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ABSTRACT 

TWo instFuments have been used to measure the pate of painfall fpom 
tpopical clouds ovep the windWard coast of the Island of Hawaii. The 
Wopkman intensity gauge employs stpain gauges to sense the deflection in 
a movable tpough and hence the flow of watep down the tpough. The 
Raymond-Wilson gauge, a new instPUment developed dUPing this pPOgPam, 
measures the electPical pesistance of flowing watep to detePmine the 
painfall pate. These instPUments wepe deployed in a small scale aPpay 
of eight gauges to measure space and time vaPiations in high intensity 
painfall as showeps move acposs the netwopk. 

CompaPative measurements wepe made with a standaPd weighing pain 
gauge, a tipping bucket pain gauge and the JaPdi pate of painfall gauge. 
Both the Wopkman gauge and the Raymond-Wilson gauge aPe cleaPly supePiop 
to the othep instPUments, because of theip ~apid pesponse time and theip 
capacity to measupe high intensity showeps continuously and automatically. 

The Raymond-Wilson gauge contains no moving PaPts and is opepation
ally mope suitable than the Wopkman gauge fop deployment in a netwopk of 
gauges. A sensop which measures the pate of change of atmosphepic ppessure 
has also been developed and is being used in the peseaPch ppogpam. 

An example of painfall intensity measured during a 43-day pepiod in 
Octobep and Novembep, 1972, is ppesented, along with a ppeliminaPY estimate 
of the in-cloud liquid watep content of shallow Hawaiian clouds. 
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INTRODUCTION 

The flux of precipitation across the interface between the earth's 

atmosphere and surface is an important linkage between meteorology and 

hydrology. While vast amounts of precipitation data are available, such 

data are usually in the form of total gauge catch over relatively long 

intervals of time. Monthly, annual or longer precipitation totals are of 

importance in climatological studies and water resource management. It 

is becoming increasingly apparent, however, that measurements of the pre

cipitation rate over shorter intervals of time are of even greater impor

tance, particularly for the agriculturalist, hydrologist, communications 

engineer and meteorologist. Studies of soil erosion, plant damage, the 

design of flood control structures and methods, the attenuation and disrup

tion of communications and power transmission, how precipitation forms and 

moves and operates on the surface features of the earth, all depend on a 

more precise determination of the distribution of precipitation in space 

and time. 

In terms of precipitation measurements, a month is a meaningless unit 

of time. Similarly, weekly periods are based on the conventional calendar, 

rather than any physical interval which may affect preCipitation. As a 

unit of time, the day is physically meaningful, being related to the rota

tional period of the earth, but probably too long to be a basic increment 

for precipitation measurements. The arbitrary division of the day into 

twenty-four hours gives a reasonably brief time interval and considerable 

precipitation data are available for hourly periods. In an earlier report 

on this project, Fullerton (1972) summarized the available precipitation 

data for Hilo, Hawaii, dividing hourly rainfall amounts into four intensity 

categories: 0.01 to 0.24, 0.25 to 0.49, 0.50 to 0.99 and 1.00 or more 

inches per clock hour. This may be considered a first step' in examining 

available precipitation records for Hilo in the attempt to obtain a more 

useful measure of rainfall rate. Ultimately, as the time increment de

creases to minutes or even seconds, a better measure of the true rainfall 

rate emerges, eventually approaching the idealized instantaneous rainfall 

intensity. 

The windward coast of the Island of Hawaii receives large amounts of 

rainfall, which sometimes fall at spectacular rates. Hawaii is an excellent 
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natural laboratory for the study of precipitation processes. At least three 

different types of rainfall occur and it is important to differentiate 

between them. As the normal northeast trade winds interact with the high 

mountain masses of Mauna Kea and Mauna Loa, both more than 13,600 feet high, 

prodigeous quantities of precipitation fallon the windward mountain slopes 

as a result of the enhancement of normal trade wind processes. Synoptic 

storm systems occasionally pass near or over the island, particularly in 

the winter months, bringing relatively brief intervals of high intensity 

rainfall. The third category of rainfall is that from tropical thunder

storms, which occur a few times annually, inevitably when the trade wind 

inversion is temporarily destroyed or displaced for a few hours or days. 

Our particular interest in high intensity rainfall in Hawaii dates from a 

spectacular thunderstorm which occurred in Hilo in July of 1966. The back

ground of the present study may be considered to begin with that storm. 

BACKGROUND 

On the morning of July 25, 1966, light rainfall began in Hilo. Instru

mentation designed to measure the size and charge of individual raindrops 

was put into operation at about 0740 local time. Rainfall intensity soon 

increased and during the first phase of the storm, from 0743 to 0832, 3685 

individual raindrops were detected and measured. Intermittent rainfall 

continued until about 1030, when the weather cleared. Rain began to fall 

again shortly after 1200 and raindrop charge-size recording was resumed at 

about 1325. The rainfall intensity and increased wind speed after 1600 

made further raindrop measurements impossible. From 1600 to 1900 more than 

6 inches of rain fell at the Observatory. During the 24-hour period from 

0800 July 25 to 0800 July 26, the recording rain gauge at the Observatory 

measured 11.58 inches of rain. Table I shows the hourly rainfall from 0800 

to 1930, at which time the recording pen became inoperative. The gauge did 

not overflow, however, and the 24-hour rainfall was calculated directly 

from the total weight of water. 

The high intensity rainfall in the late afternoon produced a flood 

declared to be the worst in Hilo's history. The following description is 

taken from Climatological Data, Hawaii, July, 1966, Vol. 62, Number 7: 

Water sluicing down mountain slopes above the city over-



topped the banks of ordinarily dry streambeds, like the 
Waiolama and Alenaio, and raced through the downtown 
area, demolishing four homes, and damaging a score of 
others and 25 business establishments. Lawns and gardens 
vanished in the rush of water, roads washed out, and 
countless tons of topsoil swept out to sea. Hundreds 
of motorists were stalled. 

