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Solar radiation intensities, incident to the sea surface off the Ore-

gon coast, are measured and compared. Simplification of some physi-

cal and biological problems can be anticipated if the average radiation

received over a broad segment of ocean can be accurately indicated

by the amount recorded at the land station.

The area of ocean over which the study was made extends the

length of the Oregon coast and 165 miles to sea. The measurements

were made during the months of June, July, August, and September

1963 with an Eppley total radiation pyrheliometer.

A division of the study area into Newport and three zones parallel

to the coast separated the data into comparative groups. Clear sky

radiation values, assumed constant with longitude, are used as bases

for comparison. For each value of observed radiation, a correspond-

ing clear sky value was calculated using standard techniques. Curves,

based on a dust-free atmosphere with two cm of precipitable water,
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are developed to provide these calculated values.

Before the recorded values from the zones are compared, their

corresponding calculated spectra are adjusted to be identical. This

is done by weighting the number of observations in each classification.

In all instances, the zone values are adjusted to those of Newport.

Comparison is made between mean intensity values, percentages

of calculated clear sky values, relative and cumulative frequencies of

intensities, and composites of daily traces. Two methods of analysis

are employed. One classifies data by intensity level, and the other

classifies it by the hour of the day during which it was recorded.

Not enough observations were available in the two zones farthest

from Newport to provide smooth curves. It is found, however, that

there is essentially no change with longitude in observed intensity

spectra and means. It is concluded that the average radiation record-

ed at Newport indicates with some accuracy the average radiation re-

ceived over the section of ocean in question.
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SOLAR RADIATION MEASURED AT THE SEA SURFACE
OFF OREGON DURING SUMMER 1963

INTRODUCTION

In May 1963 a pyrheliometer and recorder were installed aboard

Oregon State University's research vessel Acona. With this set of

instruments the short wave solar radiation reaching a specified area

of sea surface was to be measured and recorded.

The need for such measurements at sea is recognized. The

oceans cover three fourths of the earth,, yet the amounts of incoming

solar energy are estimated almost entirely from data taken at land

stations. Until information on the actual distribution of incident

radiation is available, most work in oceanography and marine meteor-

ology must be based on the land based estimates. Precise evapora-

tion studies, for example, cannot be made at sea without accompany-

ing radiation measurements. The amount of energy available be-

neath the sea surface for biological activities can only be approxi-

mated. The data used to compute the global heat budget must come

largely from extrapolation.

Yet surprisingly little has been done to fulfill this need. J. N.

Black (3) and G. J. Day (4) studied radiation distribution in the sea

adjacent to the British Isles, but the results were based almost en-

tirely upon extrapolation between the land stations and weather ships.
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Shipboard studies have been concerned largely with specific phe-

nomena such as transmissivity and atmospheric turbidity. Linke (14)

took observations from a German research vessel in the Atlantic with

an actinometer, but these measurements were non-continuous and

made only under clear sky conditions. Van Riel (16) made similar ob-

servations around the Netherlands East Indies during the Snellius Ex-

pedition of 19 29-30, but he too worked only in clear sky conditions.

Most of the other shipboard measurements have been equally spec-

lalized. Neuman and Hoilman (17) of New York University, for exam-

pie, studied sea surface reflection in Long Island Sound with the aid of

two pyrheliometers mounted on the bowsprit of their research vessel.

These studies have provided an insight into the nature of solar

radiation and a greater understanding of the effects of the atmosphere

and ocean upon it. But they have provided little information on the

actual distribution of incident radiation over the sea surface.

It was in the area of intensity distribution that the following re-

search was undertaken. The section of sea surface over which the

radiation was measured extended the 245 mile length of the Oregon

coast and 165 miles to sea. The basic aims of the study were to mea-

sure the amount of radiation received at the ocean surface, to deter-

mine whether areal anomalies existed in its average distribution, and

to devise some methods for processing and evaluating the data. The

applicability of the results to specific problems could then be
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considered.

If the incident radiation varied with distance offshore, for exam-

pie, some bioiogicai impiications become apparent. The reduced rad-

iation resuiting from persistent cioudiness in a certain region could

lead to a reduced rate of photosynthesis. This would affect related

biological activities, and the final result could be an ecology peculiar

to that region.

On the other hand, if the intensity distribution proved to be uni-

form, then the radiation effects on the biological and physical proces-

ses could be assumed uniform. Using a coastal station as a point

source, the average radiation recorded there could be substituted in

some cases for that taken aboard ship. This would afford such ad-

vantages as readily accessible and continuous data, elimination of

errors introduced by the shipts roll, and possible supporting data not

available at sea.

