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PURPOSE
The object of this research is to study the utility of radar
equipment in measuring surface precipitation, and to improve radar
techniques in measuring precipitation for application by the Army
to radioactive rainout prediction, trafflcability, and communica
tions.

Considerable effort is being directed toward determining

the correlation between radar variables and actual rainfall quan
tities by means of raindrop-size distribution.

ABSTRACT
During the period of this contract, a raindrop camera was
operated at Island Beach, New Jersey; Coweeta Hydrologic Laboratory,
North Carolina; East Central Illinois raingage network; and for
summer operation only at Mt. Withington, New Mexico, and Flagstaff,
Arizona.

The data obtained have been measured and preliminary

calculations have been made.
The results of analysis of the relationships between rainfall
rate and radar reflectivity are reported along with recommendations
as to the appropriate relationship to be used under given condi
tions at various climatic regions.

At a location such as Miami,

Florida, a relationship determined by the thermodynamic instability
is recommended.

A single relationship is recommended for Majuro

and Oregon where so far no stratification has made significant
improvement.

-2The average drop size spectra from a number of locations are
compared.

Log normal curves best fit the spectra, but the param

eters of the fitting curves do not seem to be orderly with rain
fall rate.

PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES
Three papers were presented at the Ninth Weather Radar Con
ference, Kansas City, Missouri, October 1961 and were included in
the Proceedings.

These papers were:

"Attractive Forces Between

Charged Drops and Their Effect on the Coalescence Process," by
M. Fujiwara and E. A. Mueller; "Uncertainty in Rainfall Measure
ments Due to Drop Size Distributions," by E. A. Mueller; and
"Effects of Stability on Drop Size Distributions," by R. M. Johnson.
Research Report No. 8, "Raindrop Size Distributions with
Rainfall Types and Weather Conditions," by M. Fujiwara and Research
Report No. 9B, "Raindrop Distributions at Miami, Florida," by
E. A. Mueller were printed and distributed during the period of
this contract.
"Liquid Water Content of Rain," by E. A. Mueller and A. L.
Sims was presented at the Fifth Conference on Applied Meteorology,
Atlantic City, New Jersey, March 1964 and at the Fourth Annual
National Conference on Environmental Effects on Aircraft and
Propulsion Systems, Trenton, New Jersey, September 1964. This
paper was included as Appendix A of the Ninth Technical Report.

-3"Digital Computer as an Aid in Radar Data Reduction," by
E. A. Mueller was presented at the Third Conference on Severe
Local Storms, Urbana, Illinois, November 1963 and was included
in the Proceedings.
Two papers were presented at the Eleventh Weather Radar
Conference, Boulder, Colorado, September 1964 and were published
in the Conference Proceedings.

These papers are also included as

Appendices to this Report. The papers are:

"A Study of the Radar

Precipitation Attenuation as Deduced from Drop Size Distributions,"
by E. A. Mueller; and "Case Studies of the Areal Variations in
Raindrop Size Distributions," by A. L. Sims.
G. E. Stout and A. L. Sims visited USAERDL on June 24, 1964,
to confer with technical personnel, and on September 1, 1964,
E. A. Mueller visited USAERDL. September 14-18, E. A. Mueller
and A. L. Sims attended the Eleventh Weather Radar Conference in
Boulder, Colorado. On September 22-23, 1964, E. A. Mueller
attended the Environmental Conference at Trenton, New Jersey,
and visited USAERDL.

The reader should refer to earlier reports

for prior trips under this contract.

INTRODUCTION
Early attempts at measurement of rainfall rates by radar
were not accurate enough for Army requirements.

One of the major

causes of the inaccuracy in early radar measurement of rainfall
amount was determined to be the relationship between the radar

-4signal and the rainfall rate.

Much of the effort on this contract

has been concerned with studying the variabilities in raindropsize distributions and their effect on the radar rainfall
relationship-.
Drop size distributions have been measured by the drop camera
method in several locations around the world during the period of
this contract and Contract No. DA-36-039 SC-75055.

Some of this

work is being continued on Contract No. DA-28-043 AMC-00032(E).
The raindrop camera samples one cubic meter of air space in
about 13 seconds at intervals of every 60 seconds.

Within this

column all of the raindrops with diameters larger than 0.5 mm are
measured by using semi-automatic calipers developed specifically
for this purpose.

The film data are projected on a screen so that

the raindrop images are twice actual size.

The measurement jaws

of the calipers are then brought to the size of the image and a
foot switch depressed.

The measurement is entered automatically

on IBM cards.
Each one-minute sample is approximately one cubic meter.

The

cards from the measurement table for each sample are processed to
obtain the drop size spectra.

A one-cubic-meter sample is large

with respect to sampling volumes of other raindrop spectrometers,
but still very small with respect to a radar volume.

The problem

of the representativeness of one cubic meter to the average radar
volume of 10 6 to 10 8 cubic meters has not been determined.

In an

attempt to verify how adequate the sample is, the cameras were

-5operated continuously at very close spacing during the summer
of 1964.
These data have been considered for other Army applications
such as tactical area radioactive rainout and visibility calcula
tions.

The data are also useful in cloud physics studies.

RADAR OPERATIONS
Three radars were operated during the Contract:

the CPS-9,

the TPS-10, and, during the summer of 1964, the M-33. No quan
titative rainfall work was performed before the summer of 1964
since primary effort was directed toward the collection of rain
drop size spectra data.

Analyses were performed to determine the

best possible relationships between rainfall rate and radar re
flectivity from the drop size data.

However, during the summer

of 1964 when the drop cameras were located on the East Central
Illinois raingage network, the radars were used to measure the
Z values directly over the drop cameras.

