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SUMMARY

This report has been divided into the following
principal parts: (1) Equipment and Methods, (2) Anal-
ysis of Data and Discussion, (3) Limiting-Factors,and
(4) Rainfall Summary. Each of these parts is sum-
marized briefly in order.

1. Equipment and Methods. Two radar sets, an
AN/APS-15A (3-cm) and a TPL-1 (10-cm) were used
to obtain observations of precipitation echoes on their
PPI (plan position indicator). Effort was directed
chiefly toward observations of thunderstorm type rain-
fall.

An automatic receiver-sensitivity control system
was developed for use on the 3-cm radar set. A movie
camera was installed to photograph the PPI and to work
in synchronization with the receiver-sensitivity control
mechanism. This technique has proven to be a satis-
factory method of obtaining a record of rai.n. rain-
intensity contours and it can be adapted to almost any
radar equipment. Resolution of 35-mm cameras and
film has proven better than 16-mm, making the 35-mm
more desirable where fine detail of the storm is de-
sired.

Close observation of the PPI on the 3-cm set in-
dicated that apparent attenuation was being introduced
by the radar circuits. Tests indicated that the reduc-
tion in sensitivity was occurring within the video cir-
cuits. Increasing all the video coupling condensers
from .01 to 0.1 mfd, almost completely eliminated
the sensitivity reduction.

A dense network of 33 recording rain gages was
installed on a watershed between 15 and 22 nautical
miles west-northwest of the radar site. All recording
rain gages were equipped with 12.648-inch diameter
collectors and chart drums making one revolution
every six hours to facilitate making rainfall readings
at one-minute intervals. Rainfall data collected by
the network was used as a standard in correlation studies
between surface rainfall observations and the precipit-
ation echo presentations photographed on the PPIL

2. Analysis* of Data and Discussion. One-minute
isohyetal maps were prepared from the recording rain-
gage data. Areal rainfall patterns were compared
with the corresponding isoecho contour patterns pre -
pared from the PPI film records. In the absence of
severe attenuation these short-interval precipitation
distribution patterns were very similar.

Comparisons between rainfall rates measured by

*All comparisons between radar and raingage data
are based on 3-cm radar data.

rain gages at a point and rates computed from radar
data were made. The computed rates deviated con-
siderably from the raingage measured rates. Several
factors are instrumental in producing the magnitude
of these deviations. Drift of the raindrops while fall-
ing from the volume observed by the radar in the at-
mosphere, attenuation due to intervening raindrops,
and variation in raindrop-size distribution are among
the most important factors.

Total storm rainfall amounts were computed for
raingage locations from radar data which was observ-
ed directly over the raingage positions during one
storm. Many of the differences between the radar
point rainfall amounts and the raingage rainfall amounts
were large. However, the average of eachset of rain-
fall amounts were almost the same, i.e., the radar
estimated the mean rainfall for the network as ac-
curately as the rain gages for the storm studied.

A total storm isohyetal map was prepared from
the radar point rainfall totals. This areal rainfall
distribution pattern was similar to the isohyetal map
prepared from raingage data. This is an indication
that observations by a calibrated radar may be an aid
in preparing isohyetal maps for areas where rain gages
are widely spaced.

Because of the difficulties in correlating point
rainfall measurements with point radar observations,
an areal comparison'between rainfall amounts com-
puted from radar and raingage data was tried. Mean
storm rainfall for the raingage network was computed
from both radar and raingage data for four storm pe-
riods. For this study the measurement of areal thun-
derstorm rainfall by radar was, in the least satisfactory
case, as accurate as normally expected from one rain
gage per 300 square miles, while in the other cases,
it was considerably more accurate.

Movement of precipitation echoes during one
storm period were studied in relation to correspond-
ing rainfall cores on the network. In most cases the
movement of echo'cores in the atmosphere could be
traced on the ground by drawing isohyetal patterns.
Evidence was found which indicated that precipita-
tion echo cores moved approximately in accordance
with the resultant of two vectors; the frontal move-
ment and the wind from 6000 to 8000 feet in altitude
ahead of the front.

3. Limiting factors. Some factors limiting the
utility of the present radar equipment for quantitative
rainfall measurements are discussed. These include
the effect of beam width, attenuation due to inter-
vening rainfall, the effect of drop-size distribution up-
on reflectivity, and instability of the radar with re-




spect to transmitted power and receiver sensitivity.
Very accurate measurement of the electrical char-
acteristics of a radar set are needed. One decibel
change in either transmitter power or receiver sensi-
tivity will produce approximately a 12 percentchange
in calculated rainfall intensity. Some computations
were made to determine the magnitude of attenuation
due to intervening rainfall. —Two-way attenuation
greater than 5 decibels per mile occurred frequently.
Computations using Hood's, and Laws and Parsons'
drop-size data indicate that, for an actual rainfall

rate of 1-mm/hr, an accurately calibrated radar could
indicate rainfall intensities from 0.48 to 2.30 mm/hr.

4. Rainfall Summary. A rainfall summary is
tabulated for May through October 1951 over Goose
Creek network. This summary includes storm, monthly,
and seasonal totals for each gage; maximum, mini-
mum, and average rainfall for each storm period; and
a detailed tabulation of high rainfall rates for four
storm periods.
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Introduction

The measurement of precipitation is an important
phase of any water resources program. Present rain-
gaging techniques do not provide the accuracy needed
by engineers and meteorologists in determining the in-
tensity and areal distribution of storm rainfall. This
is especially true for the highly variable shower-type
precipitation which accounts for a major portion of
the annual rainfall in Illinois and is responsible for
flash floods on small watersheds.

According to Braham (1), the average area of a
thunderstorm cell is approximately 8 square miles.
This corresponds to a diameter of about 3 miles for
a circular cell. Because of the small areal size
of these cells, the present Illinois climatological net-
work of approximately one rain gage every 225 square
miles does not accurately sample thunderstorm rain-
fall. This is illustrated in Figure 1, which shows a
comparison of the rainfall pattern obtained from a
dense network having one gage per 2.4 square miles
with that indicated by the Illinois climatological net-
work. The patterns show the resultant or total storm
rainfall distribution for a 24-hour period, duringwhich
at least 12 thunderstorm cells contributed to the total
at many of the gages in the 95-square-milearea under
consideration.

During World War II, it was established that radar
equipment could be used to locate and track areas of
precipitation. This discovery led to investigations to
determine the ability of radar to ascertain rainfall dis-
tribution over an area.

Realizing the inability of ordinary climatological
networks to provide sufficiently detailed information on
the distribution of thunderstorm rainfall, and the pro-

hibitive costs involved in establishing satisfactory rain-
gage networks for this purpose over large areas, the
Illinois State Water Survey initiated an investigation in
1948 to determine the ability of radar to provide
quantitative rainfall measurements needed by engineers
and hydro-meteorologists in the accomplishment of
water resource programs. Initial emphasis was to be
placed on determining radar's ability to accurately de-

tect, track, and indicate the areal extent of shower-
type precipitation. Subsequent efforts were to be con-

centrated on developing methods for quantitatively
measuring rainfall by radar if the preliminary phase
of the investigation proved successful. This report
briefly summarizes radar-rainfall studies through early
1952, but is chiefly concerned with progress made in
1951 in the use of radar for quantitative measurement
of rainfall.

HISTORICAL BACKGROUND

During the spring of 1948, the Illinois State Water
Survey began an investigation in cooperation with the
Pfister Hybrid Corn Company, El Paso, Illinois, to de-
termine the utility of radar in detecting, tracking, and
measuring the areal extent of shower-type rainfall. A
war surplus AN/APS-15A, 3-cm radar set, was pur-
chased, and a network of 35 stick and 12 recording rain
gages was installed over an area of approximately 280
square miles in the vicinity of El.Paso. The radar set
and raingage network were also to be utilized in evalu-
ating induced-precipitation on experiments contem-
plated by the Pfister Hybrid Corn Company. Due to
the abundance of the natural rainfall occurring during

2.4 sq. mi. per gage

FIG. 1

U. 5. Weather Bureau Climatological Network, 225sq.
mi. per gage

EFFECT OF GAGE DENSITY ON ISOHYETAL

PATTERN, STORM OF JULY 16-17, 1950
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the growing season these experiments did not material-
ize. Details of this study are discussed in Report of
Investigation No. 3 Illinois State Water Survey, 1949.

Operations during the thunderstorm seasons of 1948
and 1949 emphasized the inability of ordinary climat-
ological networks to accurately measure shower-type
rainfall.  Radar, however, had proven successful in
detecting, tracking, and indicating the areal extent of
precipitation in showers and thunderstorms during this
period. Since investigation by agencies of the Armed
Forces and others indicated that radar could be adapted
to the quantitative measurement of rainfall, it was de-
cided to continue the radar program and concentrate
efforts on the development of methods and techniques
for quantitative determinations of rainfall.

With the advent of the 1950 thunderstorm season,
the investigation of the utility of radar for the quanti-
tative measurement of rainfall was initiated. A con-
centrated network of 31 recording rain gages was in-
stalled over an area of approximately 70 square miles
in the vicinity of the Farm Creek watershed between
15 and 22 nautical miles west of El Paso. Most of
these rain gages had collectors of 12.648-inch diamet-
er and were provided with six-hour charts so that de-
tailed rainfall data could be obtained. Another rain-
gage network consisting of 25 recording and 17 stick
gages was maintained in conjunction with a detailed
hydrologic study on the 95-square-mile Panther Creek
watershed to the north and east of El Paso. A second
radar set (AN/TPL-1, 10-cm) was obtained from the
University of Illinois to supplement observations with
the AN/APS-15 A, * 3-cm set, and to determine whether
3-cm or 10-cm radar was best suited for quantitative
rainfall measurements.

Operational results during the summer of the 1950
were encouraging although data collection was limited
due to necessary modifications of the radar equipment
for quantitative analysis and to late delivery of the
rain gages equipped with large collectors and six-hour

*In the remainder of this report the AN/APS-15A
and the AN/TPL-1 will be referred to as APS-15 and
TPL-1, respectively.

charts. Data from the Panther Creek hydrologic net-
work were only occasionally applicable since standard
recording rain gages were used and most of the water-
shed was in the "ground clutter" region of the radar
sets. A complete summary of the 1948, 1949, and
1950 studies have been published in Report of Investi-
gation No. 13, Illinois State Water Survey, 1952.

During the spring of 1951, radar equipment was
installed at the University of Illinois Airport near
Champaign-Urbana to improve and facilitate opera-
tions. A concentrated network of 34 recording rain-
gages with 12.648-inch diameter openings and six-hour
charts was installed over an area of 50 square miles
on the Goose Creek watershed in the vicinity of De-
land. The center of this network was approximately
18 nautical miles from the radar installation. A net-
work of 25 recording rain gages was maintained in the
Panther Creek area in conjunction with the detailed
hydrologic study and to supplement radar observations
from the Goose Creek network.

CONCLUSIONS

1. Photographing the PPI presentations with a 35-mm
movie camera operating in synchronization with an
automatic receiver sensitivity control has proven to be
a reliable technique for obtaining a record of radar-
rain intensity contours.

2. The technique of obtaining radar-rain intensity
contours can be adapted to almost any radar equipment.
3. In the absence of severe attenuation, areal pre-
cipitation distribution patternsdisplayed by isoechoand
isohyetal maps were very similar.

4. Results indicated that point storm rainfall amounts
computed from radar data may be expected to deviate
considerably from corresponding raingage measure-
ments. On the other hand, radar measurement of areal
mean_rainfall, in thunderstorms was in all cases as
accurate as that normally expected from one rain gage
per 300 square miles, while in most cases it was con-
siderably more accurate.

5. Further investigation of the size distribution of
falling raindrops is needed to improve the accuracy of
radar-rainfall intensity measurements.




Equipment and Methods

Raingage Measurement of Rainfall

Raingage Network

The raingage network of 34 Bendix-Friez Dual
Traverse Model 775-BS rain gages was located on the
Goose Creek watershed between 15 and 22 nautical
miles west-northwest of the airport radar station, Fig-
ure 2. The gages were installed onradials which were
3 1/2 degrees apart with their origin at the radar sta-
tion. A stream-gaging station was installed on Goose
Creek in order to utilize the raingage records in run-
off studies.

Rain Gages
Thirty-two of the rain gages were equipped with

12.648-inch diameter collectors and with chart drums
making one revolution every six hours. One gage was
equipped with a 24-hour chart in order to orient those
rains recorded by the other gages, withrespectto time.
The 24-hour chart was an aid in determining the time
of a rainfall period since a six-hour chart often re-
volved several times before and after eachrain. After
the pen had traced completely around the chart at the
same level more than once, it became difficult, if not
impossible, to determine how many six-hour periods
had elapsed, and therefore difficult to determine the
time rain occurred. On 31 July 1951, a second gage
was installed at Station 31 near the center of the net-
work. This gage had an extra sheet-metal collector

with a diameter of 17.87 inches placed on top of its
regular collector. This top increased the rain collect-
ing area of the gage to twice that of the 12.648-inch
collector and to five times that of the standard 8-inch
collector. The increased area allowed a direct read-
ing of 0.01 inch of rainfall for each vertical division
of the raingage chart. Records from this gage were not
used in the analysis as discussed later.

