
methodologieswereemployed;1)themassequation,and2)theLfSLEen
ergyrelation.TheKineticenergyequation(forindividualdrops)is:

KE=l/2(mv2)(!)

where:KE=kineticenergy:foot-pounds

m=rainfallmassofindividualdrops:slugs
v=individualdrOpvelocity:feetpersecond

Totalenergythenforastormrequiressummingoveralldrops
withinanincrementandoverallincrementsdefinedwithinthestorm.
TheUSLEequationis(16and17):

ncunt.1*»of•»■*Jon

where:

KE=916♦331logiol

KE=kineticenergy:foot-tons(f)/acre-1n
Iaintensity:inches/hour

TerminalvelocitiesforEquation1werecalculatedfromregres
sionsderivedbyDingleandLee(2)fromtheterminalvelocitiesof
waterdropletsdataofGunnandKinzer(6).w

■r>---jy:-^'^^.:,.;ijiLS^i»rr2S5!iFr?BHe«i,rsa*^>r■-
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h
a
p
e

a
n
d

v
e
l
o
c
i
t
y

o
n

t
h
e

J
o
s
s
-

W
a
l
d
v
o
g
e
l

t
r
a
n
s
d
u
c
e
r
.

H
e

c
o
n
c
l
u
d
e
d

t
h
a
t

v
a
r
i
a
t
i
o
n
s

in
v
e
l
o
c
i
t
y

a
n
d

s
h
a
p
e

r
e
s
u
l
t
i
n
g

f
r
o
m

a
i
r

m
o
v
e
m
e
n
t
s

m
i
g
h
t

p
r
o
d
u
c
e

u
n
a
c
c
e
p
t
a
b
l
e

e
r
r
o
r

in

m
e
a
s
u
r
e
m
e
n
t

u
n
d
e
r

s
o
m
e

r
a
i
n
f
a
l
l

c
o
n
d
i
t
i
o
n
s
.

J
o
s
s

a
n
d

W
a
l
d
v
o
g
e
l

(8)
r
e
p
l
y

t
h
a
t

t
h
e

c
o
n
d
i
t
i
o
n
s

u
n
d
e
r

w
h
i
c
h

t
h
e

t
r
a
n
s
d
u
c
e
r

w
a
s

t
e
s
t
e
d

a
r
e

s
e
l
d
o
m

f
o
u
n
d

i
n

n
a
t
u
r
a
l

r
a
i
n
f
a
l
l
.

T
h
e
y

s
t
a
t
e

t
h
a
t

"
t
h
e

e
r
r
o
r

.
.

#

i
n
t
r
o
d
u
c
e
s

a
s
m
a
l
l

a
d
d
i
t
i
o
n
a
l

s
c
a
t
t
e
r

b
u
t

n
o

b
i
a
s

w
h
e
n

e
s
t
i
m
a
t
i
n
g

n
e
a
n

d
i
a
m
e
t
e
r

o
r

r
a
i
n
f
a
l
l

i
n
t
e
n
s
i
t
y
"
,

a
n
d

t
h
a
t

"
a
d
d
i
t
i
o
n
a
l

s
c
a
t
t
e
r

is
n
e
g

l
i
g
i
b
l
e

c
o
m
p
a
r
e
d

t
o

t
h
e

s
c
a
t
t
e
r

d
u
e

t
o

l
i
m
i
t
e
d

s
a
m
p
l
e

s
i
z
e
.
"

R
a
i
n
f
a
l
l

i
n
t
e
n
s
i
t
y

a
n
d

t
o
t
a
l

p
r
e
c
i
p
i
t
a
t
i
o
n

d
e
p
t
h

c
a
l
c
u
l
a
t
i
o
n
s

f
o
r

t
h
e

t
r
a
n
s
d
u
c
e
r

d
a
t
a

w
e
r
e

c
o
m
p
a
r
e
d

t
o

v
a
l
u
e
s

o
b
t
a
i
n
e
d

f
r
o
m

c
o
r
r
e
s
p
o
n
d
i
n
g

r
e
c
o
r
d
i
n
g

r
a
i
n
g
a
g
e

r
e
c
o
r
d
s

t
o

e
v
a
l
u
a
t
e

r
e
p
r
o
d
u
c
i
b
i
l
i
t
y
.