The rains, which began during the morning, became 
torrential in late afternoon beneath what appears 
to have been a single, large thunderstorm cellI 
centered at about the 1,000-foot level. Unofficial gage 
in the Kaumana-Piihonua area reported 14.9 inches between 
10:00 a~m. and 7:00 p.m., and the greatest storm total, 
17.2 inches, while a recording gage at Kaumana registered 
1 inch in 15 minutes and 9 inches in 3 1/2 hours. 

In all, something over $250,000 in damage was done, most 
of it to homes and small businesses, although young 
plantings of sugar cane also suffered extensive injury. 
Hilo was declared a disaster area by the Small Business 
Administration. 

TABLE 1. RAINFALL~ 0800 TO 1930~ JULY 25, 1966. 

TIME (LST) RAINFALL (INCHES) TIME (LST) RAINFALL (INCHES) 

0800 - 0900 0.30 1500 1600 0.60 
0900 - 1000 0.05 1600' 1700 3.40 
1000 - 1100 0.15 1700 1800 1.65 
1100 - 1200 0.00 1800 1900 1.00 
1200 - 1300 0.50 1900 1930~: 0.80 
1300 - 1400 0.50 
1400 - 1500 1.00 

~:NOTE : HALF-HOUR VALUE 

3 

Electric field records taken at the Observatory clearly indicate that 

the storm of July 25 was a thunderstorm. The trade wind inversion, normally 

present at an altitude of about 2 km in Hilo, usually prevents the vertical 

development of updrafts necessary for the formation of thunderstorms. The 

inversion was essentially lost prior to 0200 on July 24 and was not rees-

IThe conjecture of a single thunderstorm cell is undoubtedly in
correct. Radar pictures taken at the Cloud Physics Observatory indicate 
that the storm was composed of a multiplicity of thunderstorm cells. 
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tablished until about 1400 on July 26. The absence of the trade wind in

version on July 24-25 permitted warm and moist updrafts to ascend rapidly 

to the freezing level where the formation of ice probably initiated the 

thunderstorm electrification process. Just prior to the main phase of the 

July 25 thunderstorm, beginning at about 1600, the 1400 radiosonde showed 

that the 60 percent relative humidity level extended above 7 km. 

The development of the storm was followed closely by radar during the 

period 1030 to 1630. Radar pictures indicate that the storm remained within 

5 miles of the Observatory throughout the day. While the storm seemed to 

move slowly clockwise (from north to east to south to west, relative to the 

radar site) for most of the day, it was centered about 2 miles north of the 

Observatory. Many of the radar photographs show a fine structure in the 

gross radar cloud, indicating the presence of several individual thunder

storm cells. Considering the duration of the storm it seems essential that 

a multiplicity of cells, developing individually and in groups and serially 

in time, would be required. 

To investigate the distribution of rainfall amounts at the ground from 

showers passing over the Observatory, a linear array of direct reading rain 

gauges was established in 1966. The line of gauges was oriented perpendi

cularly to the usual movement of trade wind showers. From the variation in 

rainfall catch as showers moved across the network some inferences could be 

drawn on the space and time distribution of shower rainfall. 

The rain gauge used was a simple wedge-shaped plastic container with 

etched graduations. The gauge, made by the Tru Chek Rain Gage Company, is 

used widely by sugar plantations throughout Hawaii because it permits 

accurate rainfall measurements at low cost. The overall length of the gauge 

is 13 inches, the rain collecting area is approximately 2.5 inches square, 

and the total capacity of the gauge is 6 inches. The wedge configuration of 

the gauge permits direct reading to 0.01 inch over the rainfall range of 0 

to 0.20 inches, to 0.02 inch over 0.20 to 1.00 inches and to 0.05 inch over 

the full range of the gauge. The gauges were read immediately after each 

shower and since the total rainfall was small, rainfall amounts could be 

estimated to 0.001 inch. 

The network was composed of 25 gauges, set 50 feet apart, along a 

straight line 1200 feet long. The line was oriented roughly NW to SE, 

normal to the usual movement of showers inland from the NE. Each gauge was 



mounted on a wooden post with the top of the gauge approximately one meter 

above the ground. 
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A large number of rainfall distributions from single showers were ob

tained. Most light showers moved quickly across the linear array, leaving 

from 0.10 to 0.25 inches of rain in each gauge. While the gauges were 

usually read after each shower, in some cases this could not be done. When 

prolonged rain or showers interspersed with constant drizzle occurred, only 

the accumulated total rainfall could be recorded. In many cases, the re

sulting distribution showed fairly equal amounts of rainfall in each gauge, 

the individual shower patterns being masked by the addition of several 

different storms of varying intensity and orientation. At other times, 

however, if the direction of shower movement was restricted to within fairly 

narrow limits by a constant prevailing wind vector, even the accumulated 

rainfall distribution showed a distinct pattern. 

ProbablY the most surprising finding from several months of measure

ments was the considerable variation in gauge catchment between gauges 

spaced only SO feet apart. A gauge might show only 50 percent of the rain

fall recorded by adjacent gauges on either side. It appeared that large 

spatial differences in rainfall catch were associated with rapidly moving 

showers which could move across the network in seconds and yet deposit re

latively large amounts of rain. It soon became apparent that what was 

really needed was a nonlinear array of rainfall rate instruments which could 

accurately record high intensity shower rainfall. 

The first question to determine was what rainfall intensity might be 

expected. One might suppose that shallow clouds, limited by the trade wind 

inversion to a depth of perhaps 2 to 3 km, could not produce rainfall at a 

rate of more that 25 to SO mm/hr. With this figure in mind, we set up a 

large square funnel (six feet on a side!) at whose outlet was mounted an 

oversized tipping bucket type of device. The tipping mechanism was not 

automatic; a technician manually switched an empty container beneath the 

downspout as soon as the initial container was full. The switching action 

was recorded on a strip chart recorder, so that the number of filled con

tainers per unit interval of time could easily be calculated. In principle, 

the device operated exactly like a tipping bucket rain gauge. 