An example of a raingage trace as recorded at
gage location No. 4 on the Goose Creek network during
the storm of 12 September 1951, is shown in Figure 3.
This trace for a 12.648-inch collector was made on a
chart drive making one revolution every six hours. On
this chart each space between horizontal lines repre-
sents 0.02 inch of rain and each space between lines
on the time scale represents five minutes. Thus, 0.98-
inch of rain fell in 2 hours and 35 minutes. The rain-
fall trace shown by gage No. 3, Figure 4, is an example
from a storm of short duration and high rainfall rate.
The largest amount of rain which fell over a one-
minute period was 0.09 inch. This amount is equiva-
lent to a rainfall rate of 5.4 inches per hour. Both of
these raingage observations show considerable vari-
ability in the rainfall rates within storms.

The characteristics and performance of the Model
775-BS raingage have been studied on a preliminary
basis by R. E. Roberts (2), who reported that the in-
strument's charts may be trusted to reportrainfall rates
with an accuracy of 0.05 inch per hour if the rate is
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FIG. 4 RAINGAGE RAINFALL RECORD AT STATION 3 ON GOOSE CREEK NETWORK DURING STORM

OF 26 SEPTEMBER 1951

constant for five minutes or longer. The lag in time
for recording the beginning and ending of rainfall and
for a change of rate during rainfall was checked. It
was found that for the beginning of rainfall the lag
varied from two minutes at about 0.23 inch per hour
to nearly zero for rates of about one inch per hour.
Lag at the end of a rainfall was determined to vary
from nearly zero at low rates to two minutes for rates
over one inch per hour. Lag between changes of rate
during a rain was found to be hidden by the thickness
of the trace line.

In the region of maximum sensitivity of the rain-
gage spring, it was noticed that drops which struck the
bottom of the raingage bucket produced a slight bounce
of the pen arm. This slight movement caused a pro-
nounced broadening of the trace line. In many cases,
this broadening of the trace line was associated with
the beginning of a rain before a sufficient quantity
had fallen to register as a rising trace on the chart.

Radar Observations of Rainfall

Radar Equipment

During the 1951 thunderstorm season the Water
Survey had three radar sets available; aTPL-1,10-cm
searchlight-tracking radar, and two APS-15, 3-cm,
airborne radar sets. These radar sets were modified to
fit the particular needs of the project. The TPL-1 and
one APS-15 were located on the eastern edge of the
University of Illinois Airport with the radiator of the
TPL-1 seven feet from the ground as shown in Figure
5. Power requirements for the radar plus the proximity
of the radars to the airport runways limited the heights
to which the antenna could be elevated. Although the
TPL-1 radiator was very close to the ground, it was
located on the west side of the building at the radar
station (Figure 5), and there were no serious obstruc-
tions which prevented scanning in the direction of the
Goose Creek network to the north and west (Figure 2).




FIG. 5 RADAR STATION AT THE UNIVERSITY OF ILLINOIS
AIRPORT, 1951

The other APS-15 was mounted with its antenna under
a radome 70 feet above the ground on the roof of the
Pfister Hybrid Corn Company factory building in El
Paso, Illinois, 53 nautical miles northwest of the air-

port radar station. It had been hoped that a well de-

fined storm could be detected from both radar locations
at a time when the storm was over the Goose Creek
raingage network, but limited personnel curtailed oper-

ation of the El Paso equipment.

Modifcation of Video Circuits

The use of the APS-15 for quantitative rainfall
measurements has been greatly improved by modifica-
tion of its video circuits. Close observation of the PPI
(plan position indicator) scope disclosed that apparent
attenuation was being introduced by the radar circuits.
This action may be characteristic of war surplus radar
sets other than the APS-15.

Figure 6 is a picture of the Water Survey APS-15
scope on 8 July 1951, with the original circuits. The
range is 100 miles. The "grass" level on the upper
half of the scope is considerably reduced, particularly
in the area immediately to the rear ofthe storm. The
small echo, 17 nautical miles southwest (toward lower
left corner) has introduced a very pronounced shadow
and dimming of the 20 and 30 mile markers. Figure
7 is the same scope on 30-mile range. The range
markers are the third and fourth circles, the other
three being signals from a 3-cm signal generator.
Both the test signal and range markers are almost
invisible where rain is intervening.

Tests carried out indicated that the reduction in
sensitivity was occurring entirely within the video cir-
cuits. The main reduction occurred inthe input to the
first video amplifier. The high amplitude, long-dur-
ation signals, caused some grid current to flow, which
charged the coupling condenser. The discharge drove
the grid toward cut-off, causing a temporary loss of
low-amplitude signals. Increasing all the video cou-
pling condensers from .01to 0.1 mfd, almost complete -

ly eliminated the sensitivity reduction. Inserting a ger-

manium diode has also been recommended. Figure 8
is a picture of the scope taken on 28 July with the
modified circuit. Isolated storms caused no reduction
in the "grass" level. A solid line of rain from the
station out to 30 miles to the southwest caused a slight
reduction in "grass" level. Increasing the value of
the coupling condensers even more would probably re-

duce this effect.

FIG. 6 PHOTOGRAPH OF THE APS-15 PPI SCOPE ON 8 JULY
1951 ON 100 MILE RANGE WITH THE ORIGINAL CIRCUITS

FIG. 7 PHOTOGRAPH OF THE APS-15 PPI SCOPE ON 8 JULY
1951 ON 30 MILE RANGE WIH THE ORIGINAL CIRCUITS

FIG. 8 PHOTOGRAPH OF APS-15 PPI SCOPE ON 28 JULY
1951 AFTER MODIFICATION OF THE CIRCUITS
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Radar Rain-Intensity Contour Recorder

Each of the three radar sets was equipped with an
automatic system for changing the receiver sensitivity
in a stepwise fashion. An automatic film recording
system was synchronized with the receiver sensitivity
control. When used with a radar plan position indica-
tor, a continuous, detailed record of storms within
range of the radar was obtained. The film record
provided information on storm development or dis-
sipation, movement, duration, maximum rainfall in-
tensities, and total rainfall amounts.

Radar-Rainfall Relations

Raindrops act as scatterers of the radar beam.
Each individual drop reflects a portion, of the radiated
pulse back to the radar (3) (4). Rainfall is a function
of the size and number of drops. It has been shown
that subject to a number of restrictions and assump-
tions, the received power (P,) is directly proportional
to the rain intensity (I) to the nth power and inversely
proportional to the distance (R) squared (8) (9) (10)

(11) (12) (13).

P, =fI"; R?

The equation for the relationship between rain-
fall intensities and radar parameters is given in the
section on Radar Calibration.

The relationship of received power to rainfall in-
tensity is illustrated in Figure 9-a, which represents a
hypothetical storm five miles in diameter with the
nearest edge 15 miles from a radar. Each oval re-
presents a contour of rain intensity, with the core of
heaviest rain in the center. When the radar antenna
is directed toward the center of the storm, Figure 9-b
is the representative wave form ofreceived power. The
horizontal axis represents distance and the vertical
axis indicates received power (neglecting the effect
of range). This wave form would be observed on the
"A" scope.

When operating aradar set, it is necessary to main-
tain the receiver sensitivity at a high level so that
light rain can be detected. The receiveri-f and video
amplifier stages are driven to saturation, obscuring the
relative rain intensities and cores of heavy rain. Addi-
tional distortion is introduced on the plan-position-in-
dicator (PPI) because of the narrow range of brilli-
ance between threshold of visibility and maximum bril-
liance (saturation). As shown in Figure 9-c, only the
base of the received-power wave form is observed on
the PPI with the receiver gain set for maximum sen-
sitivity. The area of the storm isseen on the PPl when
the receiver is set for maximum sensitivity (step 1).
The core of heaviest rain cannot be distinguished on
the PPI since the power returned from the heavy rain
intensities saturate the circuits. When the receiver
sentitivity is reduced to the next fixed setting (step 2),
greater received power is necessary to reach the thres-
hold of visibility. Therefore, it is necessary for the
rain intensity to be greater to produce a detectable
signal. The extent of the storm as seen on the PPI at
receiver gain step 2 represents rain-intensity contour
2 (Figure 9-c). Reducing the receiver gain by further

steps redpces the sensitivity until only the received
power from the core of heaviest rain produces a visible
image. If the region of the storm on the PPI is re-
corded at each gain setting, superimposing the outlines
of the regions will produce radar rain-intensity con-
tours similar to the actual rain-intensity contours.

A series of pictures taken on 28 July 1951, (Figure
10) illustrates the effect that reducing the receiver
gain by steps will have upon the PPI pattern. These
were obtained with the automatic recording and gain
stepping circuit. The entire series was taken in a
period of one minute and five seconds. The first pic-
ture, step 1, was taken with maximum receiver sensi-
tivity. The circles are range markers at 10 and 20
nautical miles. Most of the white dots and irregular
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STEP 6
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areas within the 10-mile range marker are ground re-
turn. Two relatively large areas within the 10-mile
range marker and due west of the radar set represent
precipitation.  All white areas beyond the 10-mile
circle also represent rainstorms. A 24-hour clock, a
date card, and the frame number of the film strip are
shown in the right hand section of each photo.

The second photo, step 2, was taken with reduced
receiver sensitivity. All precipitation arcas are con-
siderably smaller than in the first photo and represent
areas of heavier rainfall. The sensitivity was further
reduced in the photos for steps 3, 4, 5, and 6. The
heavier cores of precipitation were further defined with
each reduction in receiver sensitivity.

Automatic Film Recording System

It is relatively simple to use a camera to record
the PP1 image on film, although some special tech-
niques must be used. The PPI tube face has two phos-
phors; one delivers a very short duration blue flash and
the other a persistent yellow glow that, with a color
filter, enables the operator to observe all echoes and
determine their location. The yellow glow is not of
sufficient brilliance to record on the film but the blue
flash has high brilliance, and, when the color filter
is removed, a good photographic image can be obtain-
ed. The camera shutter must be held open for at
least one complete revolution of the antenna so that
the flash of every echo can be recorded (6).

Originally a war-surplus GSAP 16-mm camera was
used to record the PPl image, the antenna making about
two revolutions during each exposure. The pictures
obtained were good, but the camera magazines were
continually jamming. A 35-mm still camera was also
used, but the radar operator had to hold the shutter open
for each exposure and then advance the film by hand.
With this method a picture was taken every 15 minutes,
but even during this short interval of time, new storm
developments were often missed.

A Bolex H-16 (16-mm) movie camera was then
obtained and a circuit built to hold the shutter open
during a complete revolution of the antenna. A cam
on the antenna momentarily closed a microswitch once
each revolution. The pulses from the switch operated
an impulse relay (Advance Relay Company, Type 904).
This relay acted as an "on-off" switch; one impulse
closed the contacts and the next impulse opened the
contacts. Closing the contacts energized the solenoid
which was mechanically linked to the camera shutter
slide. When the solenoid was energized, the shutter
was held open, making an exposure of the PPI every
other revolution of the antenna. One winding of the
camera spring operated the camera for 2 1/2 hours at
an exposure rate of one frame every 10 seconds.

Receiver Sensitivity Control.

Only two methods of obtaining radar-rain- intensity
contours were known to be in general use at the time
of development of the automatic receiver sensitivity
control. A manually-controlled calibrated gain dial
was one method. Video-inversion circuits were used
in the other method (5) (7).

The calibrated-receiver gain-dial method only re-
quired replacing the regular sensitivity control knob
with a calibrated dial, so the receiver-sensitivity con-
trol potentiometer could be accurately controlled. The
dial was calibrated in echo power necessary for thresh-
old of visibility onthe PPI. The radar operator changed
the gain to various settings while taking a photograph
of the PPl image on each setting. The operator enter-
ed the receiver gain setting for each picture in a log.

The video inversion method presented the storm
structure as alternate bright and dark bands. The light
rain around the outside of the storm appeared bright,
while the heavier rain appeared as a bright area in
the center of the storm.

It was concluded that neither method filled all
the immediate requirements. Several contours were
desired, so additional tubes and associated circuits
would have been necessary for video inversion. Also,
the steep rainfall gradients in a thunderstorm would
have produced very closely-spaced contours and made
it difficult to separate them. Keeping an accurately
written record of gain settings would have become
quite a task if several pictures were taken every min-
ute, so this method was also rejected. Since an auto-
matic system of film recording was desired, the auto-
matic system ofreceiver sensitivity control operating in
synchronism with the camera was developed.

Automatic Sensitivity Control

The basis of the sensitivity control circuit is a
multiposition stepping switch that changes the receiv-
er gain by fixed steps. The antenna switch used to
control the camera also controls the stepping switch.

Figure 11 is a block diagram of the APS-15 and
modifications for automatic film recording and receiv-
er gain control. The receiver gain control establishes
the bias voltage on the first three i-f stages and thus
controls the receiver sensitivity level. Inthe modified
circuit a voltage divider network with 10 taps provides
fixed gain steps. The receiver gain dial is used to
establish the level of the voltage divider network.

The impulse from the antenna microswitch oper-
ates both the stepping switch rotator and impulse relay
in synchronism. The stepping switch contacts are con-
nected in pairs so two impulses are required to change
taps on the voltage divider. Likewise, two impulses
are required to complete the operation cycle of the
camera control circuit. Assume the stepping switch
is on the first contact and the solenoid is de-energized.
The first impulse from the antenna microswitch will
advance the stepping switch to contact No. 2 and at
the same time switch the impulse relay to "on" posi-
tion, energizing the solenoid. The solenoid holds the
camera shutter open for the period "T" between
pulses, providing an exposure time of one complete
antenna revolution. The second impulse will advance
the stepping switch to contact No. 3 and also switch
the impulse relay to "off" position. This process is
carried through the desired number of steps and then
repeated.
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Figure 12 is the schematic of the stepping switch
circuit. The particular stepping switch used is spring-
driven with six contact levels and 20 contacts on each
level. Level No. 1 is the receiver gain control cir-
cuit, No. 2 is not used; levels No. 3 and No. 4 are
used as an indicator circuit to show the position of the
switch. Levels No. 5 and No. 6 provide a selector
circuit which will advance the switch to the normal or
home position (on contact No. 1) from any of the in-
termediate positions.