I
n
t
e
n
s
i
t
y

v
a
l

u
e
s

c
a
l
c
u
l
a
t
e
d

f
r
o
m

t
h
e

t
r
a
n
s
d
u
c
e
r

o
u
t
p
u
t

c
o
m
p
a
r
e
d

f
a
v
o
r
a
b
l
y

w
i
t
h

t
h
e

c
h
a
r
t

r
e
c
o
r
d
,

as
s
h
o
w
n

In
F
i
g
u
r
e

3
f
o
r

S
t
o
r
m

9
(
9
/
0
3
/
8
1
)
.

T
h
e

l
a
r
g
e
s
t

d
i
f
f
e
r
e
n
c
e
s

m
a
y

b
e

a
t
t
r
i
b
u
t
e
d

t
o

t
h
e

d
i
s
c
r
e
t
e

n
a
t
u
r
e

o
f

c
h
a
r
t

e
v
a
l
u
a

t
i
o
n
.

B
a
s
e
d

o
n

p
r
e
l
i
m
i
n
a
r
y

a
n
a
l
y
s
i
s
,

v
a
r
i
o
u
s

n
o
n
l
i
n
e
a
r

f
o
r
m
s

w
e
r
e

t
e
s
t
e
d

f
o
r

f
i
t

t
o

k
i
n
e
t
i
c

e
n
e
r
g
y

d
a
t
a

a
s

a
f
u
n
c
t
i
o
n

o
f

r
a
i
n
f
a
l
l

i
n
t
e
n

s
i
t
y
.

A
n

e
x
p
o
n
e
n
t
i
a
l

f
o
r
m

p
r
o
v
i
d
e
d

t
h
e

m
o
s
t

a
c
c
e
p
t
a
b
l
e

d
a
t
a

f
i
t
,

w
i
t
h

t
h
e

l
o
w
e
s
t

e
r
r
o
r

t
e
r
m

a
n
d

t
h
e

b
e
s
t

v
i
s
u
a
l

f
i
t
.

Kf?nr«.»?indrop
char,act«r'"tion

consisted
of

1258
one-minute

Kinetic
energy

values
were

calculated
as

the
average

kinetic
r
;
»
I
h
e

one-minute
interval.

An
optimized

best-fit'nonnne
r

least
s
q
u
a
r
e
s

r
e
g
r
e
s
s
i
o
n

w
a
s

C
o
m
p
u
t
e
d

for
kinetic

e
n
e
r
g
y

as
a

function
of

rainfall
intensity.

The
relationship

1s:
function

K
E

•
7
9
6
0

e
x
p

.
1
3
5
1
-
1
7
5
.

8
0
3
0

where:
KE

=
Kinetic

energy
In

foot-tons(f)/acre-in
I

«
Rainfall

intensity
in

Inches/hour

o
r

c
o
n
v
e
r
t
e
d

t
o

SI
m
e
t
r
i
c

u
n
i
t
s
:

.
(3)

w
h
e
r
e
:

K
EI

K
E

»
2
.
1
0

e
x
p

.
0
7
6
6
1
-
I
'
S
.
2
.
U

Kinetic
energy

In
megajouies/hectare-miliimeter

Intens
it

y
in

m
i
l
l
i
m
e
t
e
r
s
/
h
o
u
r

(4)