Several measurements using this manually operated rain gauge revealed 

unexpectedly high rainfall rates over brief intervals of time. One parti-
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cularly striking example was noted. At 1130 one morning the sky was clear, 

with clouds just beginning to form. At noon a single cloud, immediately 

above the Observatory, began to rain. It rained for fifteen minutes, and 

by 1230 the cloud had completely dissipated and the sky was again clear. 

The rainfall record showed four separate shower phases during the fifteen 

minute rainfall, with a peak rainfall rate of approximately 150 mm/hr. 

Probably few people who live outside of tropical areas can imagine 

such rainfall amounts in so brief a period of time. An immediate conclu

sion resulting from the measurement of such high rainfall rates from shal

low Clouds is that the in-cloud liquid water content must be considerably 

larger than had previously been estimated or "measured". Indeed, it is 

apparent that at least a minimum liquid water content can be calculated 

from the measured rainfall rate at the ground (Workman and Fullerton, 1969). 

Since most of the island rainfall occurs at night, it was necessary to 

design a more automatic and reliable instrument to measure, if possible, 

instantaneous rainfall rate. Several different devices were fabricated, 

each operating on a different principle. Most of these devices, if they 

worked at all, did not work well and held little promise as automatic and 

continuous rainfall rate gauges. 

In 1968, however, E.J. Workman succeeded in developing an instrument 

to measure rainfall intensity automatically, continuously, and virtually 

instantaneously. Several years of testing and improvement in the Workman 

gauge brought us to the point where it appeared we were ready to establish 

a network of rainfall rate gauges to measure space and time variations in 

precipitation from tropical showers and other high intensity rainfall sys

tems. 

THE PROPOSED RESEARCH PROGRAM 

The present research program was initiated in 1971. The major ob

jective of Phase I of the program was to measure real time variations in 

rainfall rate at several points as tropical showers moved across a small 

network of gauges. This objective required the fabrication, calibration 

and installation of several Workman gauges. Although the Workman gauge 

had been in operation for three years, it had been employed essentially as 

a laboratory instrument. Rainwater was collected in a large funnel 
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mounted on the roof of the Observatory building. The Workman gauge was lo

cated inside the building and the instrument was closely monitored by Ob

servatory personnel. A necessary first step was the deployment of the Work

man gauge in a field array and a comparison of the Workman gauge record with 

records produced by standard rate of rainfall instruments exposed to the 

same tropical showers. 

It was also necessary to establish a recording system for the network 

gauges and such other supplementary data as needed in the analysis of high 

intensity rainfall. Available supplementary information included wind 

speed and direction, electric field (to identify thunderstorm conditions) 

and pressure. Upper air data was furnished from twice daily radiosonde 

flights from the Hilo airport, carried out as a normal part of the monitor

ing program of the National Weather Service. 

The research program, which began on July 1, 1971, was slow in getting 

started, primarily because of a shipping strike which also began on July 1. 

The concluding date for Phase I, originally June 30, 1972, was extended to 

December 31, 1972. 

The eighteen months of Phase I was a period of unusual weather condi

tions in Hawaii. The Observatory is located in Hilo to take advantage of 

the high frequency of occurrence and large amounts of rainfall characteris

tic of the windward coast of the Island of Hawaii. The normal annual rain

fall in Hilo exceeds 134 inches. Since the project began, however, 14 of 

the 18 months have exhibited below normal rainfall. The total rainfall 

received in 1972, 98.85 inches, was almost 38 inches below normal. Further

more, in 1972, Hilo experienced only nine days when the daily rainfall ex

ceeded 2 inches. In the ten-month period, May 1972 through February 1973, 

all months were below normal and the total rainfall received was less than 

62 percent of the normal for the period. 

Although the weather has been generally uncooperative, we believe that 

we have met and exceeded the goals established in the Phase I proposal. 

The following report will document the progress made in Phase I, briefly 

describe the work presently in process (Phase II) and indicate the practi

cal results expected during Phase III. 
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INSTRUMENTATION 

The Workman Gauge 

The basic instrument used initially in the present project is a 

modification of the rate of rainfall sensor developed by E.J. Workman at 

the Cloud Physics Observatory in 1968. As described by Taylor and Fuller

ton (1970), the Workman gauge consists of a small cup with an output spout 

in the form of a V-shaped trough about 26 cm long (Fig. 1). The cup and 

trough are free to rotate about an axis through the base of the cup perpen

dicular to the long dimension of the trough. The rotating axis is attached 

to a spiral clock spring which holds the cup-trough in the normal "dry" 

configuration. As rainwater from a collecting funnel is directed into the 

cup and flows out the trough, a torque is produced which, in turn, produces 

a strain in the spring. The strain is measured by strain gauges (BLH, type 

SR-4) cemented to the spring and recorded with any millivolt recorder. The 

system is capable of recording individual raindrops dripping from the end 

of the wetted trough. With the cessation of rainfall the spring returns 

the trough to the normally dry position. 

Based on the prototype design, the machine shop of the Hawaii Insti

tute of Geophysics fabricated the mechanical parts of ten Workman gauges. 

The strain gauges were attached and the el~ctrical wiring installed at the 

Observatory. 

During the initial calibration of these gauges certain troublesome 

problems arose. The Workman gauge is so sensitive that any variation in 

the flow of water used for calibration is immediately reflected in the 

output signal. It was impossible to use the normal flow of tap water as 

hydraulic variations in the plumbing system completely distorted the smooth 

flow through the trough. It was necessary to set up a constant level 

gravity flow reservoir to assure a repeatable water supply for calibration 

purposes. 

It was soon discovered, however, that even with a constant flow of 

water the signal output was subject to large and irregular fluctuations. 

Considerable experimentation revealed that these random variations during 

calibration were due to excessive friction in the axis of rotation. The 

axle was redesigned with ball bearings and this particular problem was 

solved. 



FIGURE 1. WORKMAN RAINFALL INTENSITY GAUGES: ORIGINAL AND IMPROVED MODELS. 