The double-ended wipers are mounted on a shaft
together with a ratchet wheel, and can only rotate in
a clockwise direction. The 20 contacts are arranged
in a semicircle so that one end of the wiper will tra-
verse the 20 contacts in a half-revolution. As one end
is leaving the contact 20, the other endis approaching
the first contact. The receiver gain divider network is
made up of resistors R-1 through R-9. They are of
low value, ranging from 220 ohms to 550 ohms. The
values desired may vary with receivers and desired
sensitivity distribution. An approximately logarithmic
change in receiver sensitivity between steps was de-
sired for this particular application.

The sensitivity control is a dual potentiometer
with linear taper which is controlled with a calibrated
dial mounted on the control panel. It is used to com-
pensate for changes in over-all radar sensivity that
occur due to aging of tubes and components. The dual
potentiometer maintains a constant voltage across the
resistor network but changes the voltage with refer-
ence to ground. This maintains a constant voltage
between steps. The step spread potentiometer changes
the ratio between steps. Raising the tap above ground
increases the voltage across the divider network, thus
increasing the change in sensitivity between steps.
Changing the step-spread control will change the re-
ceiver sensitivity and necessitate resetting of the sen-
sivity control. This is not important because the step-
spread control is a screw-driver adjustment and is sel-
dom changed.

The receiver sensitivity calibration curve is shown
in Figure 13. The step position is roughly a function
of the logarithm of the received power. This makes
the step position a semi-logarithmic function of the
rainfall intensity. This is explained more fully later
in this report. The step-level control will shift the
entire curve up and down. The maximum sensitivity
on step 1 is dependent on the signal-to-noise ratio.
For the APS-15 radar, the threshold signal that can be
observed in the noise is about 0.4 micro-microwatts.

The selector circuit enables the radar operator to
return the switch to the start or home position and to
select the number of steps the circuit will automatical-
ly scan. If the rain is a light shower, the third or
fourth step will reduce the sensitivity to a point where
the rain will no longer be visible on the PPI. If the
rain is intense, the sensitivity may have to be reduced
to step 7 or more before the signal is reduced to the
threshold of visibility. The stepping circuit provides
a maximum of 10 steps. Since, with a light rain, the
PPI will be blank from step 3 or 4 through 10, it is
desirable to return the circuit to the "home" position

after the first four steps are completed.

The spring-driven stepping switch has provisions
for rotating the wipers to the "home" (contact No. 1)
position. A set of normally-closed, interrupted contacts
are connected to the rotator coil circuit. These nor-
mally-closed contacts are opened each time the rotator
coil is energized. Applying a D. C. voltage between
the contacts and ground causes the switch to rotate in
a self-interrupted or buzzer type manner.

The selector switch and level No. 5 automatically
"home" the stepping switch after it has advanced the
desired number of steps. In the circuit diagram the
selector switch is set so the stepping switch will return
to the "home" position after advancing through three
receiver gain steps. The 24 V.D.C. is applied to the
wiper of level No. 5. Contacts No. 9 through No. 20
are all shorted together by the selector switch. When
the wiper reaches No. 9,,the circuit is completed
through the selector switch to the normally-closed,
interrupted contacts, causing the switch to rotate the
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wipers until "home" position, contact No. 1, isreached.
If seven receiver-gain steps are desired, the selector
switch is set at position 7 so the switch will not "home"
until contact No. 15 is reached. The operator can
"home" the stepping switch by moving the 3-position
control switch to the "home" position. This applies
the 24 V.D.C. to the wipers of level 6, and the stepping
switch will rotate until contact No. 1 is reached.

For analysis purposes the receiver gain step should
be recorded on each frame of film. Also, the radar
operator often wishes to know the position of the step-
ping switch. Two sets of step position indicator lights
are connected to levels 3 and 4 and indicate the re-
ceiver gain step position. On step 1 (contact No. 1 or
No. 2) light number 1 will be on. Step 2 (contact
No. 3 or No. 4) will light number 2. By using com-
binations, only four indicator lights are needed to show
the 10 steps. One set of lights is mounted in the camera
box for recording on the film, while the other set is
mounted on the operator's panel.

Fairchild Type-A Recording Camera

A Fairchild, Type-A, PPI recording camera was
obtained in June 1951. This camera is especially de-
signed for PPI photography and mounts directly in the
front of the APS-15 radar indicator. Adichroic mirror
reflects the blue flash from the P7 phosphor, but trans-
mits the long persistent yellow light to the observer's
eye. A second optical system records the clock, data
card, and frame counter. Six small indicator lights
shine through holes in the data card (Figure 14). Four
of these are used to record the step number. The other
two are not used.

Figure 14 is a series of pictures taken with the
Fairchild camera on September 12, 1951. The radar
scope is on 28-mile range with 10-mile markers show-
ing. The APS-15 radar, with which these photos were
taken, operates on 3.2 cm wave length and has a 2.7°
beam width and a 2 micro-second pulse length. The
narrow antenna beam width and excellent resolution of
the 35 mm image presents the fine, intricate detail of
variable rainfall intensities within the storm. The re-
ceiver sensitivity values of received power (in db below
one milliwatt) for threshold of visibility on the PPI are
indicated below each photo.

This particular storm was a squall line associated
with a cold front, traveling from the west at 20 mph.
The first picture shows the area of rainfall within 28
miles of the radar. A solid, irregular line of rain ex-
tends from the southwestern edge of the scope to 20
miles north. There is a 3-mile break and then a cir-
cular cluster about four miles in diameter offthe edge
of the scope to the north. The shaded segment on the
clock face from four minutes to nine minutes is the
movement of the second hand while the 5-second ex-
posure was made. Five black dots are showing on the
data card. The light is on in the sixth position in the
upper right hand corner, indicating the stepping switch
in on step number 1. The frame counter is visible at
the very bottom. The second picture ison step 2. The
area of rainfall is only slightly reduced. Note the mid-
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dle light of the upper row on the data card is on. An
appreciable change in echo area can be seen in step
3. The areas of lighter rainfall are no longer visible.
In step 5 the cores of heavier rainfall are readily dis-
cernible. The isolated cluster 25 miles north has only
one very small echo showing. The storm area is pro-
gressively reduced until in step 8 only a few of the
heaviest cores are discernible, the echo nine miles
due west being most prominent. On step 9 this is the
only echo showing, and on step 10 it is eliminated.

A continuous series of scope pictures such as these
for the duration of a storm over a small watershed
provides a complete, detailed, and continuous record
of the rainfall distribution and intensities.

Radar Calibration

Figure 15 is the theoretical radar-rainfall inten-
sity calibration for the APS-15 on 12 September 1951.
This calibration is based upon the relationship develop-
ed by Marshall, Langille, and Palmer (8).

pR2

LogEIH—Pt =1.72 Log 1 - 17.527

Pr = Received power—watts

R = Range—meters

C = Summation of various radar parameters
which remain constant for the particular
radar set used

H = Pulse length---Meters

Pt = Power transmitted—watts

I = Rainfall intensity—mm/hr

The radar constants for the APS-15 and conversion

factors were inserted to obtain:

2
Log .PPI:_‘_ = 1.72 Log I - 12.538

P, = Received power—watts
R = Range—nautical miles
P, = Power transmitted—watts
I = Rainfall intensity—in/hr
The calibration curve indicates the importance of the
range. A contour of step 2 at 12 miles would be the
same rainfall intensity as step 1 contour at 30 miles.
When the calibration curve was applied to the
isoecho patterns (outline of equal received power from
a storm) of Figure 14, very high rates of rainfall were
indicated. Step No. 5 at 10 milesis a rate of 0.6 inch
per hour and at 20 miles is 2.0 inches per hour. In
picture No. 5, a considerable portion of the storm area
is showing, the echoes at 10 miles havingrainfall rates
over 0.6 inch per hour and those at 25 to 30 miles hav-
ing a rate over 1.5 inches per hour. The calibration
curve indicated the cell 9 miles west had an intensity
of over five inches per hour. The network of 33 re-
cording rain gages located between 15 and 22 miles
west northwest of the radar station recorded a max-
imum intensity of seven inches per hour.

Where:

Where:

Discussion of Intensity Contour Recorder
This method of obtaining radar-rainfall intensity
contours has proven to be a relatively simple and re-
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FIG. 14 A SERIES OF PICTURES OF THE 12 SEPTEMBER 1951 STORM AS SHOWN ON THE APS-15 PPI
ON 28-MILE RANGE



liable method. The stepping switch and Bolex H-16
camera were used during the entire summer of 1950
and in the spring of 1951. The equipment operated
without any trouble except for routine replacements
and maintenance. Over 4,000 feet of 16-mmfilmwas
exposed with the Bolex camera over a year's period.

About 2,500 feet of 35-mm film record for 1951
summer rainfall was obtained with the Fairchild camera
with almost no trouble. The resolution of the 35-mm
camera and film was better than the 16-mm camera,
making the 35-mm more desirable where the fine de-
tail of the storm was desired.

100

13

This technique of obtaining radar rain-intensity
contours can be adapted to almost any radar equipment.
A number of circuit arrangements can be easily made
to fit the stepping switch operation with the particular
camera. The Fairchild camera transports the film
quite rapidly so an exposure can be made for every
revolution of the antenna. The stepping switch will
operate in synchronism with the Fairchild camera if
each individual contact of the bank isused, rather than
binding them together in pairs as is shown in the sche-
matic.
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Analysis of Data and Discussion

Correlation of Radar Data* With Raingage Data

Rainfall Distribution Patterns

Radar-Rainfall Pattern

Using the automatic sensitivity control and camera
while rain was falling over the Goose Creek network,
resulted in a film record consisting of a series of pic-
tures taken over approximately one-minute intervals
during a storm. The number of pictures (steps photo-
graphed) in each series was dependent upon the rain-
fall intensity. Each picture or frame of a series was
enlarged approximately 50 diameters and projected
onto a base map of Goose Creek network. The portion
of the echo pattern which fell within and just outside
the network boundary was outlined on the base map.
The echo outlines obtained for each step in a series
were superimposed one on the other to obtainan echo-
intensity contour map of the rain shower (Isoecho pat-
terns, Figures 16, 17, 18, 19, and 20.)

Raingage-Rainfall Pattern

The raingage charts from the 33 recording rain
gages on the Goose Creek network were each enlarged
eight diameters by projection so that rainfall accum-
ulative amounts could be read from them at one-min-
ute intervals. These readings could be made quite ac-
curately to 0.005 inch. One-minute rainfall amounts
were then obtained from subtractions between the suc-
cessive accumulative one-minute readings.

One-minute rainfall values were plotted on base
maps of the Goose Creek network and one-minute
isohyetal maps were drawn. These isohyetal patterns
are 1illustrated in Figures 16 to 20 inclusive, where
they are shown with corresponding isoecho maps. A
time lapse between the isoecho map and the isohyetal
map was necessary to permit raindrops viewed by the
radar beam at an altitude of several thousand feet to
reach the rain gages. The matching of isohyetal and
isoecho maps was done by comparing the over-all pat-
tern between the two maps. Generally the leading
edges of both maps were the best criteria for matching
the maps.

The question will no doubt arise as to why such
short intervals as one minute were used for the ra-
dar and rainfall correlation maps. Large variations
in rainfall rates and radar and rainfall patterns from
minute to minute may be expected, especially from
rapidly moving squall lines. Figure 16 is an example
of this and shows 3 one-minute mapsfora five-minute
period during the 26 September 1951 storm. Note the
rapid build up in the cell and the rapid movement
during the five-minute period. In Figure 17 the storm

*All analysis based on APS-15 radar data.

continues to move rapidly across the network. Note
the changing isohyetal and isoecho pattern as cells
move onto the network and merge with the leading
cell. After numerous trials with five-minute maps and
other intervals it was decided that the best similarity
of patterns was obtained by using the shortest practic-
able time period, one minute. For light rains of the
warm front type which show only slight intensity vari-
ations with time, (Figure 18) longer intervals could
no doubt be used with a considerable degree of con-
fidence. Most of the data are from thundershowers
that display many short-period intensity fluctuations
on the raingage charts (Figures 3 and 4) and radar
photos as well as high rates of rainfall as illustrated by
Figures 16, 17, 19, and 20.

Point Comparison

Precipitation Echo Intensity and Rainfall Rate at a Point

One objective in this investigation isto determine
the ability of radar to measure quantitative rainfall
rates at a point on the ground. The relationship be-
tween rainfall rate at a point on the ground and the
rate computed from radar observations above the same
point can be shown by time profiles for each of the 33
Goose Creek gage locations for the storm of 26 Sep-
tember 1951. Radar observations and corresponding
point rainfall data at several gage locations are illu-
strated in Figures 21 to 24 inclusive. Raingage rate
curves are based on one-minute amounts. Correspond-
ing radar-rate curves are based on rates computed by
substituting radar received-power measurements and
the characteristics of the APS-15 set in the equation,

1.72
Y it
Pr = K13

P, equals power received from the rain drops in watts,
I is the rainfall rate in inches per hour, R is distance
from the radar set in nautical miles, and K is a con-
stant, which includes the characteristics of the radar
set.