Some evidence seems to favor conditions that would produce var-

iations in radiation distribution. Upwelling, for example, with its

introduction of cold bottom water to the upper levels, could produce

fog and clouds. Smith (18) found that the watr temperatures taken

five miles off the Oregon coast and ten meters deep were as much as

eight degrees centigrade colder than those taken farther out at the

same depth. His data indicated that the upwelling, which occurred

between spring and fall, was most pronounced near the coast, but



was still detectable twenty to forty miles out. These findings could

easily imply the existence of a semi-permanent fog bank in that region.

This study is concerned with the effects that such conditions

might have on the intensity of incident radiation. If fog is produced

by upwelling, is it climatologically significant? Is it persistent

enough to produce an anomaly in the average radiation figures over a

four month period? Are there any other anomalous regions in the

40,000 square mile block of ocean?

Answers to these questions were sought by comparing the incident

radiation from different regions with that observed in Newport. Forty

seven percent of the samples (483 hours) were taken at Newport,

which was a large enough sampling to provide reliable averages.

Comparisons were made of mean observed values, percentages of

calculated clear sky radiation, average daily traces, and frequencies

of radiation intensities.

The data used in this study were taken during June, July, August,

and September of 1963. Of a maximum possible 1478 daylight hours,

1030 were sampled. The mean cloud cover at Newport during these

months, based on daily U. S. Coast Guard observations at 0800,

1200, and 1600 was 72 percent of the sky. The mean cloud cover

observed from the Acona at sea, estimated from notations in the

ship's log, was 68 percent. These figures are offered only as an in-

dication of the average weather; no attempt has been made to correlate
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incident radiation with cloud cover.

The radiation record was made concurrently with other ocean-

ographic data collection. Except for a few interruptions, it was con-

tinuous as the Acona followed specialized tracks dictated by a series

of cruises. The bulk of the observations made at sea was concentrat-

ed on the approaches to Newport, while the rest were distributed with

decreasing frequency with distance from shore.

The results of the study are not intended to be all inclusive. The

data from the regions farthest from Newport are too few, and the

time over which they were collected represents only one season.

They do, however, provide an indication of the radiation received

and its variation with distance offshore. They may also be used for

comparisons with empirical predictions and aid in the evaluation of

prediction techniques. Finally, the methods devised for the collec-

tion, reduction, and analysis of data may prove useful in further in-

ye stig ation.



PYRHELIOMETRIC PRINCIPLES AND DEVELOPMENT

The data collecting equipment consisted of an Eppley total radia-
tion pyrheliometer connected to a Leeds and Northrup continuous
chart recorder. These instruments provided a radiation measuring

and recording system that required almost no attention. They have

been used by the Weather Bureau and other agencies for many years
and have been generally considered to comprise a most efficient

system.

Before discussing them it may be of interest to mention a few
other types of pyrheliometers that represent different principles.
Listed below are examples of the earlier versions of both the normal

incidence and horizontal surface types. Some are still in use today,

while others have been improved upon and replaced. All were sel-

ected primarily to suggest the diversity of solar radiation measuring

equipment and to trace some of its history.

Intensity at Normal Incidence

(a) Angstr5m pyrheliometer:
The first successful pyrheliometer was built by Knut Angstrm

(2), son of the famous Swedish physicist, in the 1890ts. This model,

which is still in use, measures radiation intensity at normal incidence.
Like many of its successors, it bases its operation on the use

of thermocouples. Early in the 19th century, T. J. Seebeck dis-
covered that a current will flow in a circuit consisting of two dis-

similar metallic conductors, if the temperature at one junction is
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higher than that at the other. When produced in a pyrheliometer, the

current, or emf produced by it, is proportional to the radiation intensity.
A thermocouple consists of two wires A and B with their welded

measuring junction. This junction always has a higher temperature

than the reference junction, and is customarily known as the "hot'1

junction. Conductor A is said to be positive with respect to B if the

current flows from A to B at the cooler of the junctions. The top dia-

gram in Figure 1 shows a single thermocouple and illustrates the

Seebeck effect.

Angstrmts instrument is known as an "electrical compensation"

pyrheliometer. The current produced in the thermocouple by exposing

a sensing element to radiation is exactly countered by an opposite,

controlled current from a different source. The controlled current

is measured to determine the radiation.
The sensing element consists of two- very thin strips of manganin

with blackened surfaces, which are mounted at the lower end of a

tube. Attached to them, with good thermal contacts but electrically
insulated, is a constantan-copper thermocouple connected to a gal-

vanometer. By using a shutter at the open end of the tube, one black-

ened strip can be exposed while the other is either shielded or ex-
posed also.