LEFT: THE ORIGINAL MODEL OF THE WORKMAN RAINFALL INTENSITY GAt.X;E 
(NOTE COIL SPRING). RIGHT: THE IMPROVED WORKMAN GAUGE, WITH A FLAT 
LEAF SPRING MOUNTED OVER THE TROUGH. IN EACH CASE, THE TROUGH IS 
ABOUT 26 CM LONG. 

10 
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The Workman gauges were calibrated by allowing water from the constant 

level reservoir to flow into the cup and out the trough. The flow rate 

was adjusted until the strain gauge recorder indicated a constant output 

voltage. The flow rate was varied to produce output signals between SO 

and 250 mv. The flow rate was determined by measuring the time required 

for a given volume of water to flow through the trough. Calibration 

curves were prepared for each of the Workman gauges, plotting the recorder 

output (in millivolts) against the flow rate (in cm 3/min). The various 

calibration curves were quite similar and reasonably linear over the range 

of flow rates of interest. The relationship between flow rate and rain

fall intensity depends on the size of the input funnel used. In the 

present application, we have used a 36-inch diameter funnel, which allows 

measurement of rainfall rates up to 14 to 15 inches per hour (356-381 

mm/hr). While the calibration curves are similar, the output of each 

gauge must be analyzed with the calibration curve prepared for that gauge. 

Before the Workman gauges were installed in a field array, it was 

experimentally determined that a flat leaf spring would result in a more 

linear response curve than the coil spring originally used by Workman. 

The basic design was changed, therefore, to incorporate a stainless steel 

spring, 8 inches long, 0.5 inches wide. Strain gauges were cemented on 

the upper and lower surfaces of the leaf spring. The strain gauges 

formed two arms of a conventional Wheatstone bridge circuit. Two strain 

gauges were used to compensate for temperature changes which affect the 

length of the spring. 

Eight modified Workman rate of rainfall recorders were distributed in 

afield network, to be described later, and a cable was installed to re

turn the signals to the Observatory, where they were displayed on an 

eight-channel strip chart recorder. Some preliminary data was obtained, 

although rainfall amounts, as previously noted, were far below normal. 

The deficiency of rainfall data was probably fortuitous, for the Workman 

gauge, which had worked well in the laboratory, began to display a number 

of problems in the mUlti-gauge field application. 

The Workman gauge, being a mechanical device, is subject to all the 

difficulties associated with mechanical instruments. In addition, as pre

viously noted, the gauge is highly sensitive and produces a large output 

signal for the slightest perturbation. Insects, particularly spiders, 
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seem to enjoy running along the trough. A more critical objection is the 

temperature drift in the output signal, which persists even with the use 

of two strain gauges in a dual compensating network and the application of 

insulating material to the interior of the gauge housing. While the drift 

can be identified on the strip chart record, it soon became apparent that 

the large quantities of data to be handled required computer processing. 

Unfortunately, the computer cannot distinguish between thermal drift and 

rainfall, resulting in a severe operating problem. 

In spite of these problems, we believe that the Workman gauge repre

sents a real advance over other mechanical devices designed to measure 

rainfall intensity. In using the Workman gauge, we obtained some very 

interesting preliminary results which indicate significant variations of 

rainfall intensity on the scale of 50 meters in tropical rain showers. 

Figure 2 shows a typical record obtained with the array of Workman gauges. 

Each gauge exhibits rapid variations in rainfall intensity with time, and 

there are considerable differences from gauge to gauge. 

While the Workman gauge represents a sophisticated laboratory instru

ment which, carefully monitored, can produce excellent data on variations 

in rainfall intensity, the present application suggests the need for a 

more reliable field device whose output is compatible with computer data 

reduction and analysis. These considerations led to the development of 

a new type of rain intensity gauge. 

The Raymond-Wilson Gauge 

O.J. Raymond and S.K. Wilson have invented a new rainfall sensor which 

also measures the rate of water flowing through a trough. In the new de

sign, however, the trough is in a fixed configuration and the gauge contains 

no moving parts, other than the water flowing through the system. The per

formance characteristics of the new instrument are similar to the Workman 

gauge, but the operational behavior, particularly in a field application, 

is vastly improved. 

The operation of the Raymond-Wilson gauge depends on the measurement 

of the :eeai.8tanae ·Q..£=,:the."wa.:te1"a~i,t flows through·an inclined trough .. 

The resistance, Rl, of the water across two electrodes spaced along the 

trough is inversely proportional to the cross-sectional area of the flowing 
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FIGURE 2. RECORD SHOWING THE PASSAGE OF A TROPICAL SHOWER 
OVER THE RAIN GAUGE NETWORK ON OCTOBER 5, 1972. 
ALL RECORDS ARE FROM THE WORKMAN GAUGE, EXCEPT 
FOR 11, WHICH IS AN EARLY TEST RECORD OF THE 
RAY~D-WILSON GAUGE. GAUGES 8 AND 11 ARE 
ADJACENT TO ONE ANOTHER. THE 0 CORRESPONDS TO 
18:24:03 LOCAL TIME. 

RAiN GAUGE 

NO. 

(NEW 
II GAUGE) 

8 

7 

6 

5 

4 

3 



water, and directly proportional to the resistivity of the water. Since 

the resistivity of natural rainwater varies over orders of magnitude, a 

chamber of fixed geometry is provided in the trough for an additional 

resistance measurement. The second resistance, R2, is proportional to 

the resistivity but independent of the flow rate. The ratio of R2/Rl 
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is thus proportional to the level of water in the trough, but independent 

of the resistivity. 

Figure 3 shows a schematic diagram of the Raymond-Wilson gauge. 

Electrodes C and D form the circuit across which Rl is measured, while 

R2 is measured across electrodes A and B. The dam forms a water reservoir 

maintaining a relatively fixed resistance geometry whether or not water is 

flowing. The dam and V-shaped trough are fabricated from plexiglass. The 

small inlet funnel receives water from a large collection funnel. The in

let funnel contains baffles to dissipate the kinetic energy of the incoming 

water, making the flow independent of the size and placement of the col

lection funnel (Fig. 4). 