Each comparison indicates that a rain echo oc-
curred directly over the gage location before rain was
recorded at the gage. This result may be explained
by the fact that the radar observations represent rain-
drops which occupy a depth of 5,000 feet (vertical
cross section) above the Goose Creek network at a
range of 20 nautical miles from the radar set. Con-
sequently, the lag between the radar observation and
the ground observation is due to the time that is requir-
ed for rain to fall from the radar observed volume to
the ground level. The time required for a raindrop to
fall from a given height will vary with the diameter of
the drop and with the speed and direction of vertical
wind movement. Free falling drops, 1 mm and 5 mm



FIG. 16 COMPARATIVE RAINFALL MAPS
Rainfall in inches per hour for 26 September, 1951.
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RADAR SCOPE PICTURE AT 1922005 WITH 10 MILE RANGE MARKERS. RADAR SCOPE PICTURE AT 2010:30 WITH 10 MILE RANGE MARKERS.

FIG. 17 COMPARATIVE RAINFALL MAPS AND SCOPE PICTURES
Rainfall in inches per hour for 26 September, 1951
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ISOHYETAL PATTERN

1SOECHO PATTERN

FIG. 18 ONE MINUTE MAP, JULY 22, 1951

in diameter, will require about 3.2 and 14 minutes,
respectively, to reach the ground from an altitude of
2,500 feet. Drops would require less time to reach
ground level if they were falling in adowndraft region
of the rain cloud, longer if contained in an updraft
region.

Another prominent difference between the ap-
pearance of the comparative curves in Figures 21 to
24 is the short duration of the radar-rate curve in com-
parison with that of the rainfall-rate curve. This dif-

ference was due to attentuation of the radar beam by
precipitation occurring between the rain gage and the
radar set. Roberts and King (9) determine the at-
tenuation coefficient to be 0.05 db/mi/mm/hr (one-
way transmission) for 3-cm radar. Converting this
attenuation coefficient to nautical miles and inches/hr
gives an attenuation rate of 1.46 db/nauticalmi/in/hr.
Raingage measurements along radials for the 26 Sep-
tember storm indicated that an average rainfall rate
of 1.2 inches per hour occurred quite frequently in a
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ISONYETAL PATTERN
FIG. 19 COMPARATIVE RAINFALL MAPS

Rainfall in inches per hour for 12 September, 1951
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FIG. 20 COMPARATIVE RAINFALL MAPS AND SCOPE PICTURES
Rainfall in inches per hour for 12 September, 1951
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precipitation zone five miles in depth. An average
rainfall rate of this magnitude would cause a loss of
8.8 db as the transmitted signal penetrated the storm
to a depth of five miles. The same loss would occur
as the echo returned, causing a total loss of 17.6 db.
This loss is equivalent to a loss of the first four sen-
sitivity steps onthe automatic receiver-sensitivity con-
trol. At a range of 20 nautical miles, a rainfall rate
of approximately 0.1 inch per hour is necessary to reach
the threshold of visibility on step 1 without attenuation.
At the same range and with a 15 db attenuation loss,
a rainfall rate of approximately 1.2 inches per hour
would be necessary to produce an echo of sufficient
intensity to reach the threshold of visibility on step 1.
An attenuation loss of the order of magnitude discuss-
ed would be sufficient to cause a large part of the back
side of the 5-mile-wide storm of 26 September to be
beyond detection by the radar beam.

Differences in the quantitative rates of the com-
parative curves (Figures 21 to 24) are partially due to
horizontal drift of the raindrops while falling from the
radar volume to the ground level. A constant hori-
zontal wind component of 20 miles-per-hour would
carry a raindrop 1/3 mile in one minute of fall time.
The horizontal distance on the ground over which the
drops in a radar beam cross section may be distributed
were estimated within the limits of five conditions:
() The vertical width of the radar beam over the
center of the raingage network (20 miles from the radar
set) extends from 200 feet above ground level to 5,000
feet above ground level; (2) Raindrops are assumed to
be randomly distributed throughout a beam cross-sec-
tion; (3) Raindrops falling through the cross-section
range from 0.1 mm to 4.0 mm in diameter; (4) The
vertical velocities due to updrafts and/or downdrafts
are assumed to be zero; (5) The horizontal component
of motion is taken to be constant at 20 mph between
the surface and 5,000 feet. Using these conditions, drift
computations were made for drops in the top and
bottom of the beam. It was found that raindrops which
produce the echo over a point on the ground under the
given conditions may be distributed horizontally be-
tween .04 mile and 33.5 miles downwind from that
point. However, since drops less than 1 mm in dia-
meter contribute very little to the rainfall rate
and comparatively little to the intensity of the radar
echo in thunderstorm rainfall, it is more practical to
consider a range of drops from 1 mm to 4 mm in
diameter. The distribution would then be within a
horizontal distance of .04 mile to 2.08 miles down-
wind from the radar observation point. This horizontal
distribution of raindrops on the surface is considerably
greater than the width of the radar beam itself.

The above results would be altered considerably
by other factors which were omitted from the assump-
tions. For example, the velocity of fall of a raindrop
is often influenced by vertical components of velocity
due to updrafts and downdrafts in the cloud. The ef
fect of upward and downward air movement within the
rain cloud would be a function of the intensity of the
meteorological factors causing them at different stages
of development of a thunderstorm. Byers and Braham
(10) have reported that updrafts dominate the vertical

motion in a thunderstorm cloud during the early stage
of development with a change to a downdraft motion
as the storm progresses and finally to a very weak down-
draft motion as the storm dissipates. During the course
of these changes in stage of development, Byers and
Braham (10) have reported that vertical drafts, both
upward and downward, up to 20 feet per second may
exist at an altitude of 5,000 feet. Updraft and down-
draft motion was not measured below this level, but
horizontal convergence and divergence at the surface
under a thunderstorm cell indicated that vertical wind
motion existed between the surface and 5,000 feet.

The horizontal wind field between the surface and
the height at which the raindrops are detected by the
radar beam is seldom uniform in speed and direction
as indicated by upper wind observations. Byers and
Braham (10) have shown that the normal, smooth pat-
tern of the wind field in which the thunderstorm cell
is embedded is destroyed in the vicinity of the cell.
These factors make the assumption of a constant, hori-
zontal-wind component between the surface and 5,000
feet a very rough approximation.

From the above discussion, it is certain that the
intensity of a radar echo observed over an observation
point should not be expected to correlate well with
the intensity of the precipitation at that point and at
that instant. Point rainfall rates on the ground must,
therefore, be limited in comparisons with radar rate
observations to those cases where relatively large
homogeneous-echo-intensity volumes move across a
gage position.

An estimation of the minimum areal extent of
equal-echo-intensity needed for successful correlation
between a one-minute raingage amount and echo in-
tensity over that rain gage may be determined within
the limits of the following conditions: (1) radar-beam
height extends from 200 feet above ground to 5,000
feet above ground; (2) no distortion of radar observa-
tion due to beam width; (3) free-falling raindrops;
(4) a uniform horizontal drift component of 20 mph
from the surface to 5,000 feet; (5) let the raingage
one-minute sample be considered only for the time
when drops of 1 mm to 4 mm in diameter from the
top and bottom of the beam are being collected.

In Figure 25, let it be assumed that the line AB
represents an instantaneous radar observation. Drops
of 1 mm to 4 mm in diameter from point A will fall
between points Ay and Aj, respectively. Let A; be a
raingage location also. Then, in order to get drops of
size 1 mm to 4 mm from the top of the beam to fall
into the gage at the same time, the width of the echo
must be extended forward from AB to CD which repre-
sents an echo of 1.15 miles in length. In addition, in
order to have drops of size | mm to 4 mm arriving at
A, from the base of the beam at the same time drops
of size 1 mm to 4 mm are arriving from 5,000 feet,
the echo must be extended past CD to EF, producing
an echo 2.04 miles long. To maintain this situation
for one minute, the echo would have to be extended
back from AB to GH by an amount equal to 1/3 mile
to allow for the 20 mph forward movement. The echo
passing over the gage would have a minimum length of
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Stagnont Air, Uniform 20 mph Horizontal Wind,
and Roindrops (~qmm 0 Diometer Were assumed,

2.37 miles. This example indicated the difficulty in
correlating raingage and radar point-rainfall observa-
tions unless the radar echo is relatively homogeneous
over a considerable area.

Point Rainfall Amounts Computed from Radar Data
For the 26 September 1951 storm, point radar-
rainfall calculations were made for each of the 33
raingage locations. Each point value is the product
of the amount of time which each step (receiver-sen-
sitivity setting) was over each gage location and the
"apparent" rate of rainfall as determined from the

equation by Marshall, Langille and Palmer (8). Total
rainfall patterns as determined from raingage and radar
observations are shown in Figure 26. The individual
values varied from a minimum o0f0.18 inchto a maxi-
mum of 0.75 inch. These compare with a low of 0.26
inch and a 0.79 inch maximum as determined from the
raingage records. The average rainfall as determined
by the point method was 0.43 inch. The mean of the
raingage values was 0.44 inch. The percentage dif-
ference between these two point-rainfall averages was
2 per cent.

The difference of 0.01 inch or 2 per cent error
between the raingages and radar rainfall averages was
not large enough to be statistically significant. This
is evidence that the radar estimated the true network
mean rainfall as accurately as the network of 33 gages.
However, it is evident from Figure 26 that many of the
individual radar-rainfall values at the gage locations
are significantly different from the raingage amounts.
According to the discussion in the previous section
(Precipitation Echo Intensity and Rainfall at a Point)
rather large differences in point comparisons may be
expected from drift and attenuation. The difference
in location of the center of highest rainfall on the
isohyetal and isoecho maps is approximately two miles
which is of the same order of magnitude as reported
for drift in the preceding section. The displacement
was also in the direction of cell movement for this
storm. However, the algebraic sum of these point
differences is very small, which accounts for the small
deviation between the raingage and radar mean rain-
fall amounts.

From the above discussion, it may be concluded
that the average of the radar point observations esti-
mated the mean rainfall very accurately. A reason-
ably accurate, areal-distribution pattern was also ob-
tained from the radar-point values, although the dif-
ferences between radar and raingage observations at
specific points were often considerable. This is evi-
dence that observations with a calibrated radar can be
used as an aid in preparing isohyetal maps over areas
of widely-spaced raingage observations.

Area-Depth Method

Because of the evident difficulties with correlating
point rainfall measurements with radar observations, it
was felt that an areal comparison between rainfall
amounts computed from the radar and raingage net-
works might be more satisfactory than a point analysis.
The areal analysis offered a possibility of minimizing
the difficulty arising from the drift of raindrops away
from any particular raingage location while falling
from the height of the radar observation. The areal
method used was somewhat similar to that suggested
by Byers and collaborators (11), in which horizontal,
cross-sectional areas of different echo intensities were
considered representative of different precipitation
echo volumes.

In assembling the data for areal studies, values
were used only for radar cores of rainfall located at
least one mile within the boundaries of a theoretical
watershed. This theoretical watershed is outlined by
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the dashed polygon in Figure 2. Isoecho maps en-
closing areas within each gain step were drawn from
the PPI photographs for each one-minute interval.
Similarly, one-minute isohyetal maps were drawn from
the raingage-network data. A correction for the time
lag between observations of the rain aloft by the radar
and recording of it by the rain gages at the surface was
made by superimposing isohyetal maps for several con-
secutive minutes upon a given isoecho map. The
isohyetal map most closely matching the isoecho pat-
tern was then used for comparison purposes. No cor-
rection for drift was made. By selecting storm cores
well within the watershed boundaries, it was assumed
that the rain observed by the radar would reach the
ground within the watershed boundaries.

The area enclosed by consecutive isoecho and
isohyetal lines were planimetered on corresponding
one-minute radar and raingage rainfall maps. Curves
of area vs. step for the isoecho map and area vs. rain-
fall for the isohyetal map were then drawn. Figure 27
is an example which shows the area-step and area-rain-
fall curves for the isoecho and isohyetal patterns at
the bottom of Figure 16. The area corresponding to a
given step was then determined from the radar ''area-
depth" curve to obtain the actual rainfall corresponding
to this area within the watershed. This procedure was
repeated for each step and for each one-minute inter-
val under consideration. The calculated rainfall step
values obtained for each step in this manner were
averaged to obtain a mean value for the entire storm.
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FIG.27 ONE-MINUTE AREA DEPTH CURVES PREPARED
FROM RADAR AND RAINGAGE DATA FOR THE STORM OF
26 SEPTEMBER 1951 OVER GOOSE CREEK NETWORK

The mean values were then plotted against the cor-
responding gain steps for various storms to produce the
curves shown in Figure 28. The small number beside
each point on the curves indicates the gain step. The
power range factor was used as an ordinate since the
calculated intensity of radar-observed rainfall is a
function of power transmitted, power received, and the
square of the range.

Results

Four curves correlating the radar-received power
with the rainfall rate measured by the concentrated
raingage network are shown in Figure 28. Also in-
cluded is a curve obtained by applying the radar equa-
tion of Marshall, Langille, and Palmer (8) tothe aver-
age for the computed power return to be expected for
the radar used in 1951, and a curve developed by
Atlas (12) in 1948.

Curves I, II, and IIl were all derived from one
storm day, 22 July 1951. Reference to the recorded
gain-steps shows that, for a given rainfall rate, these
three curves included the greatest power received, the
least power received, and the approximate average of
the logarithms of the powers received. These curves in-
dicate that one or both of two processes was taking
place. One possibility is that the transmitted power
was decreasing, or the sensitivity of the radar was
changing to a less sensitive value during the day; and
the other possibility is that a significant change oc-
curred in the mean drop diameter or reflectivity for a
given rain intensity. It seems possible that the radar
parameters changed during the day. No power meas-
urements were made on 22 July. A power measure-
ment was made on 17 July when the peak-transmitted
power was found to be 27 kw and the receiver thresh-
old of visibility 85 dbm (db below 1 milliwatt). An-
other power measurement was made on 24 July when
the peak-transmitted power was found to be 21.5 kw
and the receiver threshold of visibility 93 dbm. It
will be noted that Curves I and II change in slope at
approximately 1.5 x 10-13 square miles and it is con-
ceivable that Curve III would have changed slope at
the same value had the power received reached that
value.