Since measurements of

the drop size data have not been completed, these comparisons have
not been made.

The M-33 data will also be used to determine the

rainfall amount which will be compared with the raingage amount.
Unfortunately, no signal integrating device has been operated on
the radar.

However, some means of signal integration is planned

for future operations.
In general, the radars operated successfully although both
the CPS-9 and TPS-10 are requiring more maintenance as they become

-6older.

The radars were also used as an aid in short time fore

casting for operations of the drop cameras.

Data from the radars

were used on studies being supported by the State of Illinois, the
Crop-Hail Insurance Actuarial Association, and the U. S. Atomic
Energy Commission.

i

RAINDROP CAMERA OPERATIONS
During the period of this contract, raindrop data for about
one year were sampled at the Coweeta Hydrologic Laboratory,
Franklin, North Carolina, and at Island Beach, New Jersey. A
camera was operated briefly at Mt. Withington, New Mexico, during
the summers of 1961-62 and at Flagstaff, Arizona in 1963.

During

the summers of 1963 and 1964, multiple camera experiments were
conducted in Illinois.

Some results of 1963 data collections are

in Appendix A.
Three raindrop cameras were operated in the East Central
Illinois raingage network from 1 May 1964 through 22 September
1964.

Two of these were close together and were synchronized at

a rate of 28 frames per minute per camera.

This system has been

described in greater detail in the Ninth Technical Report of this
contract.

The third camera was operated in the usual 7 frames per

minute mode.

It was located 2 miles south of the other two.

Because rain periods were infrequent, only 14 rolls of data
were obtained during 1964 from each of the cameras in the syn
chronous operation, and 11 rolls from the third camera. Measure
ment of the film from the synchronized operation has been started.

-7RADAR. RAINFALL RELATIONSHIPS
One of the primary purposes of this contract was to determine
the most reliable relationship between rainfall rate and the radar
parameters from raindrop observations.

For this purpose drop size

data were gathered from various climatic regions around the world.
Analysis of these data permits recommendations on the best radar
relationships for a semi-tropical climate (Miami, Florida), a dry
summer maritime climate (Corvallis, Oregon), and a tropical mari
time climate (Majuro, Marshall Islands).
Raindrop size distributions are obtained by a photographic
process.

The optical system for the camera consists of a 29-inch

parabolic mirror with a focal length of 4100 mm as the first ele
ment in a telecentric optical system.
300-mm Schneider-Kreuznach Xenar lens.

The second element is a
The aperture stop of this

lens is placed at the focal point of the 29-inch parabola to re
duce effects of perspective to a minimum.

The sample volume is a

right circular cylinder 14 inches high and 29 inches in diameter.
After corrections due to the obstructions of the light path by the
diagonal flat and necessary mirror mounts are made, the sampling
volume becomes about 1/7 of a cubic meter.

Ordinarily, the camera

is operated for seven pictures in about 13 seconds and then remains
quiescent for 47 seconds.

The result is that a one cubic meter air

space is sampled once every minute.

The drops from these seven

frames are measured and the rainfall rate and radar reflectivity
calculated.

One sample is considered to be the result of these

-8calculations performed from a group of seven pictures.

This is

referred to as a one minute sample or one cubic meter sample.
The raindrop size data were used to calculate the rainfall
rate, R, and the radar reflectivity, Z, for 3.2 cm wavelength.
These R-Z points were entered onto IBM cards.

The distribution

of the sample with respect to the month of the year is shown in
Table 1.
In analyzing the data, two methods were adopted:

the first

consisted of the commonly accepted procedure of finding the best
(in the sense of least squares) linear relationship between the
logarithms of R and Z; the second consists of tabulating for each
1 db interval in Z the maximum, minimum, and average rainfall rate.
The logarithmic least squares method suffers from the disadvantage
of forcing on the data a particular mathematical form.

It also

gives large weights to the rainfall rate variations in the small
rate area, since the logarithmic deviations are large in this
area.

That is to say, the overall curve is highly biased by the

large number of observations at rainfall rates less than 5 mm/hr.
These rates are of less importance in determining total rainfall
than the number of observations would indicate.

The drop size

spectra are also less accurate in this region since the total
number of drops becomes small and the sampling noise becomes rela
tively more important.

Furthermore, the logarithmic (or percentage)

error is minimized by this procedure, and the percentage error in
Z and R can be very large with only small error in the drop size
spectrum.

The advantage of the logarithmic least squares is that

TABLE 1
DISTRIBUTION OF DATA COLLECTION BY MONTHS

|

9
|

-10it is easily found and an estimate of the scatter can be easily
made by use of the standard error of estimate or alternatively
the correlation coefficient.

Admittedly, these measures are not

completely justifiable since the variation of the points around
the regression line is not normally distributed.

Nevertheless its

use appears reasonable in estimating the relative reliability of
the different stratifications which were made.
The second procedure of determining R-Z relationships pro
vides a means of reducing the above criticisms at the expense of
a loss of a closed form of the result and the ease of estimating
the reliability of the estimate.

If the ultimate use of the data

is by means of a computer the introduction of a table of R-Z in
stead of an equation may not be a handicap.

A complete discussion

of the tabular data analysis can be found in the Eighth Quarterly
Report on this contract and in the Seventh Quarterly Report on
Contract DA-36-039 SC-75055.
In the analysis of the data by means of 1 db intervals of Z
a second method of estimating the rate from the Z was investigated.
This consisted of minimizing the function

where Ri is the observation of R and R* is the estimate of R from Z.
This procedure tends to produce higher estimates of rate for a
given Z.