n
c
u
n

}.
•
i
i
.
r
.
n

T
h
e

b
e
s
t
-
f
i
t

c
u
r
v
e

and
t
h
e

d
i
s
t
r
i
b
u
t
i
o
n

o
f

t
h
e

r
e
s
i
d
u
a
l
s

(y-y)
about

the
best-fit

value
f
o
r

k
i
n
e
t
i
c

e
n
e
r
g
y

a
r
e

s
h
o
w
n

in
F
i
g
u
r
e

4.
T
h
e

u
p
p
e
r

p
o
r
t
i
o
n

o
f

t
h
e

f
i
g
u
r
e

is
a

p
l
o
t

o
f

t
h
e

b
e
s
t
-
f
i
t

r
e
g
r
e
s
s
i
o
n

(
s
o
l
i
d

line)
a
n
d

t
h
e

s
t
a
n
d
a
r
d

e
r
r
o
r

e
n
v
e
l
o
p
e
s

(
d
o
t
t
e
d

lines
about

the
best-fit

line).
The

o
u
t
e
r

e
n
v
e
l
o
p
e

is
t
h
e

t
w
o

s
t
a
n
d
a
r
d

e
r
r
o
r

e
n
v
e
l
o
p
e
,

a
n
d

t
h
e

I
n
n
e
r

e
n
v
e
l
o
p
e

is
f
o
r

o
n
e

s
t
a
n
d
a
r
d

e
r
r
o
r
.

I
n

t
h
e

l
o
w

e
r

p
o
r
t
i
o
n

o
f

t
h
e

p
l
o
t
,

t
h
e

r
e
s

i
d
u
a
l
s

(
s
o
l
i
d

l
i
n
e
)

a
r
e

p
l
o
t
'
*
i

a
b
o
u
t

t
h
e

b
e
s
t
-
f
i
t

v
a
l
u
e

(
d
o
t
t
e
d

.
"
n
e
)
,

and
the

r
o
o
t

m
e
a
n

s
q
u
a
r
e
d

e
r
r
o
r

Is
p
r
e
s
e
n
t
e
d
.

The
kinetic

en
er

gy
r
e
l
a
t
i
o
n
s
h
i
p

for
southeastern

A
r
i
z
o
n
a

was
com

pared
to

the
r
e
l
a
t
i
o
n
s
h
i
p
s

o
b
s
e
r
v
e
d

in
the

southcentral
U.S.

(I),
Holly

Springs,
MS

(12),
and

Washington,
DC

(11).
The

relationships
for

the
southcentral

U.S.
and

Mississippi
were

derived
from

samples
collected

at
i
n
t
e
n
s
i
t
i
e
s

up
to

and
e
x
c
e
e
d
i
n
g

10
Inches/

hour.
D
a
t
a

for
W
a
s
h
i
n
a
-

ton.
D.C.

were
extrapolated

for
Intensities

of
4

to
6

Inches/hour
by

l
W
l

JJ?°Ta{1*Lan?J,ate£
for

'densities
of

6
to

10
inches/hour

b
y
W
i
s
c
h
m
e
i
e
r

and
S
m
i
t
h

(17).
D
u
e

to
the

lack
of

d
a
t
a

at
higher

inten
sities,

e
x
t
r
a
p
o
l
a
t
i
o
n
s

m
a
d
e

for
the

A
r
i
z
o
n
a

d
a
t
a

are
q
u
e
s
t
i
o
n
a
b
l
e

A
plot

of
the

kinetic
e
n
e
r
g
y

r
e
l
a
t
i
o
n
s
h
i
p
s

with
the

A
r
i
z
o
n
a

data,
and

their
r
e
s
p
e
c
t
i
v
e

e
q
u
a
t
i
o
n
s

are
p
r
e
s
e
n
t
e
d

in
Figure

5.
K
i
n
e
t
i
c

e
n
e
r
g
y

values
i
n
c
r
e
a
s
e

w
i
t
h

I
n
c
r
e
a
s
i
n
g

intensity.
However,

the
c
a
l
c
u
l
a
t
e
d

values
for

the
A
r
i
z
o
n
a

s
a
m
p
l
e
s

are
h
i
g
h
e
r

than
those

o
b
s
e
r
v
e
d

for
the

three
e
a
s
t
e
r
n

s
i
t
e
s
.