The data determining Curve IV were collected
before the radar video strip was modified to correct
for the presence of attenuation in the circuitry. This
curve included raingage rainfall rates as high as 1.64
inches per hour which would also cause appreciable
attenuation of the reflected signal. It would appear
that the attenuation from these two sources caused the
radar to indicate exceptionally low values of power
received for a given rate. It is thought that the ap-
parent attenuation in the video strip was a major fac-
tor.

Curve V tends to follow a slope similar to that of
the Atlas curve between 0.2 and 0.4 inch per hour,
then decreases in slope. Its shape is thought to be
partly due to attenuation resulting from a small core
of very heavy rain, which was located near the for-
ward edge of a relatively large area having a rainfall
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rate of about one inch per hour. This would have
caused a considerable portion of the rainfall in the
larger area located to the rear of the small intense
core to be obscured from the radar through attenuation.
A much smaller echo area than actually existed would
therefore have,appeared on the radar scope. In mak-
ing comparisons with the Atlas curve, it should be re-
membered that the Water Survey curves were drawn
through points obtained by averaging all rainfall rates
in a given storm for each gain step intensity; while
the Atlas curve is a regression line based upon ob-
servations from a number of storms.

Another possible explanation for the peculiar
shape of Curve V is the deviation from Rayleigh
scattering at 3.2-cm wave-length as suggested by
Wexler (13). Changes in slope, which,occur in sev-
eral of the curves in Figure 28, may be associated
with changes in reflectivity due to changes in the
drop-size distribution with increasing rainfall rate.
This does not apply very well to curves III and IV.
However, these two curves were obtained from obser-
vations under a certain synoptic weather condition, a
perturbation on a stationary front. This suggests that
there may also be a significant shift in drop-size dis-
tribution between various synoptic situations.

Network Mean Rainfall Computed from Radar Data

Quantitative rainfall comparisons were made be-
tween raingage and radar observations of four storms.
Data from other storms observed during the 1951 sea-
son were eliminated, several due to severe attenuation
by rainfall at the radar station while rain was occur-
ring over the network. Other storms either produced
very light rainfall or passed along the edge of the. net-
work. In a few cases, mechanical difficulties and hu-
man errors prevented obtaining a complete record of
precipitation echoes over the network from the begin-
ning to the end of the storms.

In order to determine the total volume of rainfall
represented by an individual isoecho map, it was as-
sumed that the areas enclosed by isoecho contours were
representative samples of precipitation-echo areas dur-
ing the period from the starting time of one series of
gain steps to the starting time of the next series. The
volume of rainfall over the network wasobtained from
the products of the areas between adjacent isoecho
lines, the duration of the step series, and the "apparent
rainfall rates", summed over all series of the rainfall
period. The rainfall rates used in this summation were
computed for an average range of 18 nautical miles by
substituting the proper values for the radar character-
istics in the formula presented by Marshall, Langille,
and Palmer (8) which was noted previously.

Results of this study are summarized in Table 1.
The 22 July storm presented some interesting data. A
single thunderstorm cell passed over the center of the
network. The isoecho contour lines were not tightly
packed. The thunderstorm cell moved rapidly across
the network. Rain did not fall at all stations. The
maximum point-rainfall value observed was0.32 inch.
The radar indicated that 29 per cent lessrain fell than

Table 1 -- Radar Raingage Summary of Four Storms Over
Goose Creek Network

1951
% Radar,
Depth of Rainfall fin.) Rain-
Rain Gage Average Gage Equivalent
Rain Differ - Raingage
Date Time Min. Max. Gage Radar ence* Density

7-22 21:28-55  0.00 0.32 0.07 0.05 -29 35 sq. mi. / gage

8-20 17:15-40 0.09 0.24 0.12 0.19 +58 125 sq. mi. / gage

9-12 17:10-54  0.17 0.79 0.44 0.18 -59 300 sq. mi. / gage

9-26  20:10-50  0.26 0.79 0.44 0.40 -9 20 sq. mi. / gage

* 4 greater than raingage average,
- less than raingage average.

was actually observed by the gages. By extrapolating
in Figure 29, it was possible to express precentage
difference between the raingage and radar values in
terms of accuracies that might be expected from net-

works of varying raingage densities. It was concluded
for this storm that the radar was as accurate as one
rain gage per 35 square miles.

The 20 August storm was one in which wide-spread
rain fell over the entire area and rainfall rates were
fairly low. In this case the radar indicated 58 per cent
more rain than was actually observed by the rain gages.
The radar was as accurate as one rain gage per 125
square miles.

For the 12 September storm in which a rapidly
moving squall line passed over the network, rainfall
rates as high as 5.4 inches per hour were experienced.
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FIG. 29 EFFECT OF GAGE DENSITY ON PERCENT ERROR
FOR VARIOUS STORM RAINFALLS. 95 SQ. MI. AREA, 1948-
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Total rainfall as measured by radar was 59 per cent
less than the actual precipitation. This was exceed-
ingly disappointing since the isoecho maps and isohyetal
maps corresponded closely. In spite of the large dif-
ferences between the radar-rainfall and raingage-rain-
fall which may have been due to attenuation, the radar
appeared to give results in measuring areal rainfall
equivalent to one rain gage per 300 square miles.

Rainfall which occurred over the network on 26
September came from a portion of a long, narrow,
cold-front squall line which moved rapidly. Total
storm average rainfall was computed from radar data
to be 0.40 inch, which was 9 per cent less than the
raingage value. For the storm the radar observation
was as accurate as a raingage density of 20 square
miles per gage.

From this study, it may be concluded that the
measurement of areal thunderstorm rainfall by radar
was, in the least satisfactory case, as accurate as that
obtained by a raingage network of one gage per 300
square miles, while in other cases, it was considerably
more accurate.

Movement of Precipitation Echoes

A study of the direction of thunderstorm cell move-
ment was undertaken to determine the most probable
direction of movement in the vicinity of the Goose
Creek raingage network. Movement of thunderstorm-
type rainfall was determined for 11 storms in 1951.
Positions of two or three cells in each storm were plot-
ted at approximately one-minute intervals for several
minutes.

27

Although successive positions of a cell did not fall
exactly on a straight line, the general direction of
movement was well represented by a straight line.
Arrows representing direction of storm cell movement
are shown in Figure 30. The double arrow represents
the average or the most probable direction based on
the sample of 11 storms. The range in direction of
cell movement was from 215 degrees to 320 degrees
with an average direction of 265 degrees. The average
speed of each precipitation-echo cell during the period
of observation was also calculated.

Speed and direction of corresponding rainfall cells
on the isohyetal maps were determined in a similar
manner for several cases where rainfall cells on the
network could be identified with precipitation echo
cells. The path of an isoecho cell and the apparent
corresponding rainfall cell are shown in Figure 31.
The plotted paths give the impression that the move-
ment of the echo center was much more uniform in
speed and direction than the isohyetal record. How-
ever, the true path of the rainfall cell is believed to
be more uniform than is indicated. The major differ-
ence between the two indicated paths between time
20:04 and 20:08 can be attributed to the merging of
the cell in question with a cell of rather indefinite
location to the north. During the four-minute period,
it was practically impossible to identify the rainfall
cell in question. Another cause of difference in the

plotted paths was the fact that the echo center is an
observation in the atmosphere and is thus subject to
some change in apparent location and shape on the
ground due to attenuation and drift of the raindrops
while falling.

Further difficulty was experienced in

STORM
DATE  DIRECTION
A - 7-27-51 321*
8. 7-16-5 303
C- T-22-81 271
[ T- 9-5) 263°
E- 8-20-5 261 5*
F- 6-19-5. 261*
G- 6.26-51 258"
H- 7~ 851 246*
1- 9. 12-51 21T 5"
- 7-31- 5} 263"
N [ o / ¥ « Resultont Direction — 259*
N
\ o
e / Movamant Of Coras By

B g Dirgction From Which
The Storms Moved

e peme Resultont Direchion
Q@ — Romgogs Location
-

FIG. 30 DIRECTION OF STORM CELL MOVEMENT IN THE VICINITY OF GOOSE CREEK NETWORK

DURING TEN 1951 STORMS
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locating the true rainfall cell center because the rain-
gage network was not dense enough to accurately and
consistently determine the true location of precipita-
tion-echo cores of the order of 2 miles in diameter
from minute to minute as shown by the radar.

Speed and direction of the general movement of
the fronts or squall lines with which the cells were
associated were studied. The leading edge ofthe pre-
cipitation echo was assumed to represent the forward
movement of the front or squall line. Isochrones of
successive positions of the leading edge of precipita-
tion zones on isoecho maps gave the direction of front-
al movement and data for computing the speed of
movement.

It was noted that the precipitation echo cells did
not move in the same direction as the front or squall
line with which they were associated. For the 26
September storm, individual cells moved along the
frontal zones as indicated in Figure 32. Positions
of isochrones representing the forward movement of

the precipitation zone are numbered in succession.

The numbered circles correspond to the successive
positions of two cells. Direction of cell movement was

approximately from 245 degrees, while the move-
ment of the squall line was approximately from 315
degrees. This difference of 70 degrees in direction in-
dicated that another component of motion was directing
the cell movement in addition to that of the frontal
movement, i.e., the speed and direction of cell move-
ment was probable the resultant of two main com-
ponents, winds aloft and frontal movement. Cell and
frontal movements of other storms are presented in
Table 2. Those cases where echoes were not in the
immediate vicinity of a front or a squall line were
classified as scattered thunderstorms and are not in-
cluded in Table 2.

Some investigating was done to determine if the
wind aloft at some level ahead of the front or squall
line was a major directional component for cell move-
ment. Vector diagrams were prepared by using a vector
representing the movement of the front with vectors re-
presenting the upper wind at various levels. It was felt
that the resultant of these two vectors at some altitude
might approximate the movement of the cell. The
best-fitting wind levels for each case are tabulated in
Table 2. Wind vectors for 6000 to 8000 feet usually
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Table 2. Comparison of Actual Cell Movement with
Resultant of Vector Diagram.

Storm Wind Resultant of

date level* Vector diagram Cell Movement
1951 Direction Direction  Speed in

in degrees nautical miles in degrees nautical miles

6-26 6000 265 43 260 32
7- 8 **4000 230 40 245 42
7-22 8000 275 32 270 27
7-31 4000 270 24 265 24
8-20 8000 260 42 260 41
9-12 **6000 215 46 215 42
9-26 8000 245 39 250 45

* Rantoul winds aloft, except Johet wind aloft for 9-12 storm
**No winds available above this level.

produced a resultant that gave the best approximation
to the cell movement with the exception of the 4,000
feet reported for the 8 July and 31 July storms.

If wind data above 4,000 feet had been available
on 8 July, a better resultant vector might have been
found with the 6,000-ft. or 8,000-ft. wind vectors.
Wind data to 8,000 feet was available on 31 July. On
this date the wind observation was taken when a cold
front was apparently very near the observation station

according to the synoptic weather map. The wind
veered abruptly from 240 degrees at 4,000 to 290 de-
grees at 6,000 feet and to 300 degrees at 8,000 feet.
The wind at 6,000 to 8,000 feet may have been in the
air mass behind the front and consequently not a re-
presentative wind vector for wind ahead of the front.
This point was verified by an examination of wind a-
loft data at Indianapolis, Indiana, which was definitely
ahead of the front. The wind from 6,000 to 8,000 feet
was from 250 degrees.

It should be pointed out that using the forward
vector movement of fronts and squall lines with wind
vectors at different levels as the two main components
which determine the movement of a cell is only a
rough approximation. However, the evidence indicated
that a relationship existed, either direct or indirect,
between winds from 6,000 to 8,000 feet and cell move-
ment. It is perhaps more logical to expect the winds
aloft, in a layer to exert a greater influence on cell
movement than the wind at one level. A wind vector
at one altitude, however, may very well reflect the
resultant or mean vector for a layer.



Some Factors Limiting the Utility of Radar

for Quantitative Rainfall Measurements

Radar Performance Measurements

The electrical characteristics of a radar set must
be accurately measured when it is used in determining
rainfall intensities. The two parameters that seem to
be most unstable are transmitter power output and re-
ceiver sensitivity. Transmitter pulse length and beam
width may vary in special cases but generally can be
assumed as constant. A one decibel change in either
transmitter power or receiver sensitivity will produce
approximately a 12 percent change incalculated rain-
fall intensity. Thus it is important to know the abso-
lute value of transmitted power and receiver sensitivity
accurately.

The Water Survey has had war surplus equipment
available for checking transmitted power and receiver
sensitivity. The TS-13 and TS-263 operate in the
3 cm range, and the TS-155 operates in the 10 cm
range. These sets are somewhat unsatisfactory. It is
doubtful that the absolute accuracies are better than
plus or minus three decibels, although relative ac-
curacies of a few tenths of a decibel can be obtained.
The calibrated attenuator dials are not finely divided,
so interpolation is necessary to make readings closer
than one decibel. Even if the dials did have fine di-
visions, accuracy would be poor, for the calibration will
vary with the frequency. The specifications fora 9,000
mc f-m test set built by Sperry, the commercial equiva-
lent of the TS-147, specifies a wattmeter accuracy of
* 1.5db, using the calibration curve supplied with the
instrument.