If, in the application to which the R-Z is applied, it

is more serious to underestimate rather than overestimate a rainfall

-11amount, the use of this type of weighting is indicated.
Various types of data stratification have been performed in
order to reduce the scatter and improve the reliability of the
amount of rainfall.

The stratifications which were examined were

by rain type (continuous rain, rain showers, and thunderstorms),
by synoptic type (cold frontal, warm frontal, air mass, etc.),
and by the thermodynamic instability from the prior radiosonde.
Miami, Florida - Logarithmic R-Z Relationships
Table 2 shows the results of the R-Z relationships determined
for the data from Miami.
stratifying the data.

The first column indicates the means of

The number of samples represents the total

number of individual cubic meter samples in the analysis.

The

correlation coefficient is the coefficient from the logarithmic
regression analysis.

A and b are the regression coefficients as

determined with Z as the independent variable.

They are reported

in the form

to conform with the usual means of representing the data.

However,

Z was chosen as the independent value since it is assumed that the
use of these relationships will be in estimating the rainfall rate,
R, from a radar measurement of the reflectivity.

In these data

the Z reported is the equivalent Z for 3.2 cm radiation.

The Z

for the larger drops has been corrected for Mie scattering.

In

general, the differences are small and the results should be appli
cable to all longer wavelengths without significant differences.

-12Examination of the table indicates an increase in the corre
lation coefficient for the stability classification.

This class

ification was performed by considering the thermodynamic insta
bility as determined from the radiosonde prior to the rainfall.
The method chosen to evaluate the sounding consists in determining
the expended or liberated energy resulting from lifting a parcel
of air adiabatically from the surface and each 50 millibar level
below 600 mb up to 100 millibar height.

A measure of the liberated

energy on a thermodynamic diagram is the area between the wet
adiabat and the actual sounding temperatures.

A computer program

was written to calculate this area and the resulting positive area
stability index (PASI) was used to classify the data.

A more de

tailed discussion of the PASI investigation can be found in the
final report on Contract DA-36-039 SC-75055.
Some order to the progression of the exponent in the regres
sion coefficients can be noted.
exponents are obtained.

For stable conditions the lowest

This is indicative of rainfall with small

drops and relatively larger numbers.

As the instability increases,

the exponent becomes larger and finally remains nearly constant.
The lowest correlation coefficient for any group was 0.95, and six
of the ten groups were 0.97 or better.

Synoptic classifications

on the other hand had one small class with a 0.91, and only three
of the eight classes had 0.97. Statistical tests of the improve
ment in these values yield a barely significant improvement for
the stability classifications.

-13To evaluate the magnitude of error which might be made in es
timating rainfall amount using these two methods of classification,
several storms were chosen.

A rainfall amount was estimated from

each Z value according to one of the R-Z relationships.

These es

timated values of R were then compared with the true values of R
measured.

Since these data were not independent, i.e., the same

points were used in determining the relationships, the method is
not strictly valid.

To some extent the results reflect the dif-

ferences in finding a logarithmic least squares as opposed to fitting a curve which minimizes the deviations themselves.
results are presented in Table 3.

These

This test also indicates that

the stability criterion for choice of equations is somewhat super
ior to the synoptic classifications.

It should be noted that on

a storm basis using the best relationships, errors on the order of
20 percent can still be made in the total amount.
Florida - Tabular Relationships
Figures 1, 2, 3, and 4 contain tabulated values of the R-Z
relationship.
In these figures, the column labeled Z is the radar reflec
tivity defined as 2D 6 over the unit volume of one cubic meter.
The units of this column are 10's of mm6/m3 (first entry Fig. 1
of 11.2 represents 112 mm 6 /m 3 ). The Z intervals are one decibel
apart and each row contains the data points whose Z values lie
from 0.5 db below the indicated value to 0.5 db above the indicated
value.

It can be noted that some of the intervals are always empty.

-14This is due to the necessity of rounding and recording Z on cards
as 000001 and 000002 which are 3 db apart.

The second column is

the best estimate of the rainfall rate, R*, subject to the mini- \
mization of

This criterion tends to produce

estimates of R which are weighted towards the higher rates and,
thus, to overestimate more than underestimate.

Columns 3 and 5

are the minimum and maximum rainfall rates for each of the Z in
tervals.

The column headed R AVE is the average R defined as

where N represents the number of samples in each interval.
The column labeled S is the minimum sum corresponding to the R*
reported.

The columns labeled UNDER and OVER represent the ex

tremes of error possible within the data set and are defined as

The rainfall rate data from Miami and Majuro were rounded to
the nearest mm/hr and entered on cards before this analysis was
performed.

It can be noted that a number of the lower Z intervals

repeat values of R* = 1.0.

It is apparent that if this region is

of interest, a recalculation from the original drop size measure
ments to obtain lower readings of R will be necessary.
Examinations of the tables in Figures 1-5 lead to qualitative
verification of the benefits to be derived from stratification of
the data.

It can be noted that the average OVER and UNDER values

-15TABLE 2
LOGARITHMIC LEAST SQUARES REGRESSION COEFFICIENTS FOR MIAMI

-16TABLE 3
COMPARISONS OF PERCENTAGE ERRORS OF RAINFALL AMOUNTS
USING SYNOPTIC AND STABILITY CLASSIFICATIONS

listed in Figure 4 for all of Miami are, in general, larger than
the values listed in Figures 1 and 2.

Admittedly, this is only a

qualitative verification because of the sensitivity to the maximum
and minimum value in each interval as a function of sample size.
Sample calculations such as were performed for Table 3 indicate
that the. results from the tabular output are not different from
estimates obtained from the equation (see the Eighth Quarterly
Report on this contract).
Oregon - Rainfall Rate-Reflectivity Relationship
Rainfall rate-reflectivity relationships have been determined
from the Oregon data.