e

An
analysis

of
12

years
of

rainfall
data

for
raingage

83
on

the
Walnut

Gulch
Experimental

W
a
t
e
r
s
h
e
d

Showed
the

occurrence
of

short-
duration

m
a
x
i
m
u
m

i
n
t
e
n
s
i
t
i
e
s

w
e
l
l

a
b
o
v
e

t
h
e

3.5
i
n
c
h
/
h
o
u
r

r
a
t
e

m
e
a
s
u
r
e
d



W
A
T
I
-
R
:
T
O
D
A
Y
A
N
O
T
O
M
O
R
R
O
W

r
a
i
n
i

ai.i.
i
:
n
i
:
r
o
y
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s

5
6
5

1
0
0
.
0

.
0
0
0
0

B

C
o
t
t
n
f
1
1
«
m
t
n

«
i
»

0
»
t

t
w

S
U
n
d
i
r
d
t
r
«
r

C
n
«
*
l
e
p
«
t

M
•

7
6
9
0

I
<

1
)
5
1
.
I
T
S

-i
1

1
t-

-
a
o
M

^
1

«-

J
\

i
n

t
h
i
s

s
t
u
d
y
.

T
a
b
l
e

1
s
h
o
w
s

t
h
e

d
i
s
t
r
i
b
u
t
i
o
n
s

o
f

2
-
,

5
-
,

a
n
d

3
0
-

m
i
n

m
a
x
i
m
u
m

i
n

t
e
n
s
i
t
i
e
s

f
o
r

t
h
e

12
y
e
a
r

r
e
c
o
r
d
.

T
w
o

m
i
n

m
a
x
i
m
u
m

i
n
t
e
n
s
i
t
i
e
s

r
a
n
g

e
d

t
o

o
v
e
r

9
i
n
/

h
r

w
i
t
h

2
1

e
v
e
n
t
s

r
e
c
o
r
d
i
n
g

2
m
i
n

m
a
x
i
m
u
m

i
n
t
e
n
s
i

t
i
e
s

e
x
c
e
e
d
i
n
o

3.5
In/hr.

"

A
n
n
u
a
l

e
r
o
-

s
i
v
i
t
y

v
a
l
u
e
s

(
R
)

w
e
r
e

c
o
m
p
u
t
e
d

f
o
r

12
y
e
a
r
s

o
f

r
e
c

o
r
d

(
1
9
7
0

-
1
9
8
1
)

at
t
w
o

l
o
c
a
t
i
o
n
s

o
n

W
a
l
n
u
t

G
u
l
c
h

E
x
p
e
r
i
m
e
n
t
a
l

W
a

t
e
r
s
h
e
d

u
s
i
n
g

E
q

.oo
.so

1.0
i.j

2.0
».$

j.o
s.s

4
.
0

4.s
i
.
o

3
w
i
t
h

a
K
E

v
a
l
u
e

.
m
t
i
m
i
t
t

-
»
/
«

s
e
t

t
0

t
h
a
t

f
Q
r

j

n
e
w
t

4.
iiKtiic

totrj,
-ri.tio"iMc

n
>
m

i-it»it>
niati(»-

"
3

i
n
/
h
r

w
h
e
n

I
>

ri«°iTil"
t
t
"
u
"
1

trror
•"•*'•«»

of
in.

lt.tt
t*.»r»

3
i
n
/
h
r
.

T
a
b
l
e
7

"*'
compares

the
R

v
a
l
u
e
s

c
a
l
c
u
l
a
t
e
d

f
o
r

t
h
e

A
r
i
z
o
n
a

r
e
l
a
t
i
o
n
s
h
i
p

(
E
q
.

3)
w
i
t
h

v
a
l
u
e
s

c
o
m

p
u
t
e
d

u
s
i
n
g

t
h
e

U
S
L
E

e
n
e
r
g
y

t
e
r
m

(
E
q
.

2
)
.