The same difficulties are found in receiver sen-
sitivity measurements. The technique used in obtain-
ing data required that the received power to produce
a barely visible signal on the PPI be known. This
"threshold of visibility" method introduced another
important radar factor, the PPI brilliance setting. The
brilliance must remain constant, or the received power
will vary for threshold of visibility.

The manner in which the signal generator is con-
nected to the wave guide directional coupler is also
important. Experiments were conducted to determine
how RG-8U and RG-9U flexible coaxial cable func-
tioned at 9,000 mc. The attenuation of RG-8U was
much greater than for RG-9U, but even more important
was the change in attenuation introduced when the
cable was bent ortwisted. As muchas 0.3 db/ft change
was noted with RG-9U cable. The RG-8U had even
greater change. If flexible coaxial cable is used
with the test set, itshould be keptto very short lengths.
It would be much more desirable to use flexible wave-
guide.

Effect of Beam Width

The antenna beam width is quite important in
quantitative measurements. The simplest relationship
of received power to rain intensity is based upon the
assumption that the rainstorm completely fills the beam
to the half-power points. Corrections can be made if
the beam is not completely filled but they are compli-
cated and may introduce considerable error (14). The
useful range of the radar is limited to that in which its
beam is completely filled, unless extensive corrections
are made.

The Thunderstorm Project (10) found that the
initial radar echo usually had a height close to the
freezing level although the thunderstorms grew to
heights of over 25,000 feet. Therefore, it is assumed
that the useful range of the radar for quantitative rain-
fall measurement is reached when the upper half-power
point of the beam reaches the freezing level. Figure
33 is a graph showing how the freezing levels and beam
widths will effect the useful range. An earth's effective
radius of 4/3 actual radius has been used. During
summertime thunderstorms the freezing level is in the
vicinity of 15,000 feet. With the 3-degree beam width
of the APS-15, a 3-cm radar, the useful range is 50
miles. The TPL, a 10-cm set, with a beam width of
seven degrees has a useful range of about 24 miles.
However, other radar sets with a one degree beam width
extend this useful range greater than 100 miles.

During late fall and early spring warm front rains,
the freezing level is considerably lower, 10,000 feet
or less. This would greatly reduce the useful ranges.
Even with a 10,000-foot level the useful ranges are re-
duced to 35 miles for the 3-degree beam width and 18
miles for a 7-degree beam width.

These same limitations will apply to storms of
small diameter. The Thunderstorm Project obtained a
mean horizontal crosssectional area of about 10 square
miles from 115 thunderstorms. Assuming the storms
were circular, the mean diameter would be 3.5 miles.
This would impose about the same range restrictions
as the summertime freezing level.

Attenuation By Rainfall

During thunderstorms, rainfall of sufficient inten-
sity to produce considerable attenuation often exists.
No actual measurements of attenuation were taken,
but attenuation values were calculated from rainfall
rates along radials through the core of heaviest rain of
several storms on the 50-square-mile GooseCreek net-
work. These attenuation values are tabulated in Table
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Table 3. Attenuation Introduced by Rainfall 3. One-minute amounts of rainfall from the raingage
Rainfall Rate. charts were used as rates. Attenuation values are equal
Date Time Distance  Weighted average Maximum Attenuation tQ the product of a Weighted average rainfall rate per
nautical  rainfall rate In/hr two way il 1 dial th h th infall he di
miles in/hr/nautical mile db mile along a radial through the raintall core, the dis-
tance along the radial, and an attenuation coefficient.
6-8-51 0055-0056 3 2.63 3.60 23.0 . .. .
The attenuation coefficient used was .05 db/mi/mm/
6-19-51 1134-1135 3 3/4 101 3.60 1.t hr (9). Converting this coefficient to miles and inches
6-26-51 0620-0621 6 112 322 6.00 611  gives an attenuation rate of 146 db/nautical mile/
6-26-51 0621-0622 6 12 2.86 6.12 54.3 lnCh/hr' .
The values of attenuation cover a range from a
6-27-51 20332054 6 12 136 240 26 minimum of 11.1 db on 19 Juneto a maximum of 61.1
6-27-51 20582059 6 112 2.07 3.60 393 dbon 26 June. The maximum rates do not necessarily
7.9.51 0012-0013 4 112 134 180 176 give the greatest total attenuation. High average rain-
fall rates along a relatively long radial distance will
-9- 0015-0016 6 12 . . . .
7931 192 300 34 produce the greater total attenuating effect on a radar
7-22-51 1631-1632 3 3/4 178 2.58 19.5 beam.
7-22-51 21302137 4 2.15 3.00 25.1 These high values of attenuation should be com-
o251 s . 450 100 pqnsated for when making point or areallralnfall studies
with radar. Often the rear of the storm is blocked out,
9-12-51 ITIT-ATI8 S 305 4.30 445 as well as isolated storms at greater ranges. Also at-
9-26-51 2016-2017 5 112 1.80 3.00 28.9 tenuation will cause the core, as observed onthe radar
0.26.51 0172018 6 588 6.00 s scope, to appear to be shlfted toward the center of 'Fhe
scope from its actual location as shown on the rain-
9-26-51 2009-2010 6 1.20 2.10 21.0

gage records.
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Effect of Drop Size Distribution

Theory indicates that when the raindrop diameter
is small compared to the wave length, the power re-
flected is proportional to Nd ; where N is the number
of drops in a given volume, and d is the radius of the
drop.  Various organizations working indeyendently
have arrived at similar relationships of Nd’ to rain-
fall intensity. Their data also indicated that there
may be considerable variation in the mean drop dia-
meter for any particular rainfall rate. The effect of
maximum and minimum mean drop diameter for a
given rainfall intensity on the intensity computed
from the return power has been calculated. Two sources
of data have been used: Hood, (15), and Laws & Par-
sons (16).

Assume the radar is very accurately calibrated and
the relationship Nd" = 190 1'"72 (8) to be accurate,
d is drop diameter in mm and I is rainfall intensity in
mm/hr. At a rainfall rate of 1.0 mm/hr, Nd® = 190.
However, for rainfall intensities of 1.0 mm/hr the
outer limits of Hood's data give values as high as
Nd" = 800. The maximum and minimum limits of
drop diameters for a 1 mm rate measured by Laws &
Parsons, applied to the same equation, resulted in in-

dicated rates from a maximum of 1.45 mm/hr. to a
minimum of 0.48 mm/hr. The relative spread in drop
size at higher intensities is about the same as for the
rate of 1.0 mm/hr, so narrower limits at higher rates
would not be expected. Thus, even though the radar
is very accuractely calibrated, it could indicate rain-
fall rates from 0.48 to 2.30 mm/hr for an auctual rate
of 1.0 mm/hr.

These limits indicate the accuracy that can be
expected using radar to determine rainfall intensities,
unless each type of rainfall has its own particular drop-
size distribution and a separate radar-rainfall equation
is applied to each type; or the drop sizes are more
uniform at a given rate than present data indicate.
With these points in mind the Water Survey decided
to build a photographic sampling instrument to further
investigate the shape and size-distribution of falling
raindrops. A preliminary report entitled "A Raindrop
Camera and Some Preliminary Results" By D. M. A.
Jones, Meteorologist, Illinois State Water Survey has
been published in "Proceedings of the Third Radar
Weather Conference", 15-17 September 1952, McGill
University, Montreal. A complete Technical Report
on the instrument, including construction, operation,
and results will be published in the future.



RAINFALL SUMMARY OF 1951 OVER GOOSE
CREEK NETWORK

Brief Discussion of Rainfall Data in Tables 4 to 15

A rainfall summary from May to October inclusive
has been prepared in tabular form. The raingage net-
work was not in operation during the other months of
1951. This summary includes storm, monthly, and
seasonal totals for each gage. Maximum, minimum,
and average rainfall for the gage network have been
determined for each storm period. High rates for
four storm periods have been tabulated in detail.

A storm period as used in this discussion has been
arbitrarily defined on the basis of a time lapse without
rainfall. A period of approximately six hours or longer
between ending and beginning of rain was chosen as a
sufficient time lapse to separate one storm period from
another. Periods of less than six hours during which a
major synoptic change might have been used as a basis
for separating storms were not found.

Table 4 was prepared for the purpose of summariz-
ing all rainfall periods for the 1951 thunderstorm sea-
son. The approximate duration of each rainfall period
and the corresponding maximum, minimum, and aver-
age gage depths are presented in this table. An inter-
esting comparison can be made by reviewing the data
in this table for the whole network and for gage num-
ber 13. The records from gage number 13 give the
results at a single observation station located near the
center of the 59 square -.mile network. As would be
expected, there is often considerable error involved
when a single gage observation is used as a sample
even for an area as small as 59 square miles.

Another interesting comparison can be made be-
tween the maximum rate data recorded in Table 4.
For the 13 storms for which maximum rate data were
recorded, the single gage observation at gage 13 ex-
ceeded the highest rate for all gages only once and
equaled it once. These datapoint outthe much great-
er possibility of observing the higher rates by increasing
the number of observations within a storm. All rates
are based on one-minute amounts. One-minute
amounts were only available for those storms for
which the one-minute amounts had been prepared for
comparisons between radar and raingage observations.

More detailed rate data for four of the 13 storms
has been recorded in Tables 5 to 8 inclusive. Of the
13 storms for which one-minute amounts were avail-
able, these four represent those with the highest rain-
fall rates. This type of data was prepared chiefly to
determine the magnitude, variability, and persistence
of the higher rainfall rates within different storms over
the network.

Total storm rainfall over Goose Creek network for
the months of May to October inclusive is tabulated
in Tables 9 to 15 inclusive.

Two gages (3la and 31b) were operated approx-
imately six feet apart at station 31 (Figure 2) during
10 storms in August and September. Gage 31a and
17.78-inch diameter collector and 31b had a 12.648-

inch diameter collector. Simultaneous recordings by
these gages are presented in Tables 12 and 13. The
gage with the larger diameter collector recorded high-

er total amounts in 8 out of 10 cases. Except for two
storms the difference in total rainfall recorded was
relatively small. Two rather large differencesof 0.12
inch and 0.14 inch occurred when the total rainfall
exceeded one inch.

Table 4 Summary of 1951 Thunderstorm Rainfall by Storm Periods

Duraton of Comparison of gage 13 with network,
Storm ‘e
Period < &
Stocm = £ |3 . % * i
E-S @ - 2=
— $ ¢« 5 5% : 0
E 3 e & ¢ 5 ¢ §F 5fgd
: 8 £ 2 = § § 2z & =g:=8
May 3& 4 9 45" 02 .37 07 1]
" O 5E 6 17 i J8 .87+ .31 1]
" OWeE 1) 21 19 79 1,28 105 1.04
- 20 27 30 4 98 L34 .10
” 2 26 45" 0927 .07 16
voWE 27 01 .68 1,33 .91 .89
June 3 30 1 J5 0 .30 L2 1%
o7& 8 pL 2 30 38 4% LBY e I Sr - N
b 12 31 5 18 .28 .23 .20
" 16 30 6' A0 Lo 6% 101
" 17 k11 5" 0 24 .01 .03
" 19 29 1' 0 .15 .20 03 108 5.4
"O226 23 M k) -r - R | A8 54 3.54
" 26 k1! 1" A 67 38 A3 642 7.2
" 27 2 A3 0 L !
" 27 30 2’ A5 1,22 K2 62 39 5.4
" 8 k1] 12’ 28 .43 M g2 3 102
” 29 3l w0 05 .01 .02
" 3 ki x*' 0 02 .01 0
July 3 0 1 A 1,32 .67 56
* > 30 + 2,22 3,39 282 292 373 60
' 11 an 7 19 .42 .25 33
" i7 k) 3 A4 1,50 .67 8 5.1 606
" 22 po 1 26 77 .53 57 L1 45
' 23 29 1’ A5 510 .21 23 .
” 27 13 15" 0 A4 W12 A2
" 31 33 oW 06 61 29 .21
Aug 6 u L A% 1,16 .86 89
" 8 32 4 {3 13 .06 T
* 9 32 k. (A 1 a2 .04 04
" 15 kX ] ! 1] 06 04 03
' 17 kX 30 L] A0 04 A5 g3 .86
" 20 33 &' A0 Be .57 59 L2 a6
" 25 3t kY LU T R A2
' 26 n ry 4] 24 N 10
” 27 32 1 L] An 04 D06
28429 33 A T2 L6 1,12 118
Sept, 1 kX' r 08 R 27 26
" 9 31 2 04020 10 A7
" 10 a (¥4 A7 .33 .25 26
O12& 13 33 L g2 LH L2 L2 36 5.4
” 22 33 2 23 66 45 50
" 23 an 2 [ o0 .08 .08
” 24 30 1 o 06 005 D
” 25 30 7 0 A6 08 16
" 26 33 30" 2% 79 44 59 48 7.02
” 30 33 I 04 11 07 05
Oct, 6& 7 2 W .56 1,00 .85 6l
YD 28 W 1.38 2,38 2.06 2,04
v 27 1n 2" L7 6 0 M
' 28 12 1 0 05 03 M
' 29 313 i 02 02 a2 .02

* Based on one-minute amounts
** Gage 13 is near center of the network

M - Missing data T - Trace



TABLE 5
Goose Creek Rainfall Rates

(fune 26, 1951).

TABLE 6
Goose Creek Rainfall Rates*

(August 17, 1951).