Electrodes D and E form a control resistance, R3, for the electronics 

circuit. As is well known, resistance measurements in electrolytes must 

be made with an alternating voltage to avoid electolytic action. The 

required frequency increases with the conductivity of the electrolyte. On 

the other hand, measurements at high frequency are affected by the capa

citive coupling between electrodes. This latter problem is particularly 

acute when the conductivity is low. Therefore, it is advantageous for the 

frequency to vary with the resistivity of the rainwater. This is accom

plished by making R3 the feedback resistance of the multivibrator that 

generates the alternating voltage used in the measurement. A frequency 

of abou~ ~O Hz is generated for moderate flow rates of distilled water 

(~106 o~m-cm),' while simila'r flow rates of ordinary tap water (~104 ohm-cm) 

give a frequency of about 103 Hz. Over this range both capacitative and 

electrolytic effects appear to be avoided. 

The ratio R2/Rl is calculated by an operational amplifier. The signal 

is rectified and smoothed by imposition of a 1 sec electronic time constant. 

The output is of low impedence, suitable for transmission over a cable. 

The Raymond-Wilson gauge is calibrated by recording the gauge output 

voltage associated with known flow rates of water. The flow, generated by 

a motor under feedback control running a positive displacement pump, is 
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increased in steps from zero to a maximum flow which corresponds to a 

rainfall intensity of 380 mm/hr through a 36-inch diameter funnel and then 

decreased in steps to zero. The gauge voltage, sampled a few seconds after 

each step, was plotted against the flow rate. Figure 5 shows a typical 

calibration curve, run with distilled water. Tap water yields a curve that 

differs by less than 10 percent over the entire range of flow rates, thus 

verifying that the output is reasonably independent of the resistivity of 

the water. Hysteresis is virtually absent. 

The gauge, since it has no moving parts, requires little maintenance. 

The main operational problem encountered in field tests is the accumulation 

of a slightly conductive film in the trough. Normally, when water ceases 

flowing, the conductive path between electrodes C,D and E is broken, the 

multivibrator turns off and the output drops to zero. If a conductive film 

is present, however, the multi vibrator will continue running at a slow rate, 

Rl will be finite and the gauge will '~allucinate." In extreme cases, the 

calibration will be measureably affected. 

It is not clear whether the conductive deposit is from rainwater, 

from ordinary dust and dirt, or is a result of chemical action on metallic 

parts of the gauge. The effect becomes serious only after about a month 

of field operation. Periodic cleaning with household ammonia appears to 

restore the gauge to its original condition. 

The Raymond-Wilson gauge appears to incorporate all the best features 

of the Workman gauge, while overcoming its demonstrated deficiencies. 

Therefore, most of the Workman gauges in the rainfall network have been 

replaced by the newer instrument. One Workman gauge continues to record 

in the fixed location in which it has been operating over the past five 

years. 

Pressure Rate Sensor 

It is important to detect and measure variations in atmospheric pres

sure which may accompany and be associated with convective rainfall. In 

the present research program we have employed a pressure rate sensor, de

signed and built by S.K. Wilson. The sensor is somewhat similar to 

devices used to detect very low frequency acoustic waves. 

The pressure difference between the exterior and interior of a refer-
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FIGURE 5. A TYPICAL CALIBRATION CURVE FOR THE RAYMOND-WILSON GAUGE. 
NOTE THE LACK OF HYSTERESIS AS THE FLOW IS FIRST INCREASED 
TO MAXIMUM VALUES AND THEN DECREASED TO ZERO. 
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ence volume with a slow leak is proportional to the absolute pressure rate, 

that is, to the time rate of change of pressure. One wall of the reference 

volume is formed by a thin, aluminized mylar diaphragm which acts as a part 

of a capacitor. Pressure differences produce deflections in the diaphragm 

which are electronically measured by a novel and inexpensive circuit. The 

output pressure rate signal is fed directly into a computer, where it is 

calibrated and numerically integrated to yield short term (i.e., 2 to 3 

hours) variations in atmospheric pressure. 

A feeling for the sensitivity of the present instrument may be obtained 

by realizing that simply lifting the sensor through a vertical distance of 

about one meter reduces the atmospheric pressure sufficiently to cause a 

full scale deflection in the output signal. In fact, this technique has 

been successfully employed to calibrate the sensor, since the vertical gra

dient of pressure is easily calculated. Short term pressure fluctuations of 

the order of 0.01 mb are quite easily measured. 

Since temperature changes produced pressure changes, the reference vol

ume is surrounded with low thermal conductivity fiberglass, and placed in 

the center of a container filled with styrofoam. The entire instrument is 

located in an air conditioned room. 

COMPARATIVE MEASUREMENTS WITH OTHER 'RAINFALL RATE INSTRUMENTS 

As a part of the initial testing of both the Workman and the Raymond

Wilson rainfall intensity gauges, comparative measurements were made with a 

number of standard instruments used to measure rainfall rate. Among these 

instruments were a weighing gauge, a tipping bucket gauge, and a Jardi rate 

of rainfall recorder. Some consideration was also given to the capacitor

type rain gauge developed by Semplak (1966), and recently improved by 

Seibel (1972). 

The various instruments were located immediately adjacent to one anoth

er, as shown in Figure 6. The weighing gauge and the Jardi gauge employ ink 

recording on a clock-driven chart contained within the instrument housing. 

The tipping bucket signal was connected by cable to an eight-channel strip 

chart recorder used to display the output signals of the network rainfall 

intensity gauges. 