In general, there was very little difference

in the results regardless of classification schemes used.

Table 4

-17presents the results of the logarithmic relationships.
est rainfall rate that was measured was 27 mm/hr.

The high

When the data

were originally measured, all minutes with rates less than 0.5
mm/hr were discarded.

If there were less than 8 drops per cubic

meter the sample was not measured.

After the preliminary analysis,

it became apparent that more detail would be required in the rain
fall rate.

All minutes which had previously been measured whose

calculated rates were equal or greater than 0.1 mm/hr were added,
but no additional measurements were made.

This results in a

slight weighting of the low rates to the larger number of drops
and also does not show as many samples in the range 0.1 to 0.5 mm
as were available.
The total scatter of points around the regression line is not
greatly different from the scatter in the lower rate region of the
Miami data, but since the variance of R and Z are both relatively
smaller than from the total Miami data, the correlation coefficient
is lower.
There is no benefit to be obtained by the synoptic, stability,
or rain type classification.

It is recommended that in a climatic

area similar to Oregon a single R-Z relationship be used.
A tabular form of the R-Z relationship is found in Figure 4.
Comparison of the over and under columns with the corresponding
entries in the Miami table in Figure 4 supports the earlier state
ment that the total scatter is not different in Oregon and Miami
for the low rates.

In fact, if the average "over from 1.mm/hr to

-18TABLE 4.
LOGARITHMIC LEAST SQUARES REGRESSION COEFFICIENTS FOR OREGON

26 mm/hr is determined, Oregon has O.62 error and Miami has 0.74.
The Oregon values of both A and b are larger than the corres
ponding values from Miami.

This indicates that for equal rainfall

rates the reflectivity at Miami is less than at Oregon, which re
quires Oregon to have larger drops than Miami.

This appears to be

-19true.

The Increase In size can be noted in Figure 15 of a later

section.

The median scattering diameter is defined as the diam

eter', D z , at which half of the scattering is due to drops larger
than Dz. When Dz from Oregon is compared with Miami it is noted
that the Oregon values are higher for all rates between 1 and
15 mm/hr.

At rates between 15 and 25 mm/hr the Dz values from

the two locations are equal, with a value around 2.6 mm.

Miami

Dz is about 2.2 for rates below 15 mm/hr while Oregon Dz remains
high, around 2.6 mm.
Majuro-Rainfall Rate-Reflectivity Relationships
The data from Majuro were separated using the same classifi
cation schemes as were used at Florida and Oregon.

As can be noted

in Table 5, the separations did not produce significantly different
relationships.

Several classes were empty or had less than 50

samples and were discarded from the analysis.

In general, the

coefficient of R in the relationship is smaller than the coefficient
at Florida and Oregon.
at Florida.

The exponent is close to the value obtained

It is recommended that in a climatic area similar to

Majuro, a relationship of Z = 184 R 1 . 4 0 be used.
The tabulated form of the R-Z relationship is found in Fig
ure 4 for the unstratified data and in Figure 5 for the PASI
classification of the data.

Analysis of several days of data In

a manner similar to that used with the Miami data and presented
in Table 3 is presented in Table 6.

In these cases the percentage

error tends to decrease with increased total rainfall amount.

This

-20TABLE 5
LOGARITHMIC LEAST SQUARES REGRESSION COEFFICIENTS FOR MAJURO

tends to emphasize the added percentage reliability that is ob
tained when larger numbers and longer times are used.

More de

tailed information on the R-Z relationships from Majuro along with
scattergrams of R-Z plots can be found in Quarterly Technical
Report No. 1 on this contract.

-21-

Multlple Regression Analysis of R, Z, and Q
In the Ninth Technical Report on this contract there is a
report on a study of the gain in accuracy that might be obtained
by independently measuring the radar attenuation, Q, simultane
ously with Z to predict R.

This study was performed by means of

multiple correlation of the logarithms of the variables and also
with no transformation of the variables.

In both cases, the re

sidual or unexplained sum of squares was not significantly decreased
by the addition of the Q variable.

From these data it would not

appear profitable to attempt to reduce the uncertainty in radar
rainfall by means of measuring attenuation simultaneously.

The

relationship between Q, and R Is slightly better than between Z and
R, so that measurements of attenuation would yield somewhat better
estimates of rainfall. However, the difficulties inherent in
measurement of attenuation far outweigh the slight gain in
reliability.

-22AVERAGE DROP SIZE DISTRIBUTIONS
Under this and previous Army contracts, statistically sig
nificant collections of drop size distributions have been obtained
at eight different geographical locations.

The distribution of

these data collections by location and months is shown in Table 1.
Since there is a total of over 20,000 samples, some averaging of
these data is appropriate in order to discover general trends and
characteristics of the distribution curves.

The data from each

i

location were sorted by rainfall rate, then grouped into increments
of rate, 1 mm/hr wide at the lowest rates and increasing in size
at higher rates.

At most locations above 50 mm/hr, groups of 10

samples each were used.

The average number of drops per cubic

meter in each .1 mm increment of drop diameter from .5 through
7.0 mm was calculated by the computer. From this average distri
bution the usual parameters were calculated.

Average distributions

for selected rates at Miami, Florida; Majuro, Marshall Islands;
Corvallis, Oregon; Island Beach, New Jersey; and the Coweeta
Hydrologic Laboratory, Franklin, North Carolina, are shown in
Figures 6 through 10.

On all the average distribution figures,

NS is the number of samples in the average; NT is the average
total number of drops per cubic meter, and R is the rainfall rate
in mm/hr.
The average distributions are generally monomodal curves with
modes occurring between 0.9 and 2 mm.