TABLE 7

Goose Creek Rainfall Rates*

(September' 12, 1951)

Five highest rates (In/hr)

Max.  2nd 3rd
2.10 1.80a 1.68a
2.40 2.16 1.98
2.22 1.98 1.80a
2.40 1.92 1.80
2.28 2.10 1.98
2.10 2.04 1.80
2.40 1.80a 1.68
2-10b  1.80a 1.50¢
3.60 2.40 1.98a
3.30 3.00 2.70
3.60 3.30 3.18
3.60 3.30 2.60
2.82 2.70 2.40
3.00 2.70 2.28
3.00 2.40a  2.28
2.40 2.22 2.10
3.60 2.10d 1.92
4.80 4.50 2.70
3.90 3.30 3.12
4.80 4.20a  3.00a
4.80 3.60a 3.00a
5.34 4.20 3.66
4.80 4.50 3.60
4.20 3.90 3.00a
3.00 2.40a 2.10a
4.20a  3.00 2.40b
3.60 3.30 2.82
3.00 2.70 2.40
3.00 2.70 2.40
5.40a  3.18 3.00a
2.82 2.28 2.16b
3.60 3.00b 1.92
3.30a 3.00a 2.22

Storm Gage  Storm

Gage Duration Five Highest Rates (In/hr) Storm Gage Storm Max. Storm No.  Duration

No. (Minutes) Max. 2nd 3rd 4th  Sth Average No. Duration rate Average (Minutes)
(In/hr) (Minutes) (In/hr) (In/hr) | 2%

1 67 330 3.00 2.70a 192 168 0.03 2 26
2 67 360 312 288 240a 138 0.03 % 13 1.86 24 3 27
3 63 6.00 5.40a 3.60 330 270 0.05 3 63 30 06 4 30
4 62 510 492 480 3.30b 2.88 0.7 : 0 : : 5 28
5 64 312 3.00 270 240 228 0.04 s 63 1 02 6 28
6 61 180b 168 162 132 126 0.03 p 0 ‘ ‘ 7 M
7 59 3.60  3.00 276 228 162 0.05 7 M 8 32
8 59 600 570 450 390 330 0.06 g 1 0 36 9 48
9 63 720 540 480 330 270 0.05 ° 9 06 ol 10 37
10 61 204 156 138 108 102  0.02 10 e 06 06 11 33
11 59 120 108 .90 .72 .30a 0.01 1 0 : ‘ 12 33
12 62 228 2.04a 168 114 108 0.2 2 35 24 03 13 2
13 55 6.12 4742 4.68 456 252 0.07 » 30 03 14 34
14 62 258 90 .78 .72 .66 0.0l ﬁ i 6 it 15 33
15 59 210 198 150  120a 114  0.03 0 - : 16 31
16 66 330 288 2.82 180 132 0.03 15 0 17 36
17 61 348 282 1.80a 150 120 0.04 16 0 18 41
18 64 420 402 270 240 168 0.04 17 8 21 06 19 37
19 65 280 222 18 144 126 0.02 18 7 4 12 20 35
. 19 . e 04 21 37
21 53 72 48 36 30 24 0.01 20 M 18 04 2 36
2 55 90 78 72a  A42a 36 0.0l 21 0 66 12 23 36
23 69 210 168 162 132 108 0.2 2 2 30 06 24 37
24 63 252 234 210 174 144 0.03 23 13 60 12 25 39
25 64 330 270 264 150 138 0.03 24 0 26 35
26 66 228 186 174 168 150 0.02 25 p L0 o 27 34
27 52 336 336 283 198 192 0.04 26 0 : : 28 35
28 67 2.64 234a 186 174 1.50a 0.03 27 e 60 4 29 44
29 57 186 136 126 114 108 0.02 28 M ‘ : 30 44
30 66 192 18 168 162 .78 0.02 29 37 90 18 31 39
2 19 66 06 2.4

Min. rate 072 048 036 030 0.24 0.1 » M 33 38
Max. rate  7.20 5.70 480 456 288 0.07 33 9 42 18 34 39

*Basecl on one-minute amounts. 34 16 12 06 35

a - rate occurred 2 times
b - rate occurred 3 times

*Based on one-minute

1. Gage 31 had a 17.78 - inch diameter collec-
tor; other gages had 12.65 - inch diameter col-

Iectors.

M - Missing data

amounts.

4th

1.62
1.92
1.62
1.62a
1.92
1.68

1.50
1.20c
1.80a
2.40
3.00
1.80c
2.10
2.10a
1.80d
1.80b
1.44
2.52
2.58
2.40b
2.10
3.00c
3.30
2.40
1.80e
2.10a
2.40
2.10
2.10
2.10
1.98
1.50a
2.10

*Based on one-minute amounts

a - rate occurred 2 times
b - rate occurred 3 times

- rate occurred 4 times
- rate occurred 5 times

- rate occurred 6 times

o ao

1. Gage 31 hada 17.78 - inch diameter

collector; other gages had 12.65 -

diameter collectors.
M - Missing data

inch

Storm
Average
(In/hr)
.84
.84
.84
78
.84
.90

78
.60
.90
.96
1.14
1.20
1.02
1.08
1.08
1.02
.90
1.20
1.26
1.26
1.14
1.26
1.38
1.26
1.14
.96
.84
.54
.66
.66
1.02
1.02
1.08

e



Storm
Gage Duration

No. (Minutes)

O 001N WU B~ WN -

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31!
33
Min. rate
Max. rate

50
46
49
32
42
27
32
30
33
38
41
37
33
28
28
28
21
30
33
35
41
40
30
32
27
25
33
35
35
40
32
32

TABLE 8
GOOSE CREEK RAINFALL RATES*
(September 26, 1951).

Ten highest rates (In/hr)

Max. 2nd.  3rd.  4th.  5th.  6th.  7th.  8th.  9th.  10th.
4.80 3.48 3.00 1.68 1.32 1.20 1.02 .96a .78a 72
3.00 2.58 2.40 1.50 1.26 1.20 1.02b .96 .90a .84
5.40 4.80 3.60b 3.00a 2.70a 2.40 1.92 1.68a 1.20a .90
5.10 270 240 2.28 2.10  2.04 1.38 1.32 1.26 1.20a
2.70 2.40a 2.28 1.80 1.50 1.20 .90 .60b  .30a .24
3.18 2.70  2.40 1.80 1.32 1.14 1.08 .90a .78 .48
3.30 3.24 1.98 1.92 1.80 1.38 1.32 .96 .84 .78
240  2.10 1.80a 1.50 90c .78 .60a .42 .30d 18
4.80 420 3.60 3.30 3.00 2.70a 2.40a 2.10a 1.80 1.50
420 2.22 1.98 1.80 1.50 1.38 1.26b .96 .90a .84
3.60 2.70  2.10 1.80 1.32 1.20 1.08 1.02 .90 78
4.50a 4.20 3.90 1.92 1.50 1.38 1.20b .90 .60 .54
6.60 480 3.00 2.70 2.10a 1.80 1.50a 1.38 1.20 1.08
3.90 270 2.40 1.50 1.20 1.08 .90a .78 72 .60
3.60 3.00 1.20 1.02a .78 .60d  .30a .24 .18a 12
1.98 1.62 1.50 1.38 1.20b .90a .72 .60a .36 .30
3.60 3.00 1.80 1.50 1.20 1.02 .90a .60 .48a .48
3.90 330 2.70 2.40a 2.10 1.50a 1.20 .90a .60 48a
6.00 5.52 5.10 3.60a 2.40 1.50 1.20 .90 .78 .60
3.90 3.60a 1.92 1.80a 1.50 1.20a .90 .78 72 .60a
4.20 3.00a 2.58 2.28 1.80 1.50b 1.20a 1.02 .90 .60
3.60 330 270 2.10 1.80 1.68 1.50a 1.32a .78 .60b
7.02  2.10 1.80a 1.50 1.44 1.20a  1.02 .96 .66 .60c
4.20 3.72 3.48 2.82 2.70  2.40 1.98 1.80 1.20a .60a
420  3.30 3.00 2.40 1.20a .78 .60 .54a 42 24
2.40 1.80 1.50b 1.20 .90a .60b .30 .06

5.10 3.60 3.30 3.00a 1.80 1.50 1.20 .90 72 .60b
330 2.40a 1.80 1.50 1.20b 90b .72 .S54a 48 42
420 270 2.40 2.10 1.80 1.50a 1.08 .90 .78 72
4.80 3.60a 3.30 3.18 3.00a 2.70  2.40 1.50 1.20 1.02
3.60a 3.00 2.28  2.10 1.80 1.32 .90 72 .66 .48
3.30 3.00a 2.70 2.40a 2.04 1.62 1.32 1.14 1.08 .66
1.98 1.62 1.20 1.02 0.78 0.60 0.30 0.06 0.00 0.00
7.02 5.52 5.10 3.60 3.00 2.70  2.40 1.80 1.80 1.50

*Based on one-minute amounts.
a - rate occurred 2’ times; b - rate occurred 3 times; ¢ - rate occurred 4 times; d — rate occurred 5 times.
1. Gage 31 had a 17.78 - inch diameter collector; other gages had 12.65 - inch diameter collectors.

35

Storm
Average

(In/hr)

.54
.48
.96
.96
.54
72
.84
.60
1.26
.66
.60
.84
1.08
72
.54
.60
.84
.90
1.08
.78
72
.78
.90
1.02
78
.66
.90
.66
72
.96
72
.90
0.54
1.26
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Table 9 Total Storm Rainfall

Goose Creek Network

May 1951

Gage Day of Month
No.
34 5& 6 10&11
1 .08 23 1.10
2 13 .26 1.21
3 .26 .26 1.16
4 .37 .18 1.13
5 .06 23 1.08
6 A1 .33 1.12
7 .05 M M
8 M M M
9 18 .23 1.09
10 15 - 1.45-----
1) E—— |1 ———
12 .00 .28 1.28
13 M M 1.04
14 .00 23 .88
15 1.47*
16 .00 .87 1.10
17 .00 .56 1.12
18 .00 .28 1.02
19 .00 22 1.27
20 1.31%
21 .00 21 .90
22 .00 28 .90
23 .00 .28 91
24 1.48*
25 .00 43 1.09
26 .02 M M
27 - 1.15%-mmmmmmmee
28 M M .98
29 M M .85
30 M M .79
Average .07 32 1.05
*Total

M Missing data
Inc - Incomplete
T - Trace

20 22
34 14
34 15
d4 17
09 .21
06 .22
58 .22
—.44---
.04 .16
10 .16
22 15
36 .13
20 .17
10 .16
A5 .20
5324
7320
49 21
42 .16
23 15
A5 .15
.26 M
27 .14
38 14
98 .15
=2 8---
42 22
0 .27
.68 .16
M M
33 .09
34 .17

Total

2.83
2.95
2.88
2.85
2.71
3.74
Inc.
Inc.
2.46
2.88
2.53
2.71
Inc.
2.52
3.54
4.07
3.64
2.98
2.67
2.42
2.05
2.33
243
3.33
Inc.
Inc.
3.12
Inc.
Inc.
Inc.

2.86



TABLE 10
TOTAL STORM RAINFALL
GOOSE CREEK NETWORK

June 1951

Gage

No. Day of Month Total
3 7&8 12 16 120 12 22&23 26 27 28 29 30
- - - 0100-11300 2000-,2200
0900-1100

1 15 1.08 19 .47 00 M 36 .38 .32 45 139 42 .00 .00 Inc.
2 16 1.24 .18 .60 .00 .20 36 .38 .27 47 145 43 .00 .00 5.74
3 19 .96 20 .58 .00 .22 40 .58 24 50 1.68 .32 .00 .01 5.88
4 20 .62 200 .59 .00 .10 37 67 .20 .82 151 .28 .00 .02 5.58
5 24 .55 24 .63 .00 .17 35 50 .19 112 132 .36 .00 .02 5.70
6 26 .54 26 .47 .00 .27 34 37 .17 114 129 32 .00 .01 5.44
7 M 48 24 .45 .00 .00 36 .43 22 122 138 39 .00 .02 Inc.
8 15 M 18 M 00 M 32 62 .14 .75 140 .28 .00 .01 Inc.
9 20 .85 22 .51 .00 .05 39 56 24 48 161 .33 .00 .00 5.44
10 18 1.18 21 .84 .00 .04 39 35 28 .50 180 .40 .00 .00 6.17
11 15 1.43 21 .87 .00 .08 39 14 36 .52 141 36 .00 .02 5.94
12 16 1.37 .19 1.06 .00 .05 43 28 23 56 192 .38 .03 .00 6.67
13 19 .72 20 1.01 .03 .03 48 63 24 62 176 .32 .02 .00 6.25
14 22 42 25 .75 .00 .00 35 .50 .17 .86 155 28 .00 .02 5.43
15 23 .42 27 64 00 .12 31 .31 .19 120 131 .31 .02 .02 5.41
16 24 .52 28 .60 .00 .11 36 .37 .13 124 140 34 00 .01 5.60
17 24 42 26 .67 .00 .04 36 .41 .18 .83 148 .30 .00 .02 5.21
18 .19 .55 20 .68 .00 .00 50 .45 .17 .67 170 28 .03 .00 5.42
19 18 121 21 .96 .04 .08 44 32 22 76 189 31 .00 .00 6.62
20 .16 1.30 20 .54 .00 .08 42 20 22 65 187 35 .03 .00 6.02
21 26 120 25 .70 .00 .20 35 .11 .40 .78  1.62 .41 .02 .02 6.33
22 30 1.50 24 46 .08 .46 44 13 .23 84  1.68 .39 .03 .01 6.30
23 24 126 23 .41 24 31 43 25 23 92 182 .33 .03 .00 6.70
24 29 .75 20 .30 .04 22 48 .35 18 99 174 36 .00 .00 5.90
25 23 .55 22 44 00 .12 50 .40 .16 .93 148 .32 .00 .01 5.42
26 26 .38 28 71 .00 .06 37 .32 .13 1.00 138 .31 .00 .02 5.22
27 24 .83 25 .58 .00 .22 46 .40 .16 96 154 29 .00 .01 5.94
28 22 M 22 41 .00 .40 44 41 21 92 M M .00 .01 Inc.
29 19 .94 22 .59 .00 .73 50 25 20 .86 1.77 .36 .05 .01 6.67
30 24 1.36 27 .61 .00 1.15 47 22 31 103 165 .41 .02 .02 7.6
31 27 .59 23 .70 .00 .11 61 37 .18 96 1.75 .28 .00 .00 6.05
Average.21 .87 23 .63 .01 .20 41 38 21 .82 159 .34 .01 .01 5.92