FIGUR~ 6. ARRAY OF INSTRUMENTS FOR COMPARATIVE MEASUREMENTS OF RAINFALL INTENSITY. 
THE VERTICAL GAUGE ON THE LEFT IS A STANDARD WEIGHING GAUGE. THE THREE 
INSTRUMENT HOUSINGS 7 EACH WITH A 36-INCH DIAMETER FUNNEL7 CONTAIN A 
WORKMAN GAUGE 7 A RAYMOND-WILSON GAUGE AND A JARDI RATE OF RAINFALL RE
CORDER. THE WHITE INSTRUMENT ON THE RIGHT IS A STANDARD TIPPING 
BUCKET RAIN GAUGE. 
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Weighing Gauge 

The weighing gauge is a standard eight-inch rain gauge (Belfort Instru

ment Company) equipped with an internal scale which measures the total 

weight of water received by the gauge. The scale is calibrated directly 

in inches of rainfall and ink recorded on a paper chart driven by a clock

work mechanism. The gauge at the Observatory uses a 24-hour chart, which 

is read at 0800 daily, and a new chart installed. The chart record indi

cates the total gauge catch at any time and is lined in increments of 0.05 

inch, with a time interval of 15 minutes. It is possible, therefore, to 

estimate average rainfall intensities over the period of several minutes. 

Hawaiian rain showers are characterized by very brief intervals of 

high intensity rainfall. The Workman and Raymond-Wilson intensity gauges 

are designed to accurately measure such events; the weighing gauge is not 

designed for this purpose. It has been possible, however, to compare 

average rainfall intensities over extended periods of time. Numerous 

comparisons indicate that the weighing gauge and the fast response inten

sity gauges agree within 10 to 15 percent, a reasonable value, over time 

intervals of several minutes. 

Jardi Rate of Rainfall Gauge 

The Jardi gauge is the standard instrument used to measure rainfall 

intensity in England and many other countries. We have carried out a 

number of laboratory experiments using the Jardi gauge in series with the 

Workman gauge. The outflow from the Workman gauge trough is directed into 

the inlet funnel of the Jardi gauge. For steady flow rates and under 

laboratory conditions the output of the two instruments agree within 3 

percent for intensities <100 mm/hr. In field tests, however, the Jardi 

appears to give erratic results for low rainfall rates «25 mm/hr) and 

yield intensity values that are consistently lower than the Workman gauge 

for rainfall rates greater than about 100 mm/hr. Our initial conclusion 

was that the Jardi gauge we were using for comparison might be defective; 

that internal friction might cause binding in the float system which be

comes critical at the lower and higher intensities. 

We have furnished a Workman gauge to the Royal Observatory in Hong 
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Kong for comparison with their Jardi gauge. The Royal Observatory has 

used the Jardi gauge for many years and personnel there are thoroughly 

familiar with its operation. The Observatory installed the Workman gauge 

in series with the Jardi, as was done in laboratory tests at the Cloud 

Physics Observatory. Chen (1973) reports that in natural rain showers 

the Jardi and Workman gauges agree reasonably well when the rainfall rate 

is less than 70 mm/hr, but for rates higher than this the Jardi reads 

consistently lower than the Workman gauge. In one particularly heavy 

rain the Jardi recorded 205 mm/hr, while the Workman gauge measured a 

rate of 265 mm/hr. It is important to note that the time resolution of 

the Jardi gauge is poor and its mechanical readout critically limits the 

accurate recording of high intensity rainfall. 

Many users of the Jardi gauge fail to appreciate that the theory of 

this instrument assumes the validity of Torricelli's law of orifices. The 

Jardi recorder, therefore, cannot give a true rainfall intensity value 

unless the "head" is constant. The Jardi gauge thus is not a continuous 

recorder; rather, it gives results of peak values when the intensity is 

nearly constant. Imagine a sudden burst (step function) of rain applied 

to the Workman and Jardi gauges. The Workman gauge reaches 63 percent of 

the maximum rainfall rate in 0.3 sec, whereas the Jardi gauge takes 3.5 

sec. The present research program has revealed significant variations in 

rainfall intensity on the order of seconds. In this case, the Jardi gauge 

will be continually attempting to adjust to a rapidly varying "head". We 

would expect the gauge to underestimate the peak rainfall rate, and this is 

the finding in natural rain showers measured both in Hawaii and in Hong 

Kong. 

Tipping Bucket Rain Gauge 

For comparative studies a Weathermeasure Corporation model P501 remote 

recording rain gauge has been used. The gauge receives rainwater through 

an 8-inch diameter funnel and a tipping bucket mechanism provides an out

put electica1 signal after each 0.01 inch of rainfall. This signal is 

displayed on an event marker on the eight-channel strip chart recorder 

used to exhibit the record of other rainfall intensity gauges. 

Both the Workman and the Raymond-Wilson gauge outputs are routinely 
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compared with the output of the tipping bucket gauge. For moderate rain

fall rates the tipping bucket gauge works well and yields the correct in

tegrated rainfall up to about 100 mm/hr. For higher rates, the time reso

lution of the tipping bucket is not sufficient to correctly measure the 

true intensity. 

Semplak Capacitor Gauge 

The Semplak (1966) gauge was designed at Bell Telephone Laboratories 

to sense the level of water in an inclined trough, and hence the flow rate 

by the increase of capacitance across two parallel insulated wires layered 

in the floor of the trough. The increase in capacitance was attributed to 

the large dielectric constant of water. Semplak failed to consider, how

ever, that the Maxwellian relaxation time is less than about 1~-5 sec, even 

for the least conductive rainwater. This means that at audio frequencies 

rainwater is an excellent conductor and the dielectric properties are ir

relevant. Certainly the capacitance increases as water flows down the 

trough, but this increase is apparently due to a different mechanism than 

that proposed by Semplak. The water essentially acts to convert a single 

wide gap capacitor into two capacitors in series. Water is the conductor 

and the insulation of the wires forms the qielectric. The capacitance is 

then proportional to the submergence of the wires, which is radically af

fected by the orientation of the trough, the cleanliness of the wires, and 

other conditions of geometry. 

In view of these deficiencies in the Semplak gauge, it was not used 

for comparative measurements in the present program. Seibel (1972) has 

recently developed an improved version of the Semplak gauge which appears 

to correct most of the design problems in the earlier instrument. 