Above the mode, the curves

-23are very nearly straight lines on the semi-logarithmic plots.

The

number of drops decreases sharply for diameters less than the mode.
The distributions are generally smoother and have a more systematic
relation to rainfall rate at the low rates; at high rates, they
are more erratic due to the smaller number of samples in the averages.
From these figures some geographical variations can be noticed.
The New Jersey curves have some similarity to those of Majuro in
the relative sharpness of the peak of the distributions; however,
at the larger drop sizes, New Jersey has more drops than Majuro.
The Miami distributions are generally similar to New Jersey at
large drop sizes, but have broader modes located at larger drop
sizes.
The average distributions for thunderstorms, rainshowers, and
for continuous rain at Miami, Florida, are presented in Figures 11,
12, and 13.

An interesting feature of the thunderstorm curves,

Figure 11, is the rapid increase in small drops at rates above
about 50 mm. Notice, for example, that the number of .7 mm drops
increases from 1.7 at 43.6 mm/hr to 335 at 215.6 mm/hr.

For the

same change in rate, the number of 3 mm drops increases from 2.2
to only 18.

This effect is also apparent on the curves for all

Miami data, Figure 6, since at the high rates most of the rain
came in thunderstorms.
In Figure 14, average total number of drops is plotted against
the rainfall rate.

Notice that the slope of the data for Miami

increases beginning at 50 mm/hr.

-24The median volume diameter (as determined from the average
distributions) is plotted against rainfall rate in Figure 15.
It should be pointed out that both total number of drops and the
median volume diameter are related much better to rainfall rate
in the average plots than would be apparent from plotting individ
ual one cubic meter samples.

FITTING EQUATIONS FOR DROP SIZE DISTRIBUTIONS
Several fitting equations have been proposed for drop size
distributions.

Probably the best known and most used one is that

of Marshall and Palmer1,

where ND & D is the number of drops per cubic meter of diameter
between D and D + & D mm, and N

is the value of ND for D = 0.

NO was considered constant with a value of 0.08 cm -4 .

The param

eter λ was related to rainfall rate by the equation

where R is the rainfall rate in mm per hr.

These equations have

been found very useful by many investigators due largely to their
simplicity.

However, the number of small drops is overestimated

quite severely, and it has been found that much of the raindrop
camera data is not fitted well by these equations with a constant
NO and with λ determined by Eq. (2).

-25Fujiwara2, in Research Report No. 8 of this contract has
proposed the equation

where a, (3, and D are empirical parameters.

This equation fits

the small drop portion of the distribution much better than Eq. (1)
Attempts to fit it to distributions by computer have been reported
in the Quarterly Technical Report No. 8 of this contract.

These

attempts were less than satisfactory.
Recently, the log-normal distribution has been re-examined as
to its applicability to drop size distributions.

The use of this

distribution has been suggested by Levin3. Also, Matvejev4 refer
ences the work of Kolmogoroff on this equation.

Irani and Callis5

use the log-normal distribution for particle size distributions in
general.

This distribution has the appearance of a Gaussian normal

distribution if the frequency of occurrence is plotted against the
logarithm of the drop diameter.
The log-normal distribution can be expressed in the following
form for use with drop size distributions:

In this equation, ND & D is the number of drops per m3 of diameter
between D and D + & D, and NT is the total number of drops in the
distribution. DG is the geometric mean diameter of the distribu
tion and is computed readily from the distribution by the equation

-26-

The geometric standard deviation,

, is then given by

The average distributions were fitted by computing In

and

In DG using equations (5) and (6); then these values were used
in Eq. (4) to calculate the "theoretical" points on Figures 6
through 13.

In general, these points fit the data very well.

Attempts have been made to relate DG and

to R. The rela

tionships are not as orderly as would be desired; further study
is needed in this area.

PRECIPITATION ATTENUATION
In the Ninth Technical Report a study of the precipitation
attenuation from drop size distributions was reported.

It was

suggested that attenuation be related directly to the Z parameter
rather than to the R parameter.

It was shown that if a 3.2-em

wavelength is used for quantitative work that some correction
(but not complete) produces better estimates of rainfall amount
than ignoring the precipitation attenuation.

The attenuation

versus Z for Miami, Alaska, and Majuro are presented in tabular

-27and graphical form in the Ninth Report.

The attenuation versus

rainfall rate for Miami is also shown and agrees with the
Robertson-King data except at low rainfall rates.

MAJURO CONDENSATION LEVEL AND EVAPORATION EFFECTS
ON DROP SIZE DISTRIBUTIONS
In the Fifth, Sixth, and Seventh Technical Reports a study
of the average shape of the drop size spectra for different con
densation levels was reported.

Spectra obtained with high conden

sation levels are narrower and with higher total concentrations
than are obtained from the lower condensation levels.

It was

shown that this is not an effect of drop evaporation below the
cloud base since evaporation tends to broaden the distribution.
Effects of evaporation were illustrated in the Seventh Technical
Report and showed that only under very dry conditions with reason
ably high cloud bases does evaporation materially change drop size
spectra.

The mechanism of continuing coalescence process below

cloud base was discarded by reason of the larger total number of
drops which are obtained from the high based clouds.

It is assume

that any wind sorting effects would not be active on the average
Since the distributions considered are actually averages over
several days, it would seem that wind sorting can be discarded.
Raindrop break-up would possibly explain the differences in total
number and also possibly the narrower spectra.

However, break-up

usually does not occur until the drops become quite large, and

-28thus is thought to be of small importance.

It is therefore tenta

tively concluded that different distributions are in existence at
cloud base and are therefore due either to different cloud mechan
isms or due to different times of growth or growth rates within
the cloud.