M - Missing data
Inc. - Incomplete
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TOTAL STORM RAINFALL
GOOSE CREEK NETWORK

TABLE 11

July 1951
Gage
No. Day of Month
3 9 11 17 22 23 27 31
1 .47 2.25 42 .72 40 .20 A1 .06
2 .38 2.31 23 .38 .58 .25 13 .10
3 .23 2.49 27 .50 .63 .24 .30 .23
4 42 2.64 34 .88 .64 .23 .19 .22
5 .53 3.31 33 .64 .39 21 .22 31
6 .21 3.00 26 .75 - 54K 44 .16
7 .49 3.39. 31 .57 .49 21 .29 .26
8 .30 2.84 23 .53 .39 51 .09 .21
9 41 2.69 25 .65 57 .20 .14 .23
10 .64 2.42 .19 1.10 .58 31 .35 21
11 51 2.22 .19 .36 41 .15 .29 11
12 .76 2.69 25 .36 .90 HFeme- .20 .28
13 .56 2.92 33 .60 57 .23 12 21
14 .63 3.16 24 .79 71 21 .08 17
15 31 3.18 19 .82 .36 .19 .00 22
16 .23 2.96 22078 .26 21 .00 .20
17 44 3.16 .23 1.00 .58 22 .00 .25
18 .86 2.96 28 .54 .69 .24 .00 22
19 .98 2.86 320 .33 .50 22 .04 .34
20 M 2.80 28 .30 .53 .24 .10 .35
21 .61 2.30 24 86 .40 .16 32 .20
22 1.08 2.55 25 31 43 18 .19 .36
23 .98 2.68 31 .04 .49 .23 .02 48
24 1.20 3.02 30 .64 77 .20 .04 42
25 .87 3.37 .34 1.03 .60 .20 .04 .34
26 22 2.82 20 1.04 .50 .22 .07 .24
27 .77 3.33 .26 1.50 .57 .16 .19 .56
28 1.27 3.01 30 .93 .45 .18 .01 .61
29 1.23 3.05 .37 M .44 22 .03 .58
30 1.32 2.60 30 .16 .34 17 .02 .40
31 1.09 over- 30 .98 .67 21 .01 .33
flowed
32 .05 .36
33 installed 7/26/51 00 33
Average .67 2.83 27 .67 .52 22 12 .29
*Total

M - Missing data
+-3.00 inches added to monthly total of 3.59 inches as an approximation of
the July 9th overflow.
Inc. - Incomplete

Total

4.63
4.36
4.89
5.56
5.94
5.36
6.01
5.10
5.14
5.80
4.24
5.44
5.52
5.99
5.27
4.86
5.88
5.79
5.59
Inc.
5.09
5.35
5.23
6.59
6.79
5.31
7.34
6.75
Inc.
5.29
6.59 (3.59)+

Inc.
Inc.

5.56



TABLE 12
TOTAL STORM RAINFALL
GOOSE CREEK NETWORK

August 1951
Gage Day of Month
No. 6 8 9 15 17 20 25 26 27 28&29 TOTAL
1 1.12 .04 T .02 .06 .52 20 .05 .00 .76 2.77
2 1.11 .07 .03 .02 .02 .54 A5 .06 .00 .90 2.90
3 1.16 .03 .03 .02 .04 51 A3 .07 .03 1.21 3.23
4 1.02 .02 .02 .03 .02 .45 .09 .09 .04 142 3.20
5 1.00 .02 T .02 .03 .56 A1 .15 .03 1.28 3.20
6 g7 T .00 .02 .00 .79 A2 15 .02 1.10 2.97
7 .78 .03 .03 .02 .08 .58 A2 .22 .01 1.08 2.95
8 .88 T M . .04 .06 .40 .08 .10 .02 1.17 Inc.
9 91 .03 .03 .06 .04 .54 11 .06 .04 1.13 2.95
10 1.02 13 .03 .02 .04 .54 14 .07 .02 1.03 3.04
11 1.08 .03 .02 .02 .08 51 .17 .05 .00 .75 2.71
12 94 13 .02 .03 .04 .50 11 .06 .03 1.04 2.90
13 89 T .04 .03 .05 .59 12 .10 .06 1.18 3.06
14 87 T .01 .04 .09 45 .08 .24 .04 1.16 2.98
15 .75 .00 .04 .04 .00 .64 A2 .21 .02 1.09 2.91
16 82 T .05 .03 .00 .86 .18 .10 .04 1.04 3.12
17 6 T .02 .04 .00 .56 A3 .10 .09 1.21 2.91
18 g7 T .02 .02 .04 .57 A2 .13 .10 1.15 2.92
19 .81 .07 .03 -04 .04 45 ——-24%---- 04 1.02 2.74
20 .80 .10 .02 .00 .06 .48 M M M 1.03 Inc.
21 95 M .07 .04 .03 .60 .14 .00 .01 .93 Inc.
22 82 T 12 .05 .08 .62 12 .04 .00 .86 2.71
23 75 0 T .10 .05 .04 .44 A2 .04 .00 91 2.45
24 80 T .07 .05 .06 .59 A5 15 .08 1.24 3.19
25 77 .00 .04 .05 .00 71 A8 .15 .10 1.66 3.66
26 85 T .06 .05 .05 .75 .14 .10 .04 1.13 3.17
27 g1 T .02 .04 .00 51 A8 .11 .02 1.58 3.17
28 69 T .03 .06 .04 .60 -—--36%----- .00 1.11 2.89
29 .74 .00 .00 .04 .09 .64 13 .04 .00 1.03 2.71
30 .85 .03 .03 .05 .10 .62 13 .07 .00 .76 2.64
31a 83 T .07 .05 .02 .59 16 .15 .09 1.40 3.36
32 78 .00 .05 .06 .02 .59 A7 .18 .10 1.36 3.31
33 76 T .02 .06 .06 .57 14 15 .07 1.21 3.04
31b .82 .00 .02 .04 .03 .57 M M M 128 Inc.
Average. 86 .06 .04 .04 .04 .57 A3 .11 .04 112 2.97
*Total
M - Missing data
T - Trace

Inc. - Incomplete
Gage 31a had a 17.78 inch diameter collector.
Gage 31 b and other gages had 12.65 - inch diameter collectors.



TABLE 13

TOTAL STORM RAINFALL

GOOSE CREEK NETWORK
September 1951

30 TOTAL Gage

Cage Dav of Month
1?2 &1012&1322 23 24& 25 26
1 08 36 120 .42 .08 .07 46 .09
2 1 33 107 .36 09 .13 40 .08
3 21 39 116 .36 07 13 .79 .06
4 23 35 123 37 07 A1 52 .06
5 24 .38 134 28 06 02 37 .08
6 34 43 129 .23 --.06% --- 31 .06
7 27 28 M .30 --M--- 36 .05
8 16 .29 105 .36 06 .05 .32 .04
9 30 .32 110 47 .08 .08 .69 .08
10 A5 32 115 47 08 .14 .43 .09
1 09 .32 110 47 09 .10 .40 .08
12 24 34 122 47 10 .11 .52 .08
13 26 43 120 .50 08 .16 .59 .05
14 34 .38 117 43 08 .03 .33 .08
15 32 .34 123 .29 --08%--- 27 .07
16 36 .36 117 .32 02 .06 .28 .05
17 35 .38 1.08 .45 00 .09 .29 .06
18 35 31 1.08 .44 08 .03 .46 .06
19 27 37 120 .59 08 .15 .59 .09
20 18 .38 128 .59 09 .10 47 .08
21 A1 32 121 .66 07 .15 .51 .08
22 25 33 1.03 .63 10 .14 52 .09
23 17 .33 124 .60 A0 11 .43 .10
24 39 33 126 .52 10 .09 55 .08
25 40 43 127 .60 08 .03 .33 .07
26 48 35 1.03 .26 08 .00 .26 .05
27 42 25 .88 .46 10 .03 .48 .06
28 35 .33 .83 .50 10 .15 .40 .08
29 22 .28 72 46 A0 .07 41 .08
30 16 .28 .81 41 09 .12 .65 A1
31a 41 40 122 .53 08 .03 .39 .07
32 36 .34 1.05 .62 .08 .03 .32 .06
33 37 37 1.04 .58 .06 .06 .47 .07
31b 39 41 108 M M M M M
Average .27 .35 1.12 45 08 .08 45 .07

. '[#r.» n.l
iotai

M-Misstng data

irnc-. Trf'lncceomplete

Gage 3l£1 had a 17.78 - Inch diameter collector.
Gage 31 b and other gages had 12.65 - inch diameter collectors.

2.76
2.57
3.17
2.94

2.77
2.72

Inc.
2.33
3.12
2.83
2.65
3.08

3.29
2.84

2.60
2.62
2.70
2.81
3.34
3.17
3.11
3.09
3.08
3.32
3.21
2.51
2.69
2.74
2.34
2.63
3.13
2.86
3.02
Inc.

2.86

No.

0NN B W N -

Average

Total
M - Missing data
Inc. - Incomplete

TOTAL 14

TOTAL STORM RAINFALL
GOOSE CREEK NETWORK
October 1951

Day of Month

.85

22 & 23

2.28
2.20

2.10
1.95
2.38
2.14
1.38
1.90
2.19
2.31
2.35
2.26
2.14
2.00
1.92
1.92
2.19

2.10
2.16
2.16

2.14
2.04
2.22

2.10
1.96
2.06
2.16
2.05
2.05
2.32
2.12
2.10

27 28
M M
.08 .05
.10 .02
—.09*
.08 .04
—20%
.16 .02
.07 .03
.10 .05
—11*
M M
—.10*%
— 12%
------- K L—
10 .02
—20
M M
— .05
—.09*
— .08
M M
— 13
.09 .02
—16*
—16*
— 13
—_.28*%
------- L —
.10 .02
M M
11 .02
.09 .03
.09 .02
11 .03

TOTAL

Inc.

3.47
3.20
2.94
3.47
3.16
2.58
2.78
3.22

3.37
Inc.

3.28
2.89
2.99
2.85
2.88
Inc.

2.99
3.15
3.28
Inc.

3.14
2.99
3.39
3.09
2.86
3.17
3.15
2.96
Inc.

3.45
3.16
2.79

2 £
o s
o

1N A WN -

E-J

Table 15.
May June
2.83 *5.70
2.95 5.75
2.88 5.87
2.85 5.58
2.71 5.70
3.74 5.44

*3.05 *5.45

*2.35 *5.50
2,46 5.44
2.88 6.16
2.53 5.93
2.71 6.66

*2.30 6.45
2.52 5.44
3.54 5.41
4.07 5.63
3.63 5.21
2.98 5.41
2.67 6.62
2.42 6.02
2.05 6.35
2.33 6.30
2.43 6.70
3.33 5.92

*3.60 5.36

*3.80 5.22
3.12 6.14
2.68 *6.35

*2.48 6.65
1.99 7.75

*3.40 6.10

*3.45 *5.55

*3.20 *5.95

* Estimated Values

July

4.63
4.36
4.89
5.56
5.94
5.36
6.01
5.10
5.14
5.80
4.24
5.44
5.52
5.99
5.27
4.86
5.88
5.79
5.59
*5.30
5.09
5.35
5.23
6.59
6.79
5.31
7.34
6.75
*6.30
5.29
6.59
*6.80
*6.35

1951

Aug.

2.77
2.90
3.23
3.20
3.20
2.97
2.95
2.75
2.95
3.04
2.71
2.90
3.06
2.98
2.91
3.12
2.91
2.92
2.74
*2.70
2.77
2.71
2.45
3.19
3.66
3.17
3.17
2.89
2.71
2.64
3.36
3.31
3.04

Sept.

2.76
2.57
3.17
2.94
2.77
2.72
*2.55
2.32
3.12
2.83
2.65
3.08
3.27
2.84
2.60
2.62
2.70
2.81
3.34
3.17
3.11
3.09
3.08
3.32
3.21
2.51
2.69
2.74
2.34
2.63
3.13
2.86
3.02

Oct.

3.24
3.47
3.20
2.94
3.47
3.16
2.58
2.78
3.22
3.37
3.23
3.28
2.89
2.99
2.85
2.88
3.04
2.99
3.15
3.28
*3.20
3.14
2.99
3.39
3.09
2.86
3.17
3.15
2.96
2.93
3.45
3.16
2.79

Goose Creek Network Total Rainfall

Total

21.93
22.00
23.24
23.07
23.79
23.39
*22.59
*20.80
22.33
24.08
21.29
24.07
*23.49
22.76
22.58
23.18
23.38
22.90
24.11
*22.89
* 22.57
22.92
22.88
25.74
*25.71
*22.87
25.63
* 24.56
* 23.44
23.23
*26.03
* 25.13
* 24.35
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