THE RAIN GAUGE NETWORK 

Eight rain intensity gauges have been deployed in a small scale net

work adjacent to the Cloud Physics Observatory in Hilo (Fig. 7). Five of 

the gauges are contained within a circle of radius 50 meters, and all of 

the gauges are located within a circle of 80 meters radius. The maximum 

separation between gauges in the network is thus 160 meters. This close 



FIGURE 7. AN AERIAL PHOTOGRAPH OF THE RAIN GAUGE NETWORK ESTABLISHED ADJACENT TO THE CLOUD PHYSICS 
OBSERVATORY IN HILO. GAUGE LOCATIONS ARE INDICATED BY THE WHITE HALOS TO THE RIGHT OF THE 
BUILDINGS. THE TWO GAUGES NEAR THE TOP OF THE PHOTOGRAPH ARE ABOUT 50 METERS APART. N 

tN 



24 

spacing was selected in Phase I of the program so that the rainfall pattern 

associated with tropical showers could be followed unambiguously across the 

network. In spite of the close spacing, significant differences occur from 

gauge to gauge and these differences are real; they are not simply instru

mental. 

Originally, the eight stations of the network were occupied by Work

man gauges. All of the Workman gauges, except one, have been replaced by 

Raymond-Wilson intensity gauges. All gauge signals are returned to the 

Observatory by cable where they enter a matrix switching circuit. The 

output of any gauge, or any combination of gauges, can be displayed on an 

eight-channel strip chart recorder or directly interfaced with the Obser

vatory's PDP-II digital computer. 

The eight-channel strip chart recorder provides a convenient and con

tinuous record of the following signals: wind speed and direction, as 

measured on a 40-foot mast at the north end of the network; rainfall in

tensity, as measured by the Workman gauge, by one of the Raymond-Wilson 

gauges, and by the tipping bucket gauge; the dry and wet bulb temperatures; 

rate of change of atmospheric pressure; and the electric field. The output 

of all rainfall intensity gauges, together with the other sensors just men

tioned, is recorded on magnetic tape for computer processing and analysis. 

In addition, upper air data on the temperature, humidity and winds are 

derived from radiosonde flights made twice a day at the Hilo airport by the 

National Weather Service. 

RESULTS OF RAINFALL INTENSITY MEASUREMENTS 

Phase I of this research project involved instrumental design and 

fabrication, the establishment of the network of gauges and comparative 

measurements with other rainfall intensity devices. The major effort of 

data collection and analysis is a Phase II operation and will be covered 

in the Phase II report. The following is an example of the type of infor

mation which is being obtained with the rainfall intensity gauges. 

The intensity of rainfall that may be produced by warm clouds (those 

in which the temperature is everywhere warmer than 0° C), and in particular 

by comparatively small maritime clouds, is not universally appreciated. As 

a result, many models of the warm rain process yield results which any 
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resident of the tropics would immediately recognize as totally incorrect. 

This situation is due in part to an embarrassing lack of data on tropical 

rainfall intensities. Such values that do exist, for example, those 

derived by Woodcock and Blanchard during "Project Shower", held in Hawaii 

in 1954, are biased toward low rainfall intensities. As a step toward 

ameliorating this situation, we shall present 43 days of rainfall intensity 

data, recorded at the Cloud Physics Observatory in October and November 

of 1972. Both the Workman and the Raymond-Wilson gauges were in use during 

this period. 

Figure 8 shows a record of the rainfall intensity as a function of 

time, as measured by the Workman gauge, for a heavy shower during the 

sample period. Note the extremely rapid variations in rainfall intensity. 

High intensities are often measured, but the peak intensity, as in this 

example, seldom persist for more than about one minute. Thus, a shower 

with a rainfall rate in excess of 100 mm/hr, as measured at a given station, 

may result in a total gauge catch of only 1-2 mm at that station. 

Whether this brief time scale for high intensity rainfall is intrinsic 

to the shower or results from the passage of a narrow rain shaft is now 

being investigated. Preliminary evidence indicates that high intensity 

rainfall results more from a restricted distribution in space rather than 

from a particularly short intrinsic time scale. This suggestion is con

firmed by visual observations that intense rain appears to be localized in 

space, with intervening areas having little or no rainfall. Thus, to 

obtain from single station measurements the typical maximum rainfall inten

sity during a given period of time, it is reasonable to take the maximum 

intensity of the most intense shower during that period. If all showers 

in the sample period have similar characteristics, then a high rate of 

rainfall represents simply the passage of a shower directly over the gauge. 

Significantly lower rainfall rates indicate that the high intensity cell of 

the shower "missed" the measuring gauge. 

In Figure 9a, the peak intensity of the heaviest shower in a given 

24-hour period (midnight to midnight) is plotted, along with the total 

rainfall for that day. The later value was obtained from the weighing 

gauge, which is located immediately adjacent to the rainfall intensity 

gauges. 

Detailed plots of the upper air data, furnished by the National 
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Weather Service, were prepared for the entire observational period. From 

these plots it appears that two parameters, the depth of the trade wind 

flow and the height of the trade wind inversion, are significantly corre

lated with the rainfall. 

Figure 9b shows the height Qf transition between the easterlies and 

the westerlies. This height may be roughly interpreted as the depth of 

the trade wind flow. The period October 30 to November 4 appears to be an 

exception to this rule, since the easterlies apparently extend to high 

altitudes. An examination of the original data, however, shows that the 

upper air winds were primarily southerly, with only a slight ~asterly 

component. This period, therefore, should not be interpreted as an inter

val of strong easterlies. 

Figure 9b also shows the 16° C contour of dew point depression. It 

is well known that the trade wind inversion is often characterized more 

by a sudden decrease in moisture than by a substantial increase in tempera

ture. The dew point depression contour conveniently indicates the altitude 

of rapid drying and thus marks the upper boundary of the moist marine layer. 

Probably the most significant aspect of these data is the high value 

of rainfall intensity recorded. Intensities of more than 100 mm/hr occur 

routinely, and rates of 150 mm/hr and more are occasionally measured. 

What makes such rainfall rates particularly interesting is that they are 

usually associated with thin convective clouds. During the observational 

period the highest rainfall intensities occurred with the thickness of the 

marine layer 3.5 km or less. 