ELECTROSTATIC FORCES BETWEEN CHARGED DROPS
In the Second Technical Report a discussion of the electrical
forces between charged drops was reported.

The effect of these

forces on the coalescence process is considerable.

The work that

was initiated under this contract was expanded and continued on
ARPA Grants No. DA-36-039 SC 62-G19 and DA-AMC-36-039 63-G2,
"Investigation of Water Droplet Coalescence," and NSF Grant GP-2528,
"Experimental and Theoretical Investigation of the Coalescence of
Liquid Drops."

OVERALL CONCLUSIONS
Extensive analysis of raindrop size spectra have indicated
that the radar's ability to measure rainfall will be ultimately
limited to an accuracy on the order of 20 percent in storm rain
fall total.

This variability may eventually be reduced by data

stratification by means of variables other than those investigated.
Several variables that have been tried on a small scale which did
not yield better results are level of free convection, level of

-29condensation, windshear aloft. More profitable stratifications
have been presented in the body of this report and in the earlier
technical reports on this contract.

For semitropical climate

such as Florida, a stratification based on thermodynamic Insta
bility is recommended.

For a maritime tropical trade wind loca

tion such as Marshall Islands, and a dry summer maritime climate
such as Oregon no stratification is recommended.
A study of the form of the drop size distributions was pur
sued during this contract.

A coalescence distribution was used

successfully to fit the drop size data from Oregon and Majuro, but
it does not fit the Miami spectra.

A log normal distribution was

found to be a better fit for all of the data from all locations.
This form of a fitting curve is recommended as the best.

Computa

tions using a log normal fitting curve are reasonably tractable,
particularly if computing facilities are available for the initial
fitting and determinations of the log normal parameters.
A study of the variability of R-Z relationship with location
in respect to the center of the storm was conducted and reported
in the Ninth Technical Report.

It was found that in all but one

case there was no difference that could be detected in the storm
relationships.
RECOMMENDATIONS
All of the conclusions in this report are based on the assump
tion that one cubic meter sample is a statistically representative
sample.

This assumption should be verified by obtaining a larger

sample of the same rainfall and comparing the larger volume with

-30the one cubic meter volume.

The data for this study were col

lected during the summer of 1964, and it is recommended that a
further evaluation of them be undertaken.
At present there have been no results of any researchers in
the field who can use a radar set for quantitative precipitation
with an accuracy within the limits imposed by drop size spectra
variations.

Therefore, it i3 recommended that attention to radar

data processing techniques and improved radar calibration proced
ures be initiated.
Data have been obtained from a humid continental climate
typified by Franklin, North Carolina, and Island Beach, New Jersey.
It is recommended that these data be subjected to stratifications
and best R-Z relationships be obtained from them.
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Appendix A
CASE STUDIES OF THE AREAL VARIATIONS
IN RAINDROP SIZE DISTRIBUTIONS'**
Arthur L. Sims
Illinois State Water Survey*
1.

INTRODUCTION

During May through August, 1963, a study was conducted to investi
gate the variations in drop size distributions over an area, and to
determine the reliability of measurement of the R-Z relationship at a
single point for application to an entire storm. Previous drop size
studies have generally used instrumentation only at a single point, and
many studies have used Instruments having very low sampling rates.
The raindrop cameras used in this study are similar to the camera
described by Jones and Dean (1953). The system consists of a telecentric
optical system with a 29-inch parabolic mirror as its first element, and
a 70-millimeter camera. The sampling volume is a right circular cylinder,
29 inches in diameter and 14 inches high, so that approximately 1/7 of a
cubic meter is photographed on each frame. This volume is back-lighted
by four FT 503 flash tubes, each delivering approximately 125 watt-seconds
in 10 microseconds. A normal sample taken with this system consists of
7 frames, exposed approximately 2 seconds apart, so that a volume of
about 1 cubic meter is observed in 13 seconds. A sample is obtained
once each minute. The raindrop sizes are measured from the film, and
from the measurements the distribution of drop sizes is tabulated.
From the drop size distributions are calculated R, Z, M, the total
absorption cross-section, and various median diameters.
For the 1963 study, two cameras were located 2 miles apart in a
north-south orientation near the center of the East Central Illinois
raingage network. These locations were under surveillance by the CPS-9
and TPS-10 radars located near Champaign, Illinois, 25 miles from the
cameras. The northern camera was called "Camera A" and the southern
one, "Camera C."
Eight cases were selected for detailed analysis. Three of these
are presented here. The 15 May 1963 case is typical of the three con
tinuous rain cases studied, and the 7 June 1963 case is typical of the
four shower and thundershower cases. The 31 July 1963 case is quite
different from any of the other cases observed.
2.

CASE STUDIES

Rain of 15 May 1963. The light, continuous rain which fell on this date
was associated with a stationary front in southern Illinois. The rain
lasted 1-1/2 hour3, and the maximum rainfall rate observed was 8.6 mm
per hour. The radar showed stratified echoes completely without cellular
structure.

*This research i3 supported by the U. S. Army Electronics Research
and Development Laboratory under Contract DA-36-039 SC-87280.

**As presented at the 1964 World Conference on Radio Meteorology
incorporating The Eleventh Weather Radar Conference, September 14-18,
1964 at Boulder, Colorado.
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The R-Z plots for this case
are shown in Figure 1. Each
point represents a 1 cubic meter
sample. Logarithmic least squares
regressions were calculated for
data from each camera and the
resulting lines are shown. The
relationships from each of the
cameras are very similar. All
the data can be fitted quite well
by a single relationship,
with a correlation coefficient of,

.986.