R
a
i
n
f
a
l
l

e
n
e
r
g
i
e
s

w
e
r
e

c
o
m

p
u
t
e
d

t
o

b
e

a
b
o
u
t

1
5

p
e
r
c
e
n
t

h
i
g
h
e
r

w
h
e
n

u
s
i
n
g

t
h
e

A
r
i
z
o
n
a

e
q
u
a
t
i
o
n
.

T
a
b
l
e

1
.
—
F
r
e
q
u
e
n
c
y

D
i
s
t
r
i
b
u
t
i
o
n
s

for
M
a
x
i
m
u
m

S
t
o
r
m

I
n
t
e
n
s
i
t
i
e
s

at
G
a
q
e

8
3
,

W
a
l
n
u
t

G
u
l
c
h

E
x
p
e
r
i
m
e
n
t
a
l

W
a
t
e
r
s
h
e
d

f
o
r

1
9
7
0
-
1
9
3
1
*

M
a
x
i
m
u
m

c
r
i
t
e
r
i
a

2
m
i
n
u
t
e

m
a
x
i
m
u
m

5
m
i
n
u
t
e

m
a
x
i
m
u
m

3
0
m
i
n
u
t
e

m
a
x
i
m
u
m

*
n
=
7
O
4

C
o
m
p
u
t
e
d

v
a
l
u
e
s

a
r
e

l
o
w
e
r

t
h
a
n

t
h
e

e
x
p
e
c
t
e
d

a
n
n
u
a
l

R
v
a
l
u
e
s

o
f

about
70,

f
r
o
m

the
i
s
o
e
r
o
d
e
n
t

m
a
p

p
u
b
l
i
s
h
e
d

In
A
g
r
i
c
u
l
t
u
r
a
l

H
a
n
d
b
o
o
k

C
M

5
9
0

6
0
0

6
7
8

h
i6
1

6
1

2
2

2
4

2
53

S
t
o
r
m

h
i1
3

1
00

M
a
x
i
m
u
m

—

71

I
n
t
e
n
s
i
t
y

300

—

210

(
i
n
/
h
r
)

7
-
8
_100

—

000

9-10
I

0
It

»
itoo.

"
5
3
7

(18).
H
o
w
e
v
e
r
,

b
e
l
o
w

a
v
e
r
a
g
e

r
a
i
n
f
a
l
l

(
1
0
.
0

i
n
c
h

e
s
)

d
u
r
i
n
g

t
h
e

1
2
-
y
e
a
r

p
e
r
i
o
d

n
a
y

h
a
v
e

b
i
a
s
e
d

t
h
e

c
a
l
c
u
l
a

t
e
d

e
n
e
r
g
y

v
a
l
u
e
s
.

T
h
e

5
7
-

y
e
a
r

(
1
8
9
7
-
1
9
5
7
)

a
v
e
r
a
g
e

an
n
u
a
l

r
a
i
n
f
a
l
l

f
o
r

T
o
m
b
s
t
o
n
e

i
s

1
4
.
1

i
n
c
h
e
s
.

C
O
N
C
L
U
S
I
O
N
S

T
h
e

r
a
i
n
d
r
o
p

i
m
p
a
c
t

10.
t
r
a
n
s
d
u
c
e
r

p
r
o
v
e
d

t
o

b
e

a

r
e
l
a
t
i
v
e
l
y

simple,
e
f
f
i
c
i
e
n
t

tt-/»so
»■»

.!mi-i>5.mw
an(J

r
e
l
i
a
b
l
e

m
e
t
h
o
d

o
f

c
o
l
-

«-!c»
.-?

,.„■'•"'
t«».

-1-B3I
lecting

Information
on

rain-
"

"
o"rop

e
n
e
r
g
y
.
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c
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c
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c
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c
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b
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c
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b
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p
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i
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r
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c
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p
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c
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p
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c
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p
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i
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u
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.
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i
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p
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c
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r
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p
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c
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p
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p
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r
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c
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r
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