One might hypothesize that the thickness of the marine layer, as de

termined from radiosonde measurements, does not reveal the existence of 

tall but isolated convective towers and that such towers are the source of 

the high intensity rainfall measured. However, on October 26, 1972, one 

of the investigators was flying above the marine layer near Hilo. No 

clouds with tops in excess of 3.7 km were observed. Figure 9a shows that 

on that day rainfall rates up to 82 mm/hr were measured. Calculations from 

radiosonde data place the top of the marine layer at 3.2 km, only 500 meters 

less than the tops of the tallest clouds. The shower that produced the 

82 mm/hr rainfall rate occurred about one hour before takeoff. A shower 

with an intensity of about 60 mm/hr passed over the Observatory while the 

observer was airborne. If these findings are typical, the isolated tower 
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hypothesis must be discarded. 

Since the downward flux of rain at cloud base can hardly be less than 

the rainfall intensity measured at the ground, the peak surface rainfall 

rate may be used to estimate a minimum value for the in-cloud liquid water 

content (LWC). The LWC, in gm/m3
, is related to the rainfall intensity 

(RI), in mm/hr, by 

LWC 

where Vd is the downdraft velocity and Vr is the mean raindrop terminal 

velocity, weighted by the distribution of LWC with respect to the cube of 

the raindrop radius. Velocities are expressed in m/sec. If Vd=3 m/sec 

and V =5 m/sec, a rainfall intensity of 150 mm/hr indicates a minimum LWC 
r 

of 5 gm/ml at some point in the cloud. This value is much higher than is 

usually assumed in warm clouds. 

The mechanism by which such accumulations of high liquid water content 

are produced in thin convective clouds remains obscure. The routine occur

rence of high intensity rainfall in the vicinity of Hilo is undoubtedly a 

result of processes acting in warm clouds. Figure 9b shows that the 

freezing level was never less than 4 km during the October-November sam

pling period. Before the dynamics of the tropical atmosphere can truly be 

understood, this mechanism must be explained. 

FUTURE PLANS 

Phase II of the research program is currently in progress. The spa

cing between gauges in the rain gauge network has been increased so that 

intensity variations during the passage of a shower can be studied over" 

greater distances. The major features of shower structure can easily be 

followed across the network. The fine structure in the rainfall intensity, 

as measured by each gauge, was of crucial importance in the instrumental 

development stage of Phase I. In Phase II, our interest is properly being 

directed to larger scale variations in space and time. 

As the network increases in size to the point where it is no longer 

feasible to return the gauge signals to a central location by cable, tele-
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metry methods or self-contained gauges and recording systems must be deve

loped. Experiments along both lines are currently in progress. While it 

may still be possible to return signals to the Observatory, using the 

existing poles and lines of local utility companies, the obvious advantages 

of a truly portable instrument which could be placed in any location, how

ever remote, justify our continued experimentation. A Raymond-Wilson 

intensity gauge, with an internal recording system, is now undergoing field 

tests. If these tests are successful, it will only be necessary to modify 

the recorder for battery operation. At the same time, attempts are being 

made to reduce the inlet funnel diameter without sacrificing the response 

and accuracy of the instrument. 

In Phase III of the project, our plans include a number of field 

studies to relate rainfall intensity measurements to the practical problems 

of water conservation and management. These plans have been specified in 

the Phase III proposal and in the addendum to that proposal, submitted on 

January 30, 1973. 

ACKNOWLEDGMENTS 

We would like to acknowledge the substantial and significant contribu

tions of S.K. Wilson to this project. Mr. Wilson participated fully in the 

development of the Raymond-Wilson gauge and designed and built the pressure 

rate sensor used in this project. He is a vital part of the team effort 

devoted to this project. 

Mr. Wilson replaced Paul Sasaki, who resigned June 30, 1972. Mr. Sa

saki, with student help, did most of the field work in establishing the 

rain gauge network and initial calibration of the Workman gauge. 

A large number of students have worked on this project and without 

their assistance and devotion much less would have been accomplished. We 

thank Arne Austring for his continuing help in instrumentation. Norman 

Oshiro, who will begin graduate studies in Meteorology this fall, did most 

of the data reduction necessary to produce Figure 9. Myra Enriques has 

made major contributions to the project, both in data reduction and clerical 

assistance. Wayne Imaino, Pauline Yuen, and Melody Meier carried out 

computer analysis and plotting. Charles Shimizu, Peter Gort, Glenn Goro, 

Florence Miyamoto, and Robert Mitchel made countless contributions to the 



31 

program. 

Special thanks go to Darla Serrao for excellent secretarial support, 

and to our fiscal officer Herbert Ouchi. We acknowledge the continuing 

support and assistance of Dr. L.S. Lau, Director of the Water Resources 

Research Center of the University of Hawaii. 



32 

REFERENCES 

Chen, T.Y. 1973. Personal communication. 

Fullerton, C .M. 1972. A rainfall climatology of Hilo~ Hawaii. Technical 
Report No. 61. Water Resources Research Center, University of Hawaii. 
34 p. 

Seibel, R.R. 1972. "A capacitor-type rain gauge with dc output and im
proved flow characteristics." Rev. of Sci. Inst.~ 43. No.8 (August 
1972). pp. 1081-1085. 

Semplak, R.A. 1966. "Gauge for continuously measuring rate of rainfal1." 
Rev. of Sci. Inst.~ 37. No. 11 (November 1966). pp. 1554-1558. 

Taylor, R.C. and C.M. Fullerton. 1970. "A new rain intensity recorder." 
Froc. Symp. Tropical Meteorol. Honolulu, Hawaii. pp. B VIII-l -
B VIII-4. 

Workman, E.J. and C.M. Fullerton. 1969. "Rainfall intensity as related 
to the liquid water content and structure of precipitating clouds." 
Presented to the 50th Annual Meeting of the American Geophysical 
Union, Washington, D. C., April, 1969. Abstract in Transactions of 
the A.G.U., 50. 166 p. 