Although considerable sta
tistical noise is apparent in the
drop size distributions for this
case because of the 3mall number
of drops per cubic meter, the
distributions are very similar.
No significant areal differences
exist. All the drops observed in
this rain were less than 3.0 mm
in diameter.
Rain of 7 June 1963. Scattered
night-time
convective
activity FIG 1 R-Z Plot for Cameras "A"
developed on this date in the
and "C" for 15 May 1963.
warm air south of a quasiA Continuous Rain Case
stationary front in northern
Illinois. This front was drifting
slowly southward at this time.
The thundershowers over the drop
cameras moved in from the northwest. The exact character of these
showers was not observable by radar because of attenuation of inter
vening showers.
Again, the R-Z relationships are very similar. Both lines in
Figure 2 lie well within the scatter of points for either camera. The
scatter of data points is greater than in the 15 May case; however,
the regression lines are almost identical. A regression for all data
points yields the equation Z = 446R 1 . 4 3 . The correlation coefficient
is .981.
Rain of 31 July 1963. A line of showers formed in the warm sector of
a wave which had developed a day earlier on a stationary front. This
line moved over the cameras from the west and was followed by an ex
tensive area of continuous rain. The full extent of this rain area
was not apparent on the radar data until the showers had passed to the
east of the radar location. Rain began at the cameras at 0920 CST,
became much lighter at 0930, and ended about 1115.
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The raindrop photographs
cover the last portion of the
showers and about an hour of
the continuous rain. Figure 3
shows the R-Z plots for this
case. The R-Z points for
camera C lie well along a
single line. The points for
camera A were much more widely
scattered. In examining the
time variation of these points
and the distributions associ
ated with them, it appeared to
be appropriate to derive two
lines for these data. During
the early part of the sampling
period (0925 to 0946), the
points are along line A2 except
for three minutes (0938 to 0940)
when the points are along line
A1. The rainfall rate generally
decreased until 0949 when the
rate increased, but this time
the points were along line A1.
The points were all clustered
at the low rate end of the
lines after 1000. On the fig
ure. some sample average dis
tributions of the observations
enclosed by the curves are
shown. Slightly smoothed
average distributions were
used as a means of reducing
the statistical sampling noise
inherent in a single 1 cubic
FIG 2 R-Z P l o t f o r Cameras "A"
meter sample. The distributions
and "C" f o r 7 J u n e 1 9 6 3 ,
representing points along line A1
A Thunderstorm C a s e .
are broad, straight-line types.
However, along the other line,
the distributions are much more
narrow. These differences were evident in the individual distributions
before averaging, as well as in the averages. Unlike most continuous
rain distributions, samples along line A1 contain some large drops.
It is possible that the camera was at the edge of convective activity
and large drops were being generated at this edge. Unfortunately, the
radar was too badly attenuated to allow confirmation of this hypothesis.
The types of distributions associated with the lines tend to
suggest that A1 is continuous rain and A2 is showery rain. The timing
also indicates this. However, the R-Z relationship for line A1 has a
higher coefficient and exponent than line A 2 , indicating that for the
same R, the Z is greater for the continuous rain, line A1. This is the
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opposite of what has been generally
observed, and of data published
by Jones (1956). He reports a
relationship of Z = 311R 1 . 4 3 for
rain, and Z = 435R1.48 for thundershowers. It should be noted,
however, that these relationships
are for data from several storms.
This single 3torm is an unusual
one. It is probable that situa
tions producing similar relation
ships are rare.
This storm shows that it is
possible to have within the same
air mass and the same storm
system two very different types
of raindrop spectra producing
quite different R-Z relation
ships. Also, on this occasion
camera C, only two miles away,
showed none of this duality.
3.

CONCLUSIONS

This study suggests that
usually an R-Z relationship
determined from data taken at
a single point is applicable
to an entire storm. There
are occasional cases where
areal variations in raindrop
size distributions are too
great to be fitted well by a
single relationship.
FIG 3

4.

R-Z Plots for Cameras "A"
and "C" for 31 July 1963.
Insets show Average
Distributions for
Selected "A" Points.
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Appendix B

A STUDY OF THE RADAR PRECIPITATION ATTENUATION
AS DEDUCED PROM DROP SIZE DISTRIBUTIONS**
E. A. Mueller
Illinois State Water Survey*
1.

INTRODUCTION

The relationships between the precipitation attenuation, rainfall
rate, and the radar reflectivity have been studied. Raindrop size
distributions from seven different geographical locations were available
as basic data. Locations are: Miami, Florida; Corvallis, Oregon;
Woody Island, Alaska; Majuro, Marshall Islands; Bogor, Indonesia;
Island Beach, New Jersey; and Champaign, Illinois. Data from these
locations were analyzed, and no significant differences In the rela
tionships Involving attenuation were found. Therefore, only data from
the three locations, Florida, Oregon, and Majuro, will be examined in
this paper. The drop size spectra were obtained from the raindrop camera.
2.

ANALYSIS PROCEDURE

The analysis consists of calculating the rainfall rate from each
drop size spectrum from the raindrop camera by an equation of the form

where
R
ND
D
vD

=
=
=
=

rainfall rate in mm/hr
number of drop3 of size D
diameter of drops In mm
terminal velocity of a drop of diameter D

The value for vD was obtained from Gunn and Kinzer.1
The radar reflectivity was calculated from

The attenuation was calculated from

where
QD = the total scattering and absorption cross section
for a drop of diameter D in mm2
Qt = the total cross section for a cubic meter sample
QD was obtained at 3.2 cm by use of F. T. Haddock's2 calculation as
reported by J. S. Marshall.3
*This research is supported by the U. S. Army Electronics Research
and Development Laboratory under Contract DA-36-O39 SC-87280.
**As presented at the 1964 World Conference on Radio Meteorologyincorporating The Eleventh Weather Radar Conference, September 14-l8,
1964 at Boulder, Colorado.
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After these parameters were calculated, the data were entered into
IBM cards for correlating with one another. Each sample of Qt, R and Z
represents a drop size spectrum of 1 cubic meter of air space. The
actual spectra as measured were from a volume that varied between 0.96 m3
and 1.1 m 3 . All values are corrected to 1.0 m 3 .
3.

RESULTS OF R-Qt COMPARISONS

Qt can be related to the attenuation A in db/km by the relation

where Qt is in mm2/m3. Since A is a more practical unit, A is used to
compare R. Figure 1 is a plot on logarithmic axis of the R, A points.
It was assumed that the attenuation is the dependent variable and the
rainfall rate is the independent variable. Increments of 0.01 of the
logarithm of R were chosen, and in each interval the average value of A
was determined. The circles on the figure are the plots of these
average points.
Two means of fitting of the data empirically were investigated.
The linear relationship, which plots as a curve on log-log coordinates,
of the least squares of all of the original points is plotted as the
dashed line. This relationship fits the data very well for rainfall
rates above 30 mm/hr. In this region the attenuation is most important.
The logarithmic least squares fit to the data yields the best fit for
low values of rainfall rate and attenuation. The average deviation for
a constant R interval is about 1.0 db in attenuation. The average de
viation tends to increase at the higher rates where the average deviation
is of the order of 1.3 db. Average deviation at the lower rates is of
the order of 0.5 db. This average scatter is considerably less than in
dicated by Robertson and King's 4 experimental points, which are ±3 db
wide. This discrepancy is easily explained by the path length used by
Robertson and King and their raingaging technique for determining the
rainfall rate. The extremes of these data lie Just outside the
Robertson and King limits with about a 3 db average. It is suggested
that for practical use an attenuation relationship of A = 3.10-2R is
acceptably accurate and easily used.
4.

RESULTS OF Z-Q COMPARISONS

For radar measurement of rainfall rate, the attenuation is more
appropriately estimated from the measured reflectivity of the rainfall
rather than from the rainfall rate. To facilitate attenuation correction
this relationship has been determined with Z as the independent variable
and Qt as the dependent variable. Again, intervals of the independent
variable of 0.1 db were chosen and the average Qt obtained from the sample
points. Figures 2, 3, and 4 show the results from three locations. Al
though for convenience these are plotted on log-log scales, it is evident
that the slope is nearly 1 and that they could be plotted on linear scales
and result in a straight line relationship.
A logarithmic regression of Z and Q from the Miami data yields
Q t = 1.15 . 10 - 2 Z 0 . 9 1
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with a
uation
a. fit
of the

correlation coefficient of 0.98, If it is assumed that the atten
below a Z = 10 3 is of little importance (less than 0.025 db/km),
to the data for Z in excess of 10 3 yields a linear regression
form

This yields a value for Q that is always slightly larger than obtained
from the logarithmic regression. For example, at Z = 10 3 , Q is over
estimated by 0.3 db, and at Z = 10 5 , by 2 db. A better over-all estimate
might be obtained by reducing the coefficient of Z, but it is believed
that consistent overestimation is a better choice. The reduction of
these relationships to linear relationships is admittedly forced to some
extent. However, the scatter of the data does not preclude this possi
bility. The linear line always falls well within the scatter of points
for values o f > 1 0 3 . It does tend to underestimate the attenuation for
very low values of Z, but the total attenuation obtained in a storm from
these small Z values is so low that normal measurements would not detect
the differences.
5.

CONCLUSIONS

Although these data provide means for correcting 3.2 cm radar in
formation for attenuation, caution must be observed in this application.
However, some gain in accuracy of rainfall estimates can be expected by
Judicious use of attenuation correction.
6.

REFERENCES

1.

Gunn, R a n d Kinzer, G. D., The Terminal Velocity of Fall for Water
Droplets in Stagnant Air. J. of Meteor., v. 6, 1949.

2.

Haddock, F. T., Scattering and Attenuation of Microwave Radiation
through Rain. Naval Research Laboratory, Washington, D. C.
1948 (unpublished manuscript).

3.

Marshall, J. S., East, T. W. R., and Gunn, K. L. S., The Microwave
Properties of Precipitation Particles. Scientific Report MW-7,
McGill University, July 1952.

4.

Robertson, S. D., and King, A. P., The Effect of Rain Upon the
Propagation of Waves in the 1- and 3-centimeter Regions.
Proc. of IRE, April 1946.

196

FIG 1

FIG 2

Attenuation versus Rainfall
Rate from Miami

Attenuation Cross-Section
versus Radar Reflectivity
from Miami

FIG 3

FIG
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4

Attenuation Cross-Section
versus Radar Reflectivity
from Majuro

Attenuation Cross-Section
versus Radar Reflectivity
from Alaska
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During the period of this contract, a raindrop camera vas operated at
Island Beach, New Jersey; Coweeta Hydrologic Laboratory, North Carolina; East
Central Illinois raingage network, and for summer operation only at Mt.
Withington, New Mexico, and Flagstaff, Arizona. The data obtained have been
measured and preliminary calculations have been made.
The results of analysis of the relationships between rainfall rate and radar
reflectivity are reported along with recommendations as to the appropriate
relationships' to be used under given conditions at various climatic regions.
At a location such as Miami, Florida, a relationship determined by the thermo
dynamic instability is recommended. A single relationship is recommended for
Majuro and Oregon where so far no stratification has made significant improvement
The average drop size spectra from a number of locations are compared. Log
normal curves best fit the spectra, but the parameters of the fitting curves
do not seem to be orderly with rainfall rate.
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