Upon exposure of one strip, the heat differential in the thermo-
couple will cause the galvanometer to deflect from zero. A battery

circuit, with a milliammeter and a slide wire rheostat, makes it
possible to heat the shaded strip to the point where the galvanometer
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returns to zero. The heat generated by this current (which equals

the heating by solar radiation) is equal to the amperage squared times
the resistance of the strip times a constant. Dividing this by the area

of the strip times a coefficient of absorption gives the intensity of

solar radiation normal to the exposed strip. The circuitry of the in-
strument is shown schematically in Figure 1(a).

(b) Smithsonian silver disc pyrheliometer.

The basic principle of the Smithsonian silver disc pyrheliometer

involves the specific heat capacity of silver. A blackened silver disc
is mounted at the base of a tube similar to the one used in the Angstrom

pyrheliometer, and, similarly, there is a shutter at the open end.

By alternately exposing and shielding the silver from the sun's radia-

tion it is heated and cooled. These changes in temperature are reg-

istered on a mercurial thermometer built into the disc and monitored

by an observer. From the specific heat capacities of silver and mer-

cury at different temperatures, it is possible to determine the gram

calories absorbed each minute per unit surface area.

(c) Marvin Pyrheliometer.

This pyrheliometer also uses a silver disc, but here the mercur-
ial thermometer is replaced by a nickel-silver resistance thermome-

ter. This is embedded in the silver disc, which is exposed and shield-

ed once a minute by a shutter arrangement like that described above.

A special Wheatstone bridge equipped with a high sensitivity galvano-

meter is used to measure the resistance changes in the thermometer.



The wire resistance R, being a function of wire temperature t,

is described by the equation R = A + Bt + Ct. A is the resistance

at 00 C and B and C are experimentally determined constants. The

shutter movements are precisely timed. Then, with a knowledge of

the constant values and specific heat capacities of the nickel and sil-

ver used, solar radiation can be computed.

Intensity on a Horizontal Surface

(a) Angstrom total radiation pyrheliometer.

In 1919 Anders Angstrm, son of Knut, redesigned the sensing

element in his father's pyrheliometer to measure direct plus diffuse

radiation incident upon a horizontal surface (1). Four strips, al-.

ternating black and white, were mounted in hard rubber in the center

of a flat plate. Constantan-copper thermocouples in series were at-

tached to the backs of the strips but electrically insulated from them,

and a galvanometer was connected to the circuit. A second circuit

with a battery, milliameter, and slide wire rheostat was connected

to the white strips. The plate with the sensing element was adjusted

to the horizontal and covered with hemispherical glass shell.

When exposed to the sun and sky radiation, the white and black

metal strips developed different temperatures at the junctions, pro-

ducing an emf in the thermocouples which deflected the galvanometer.

The deflection was reduced to zero by adjusting a current through the



10

REFERENCE OR "COLD" A(+) MEASURING OR "HOT"
JUNCTION

a. Single thermocouple showing Seebeck effect. Emf generated = E
Conductors A and B are of dissimilar metals.

T1 T2

b. Thermopile, or a number of thermocouples in series. Emf
generated = 4E.

1,

c. Ring and disc thermopile design of Eppley 50 - junction pyrhelio-
meter. Diagram of underside of sensing element. (After Kim-
ball and Hobbs, 19Z3).

Figure 1. Thermocouple and thermopile construction.
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CONSTANTAN- COPPER
I

THERMOCOUPLE EXPOSED SLIDEWIRE

I MANGANIN STRIP J1RHEOSTAT

\j} MILLIAMETER
GALVANOMETER I

a. First successful direct radiation pyrheliometer, designed by
Knut Angstrom in 1893. (Angstrom, 1899)

CONSTANTAN-COPPER THERMO-

I \ RHEOSTAT
COUPLES IN SERIES SLIDEWIRE

GALVANOMETER

'_MILLIAMETERt)1

b. First total (direct and diffuse) radiation pyrheliometer, designed
by Anders Angstrom in 1919. (Angstrom, 1919)

Figure 2. Schematic diagrams of early electrical compensation
pyrheliometers. Intensity was determined by current
required to heat the shielded (top) or reflecting (bottom)
strips to the same temperature as the exposed or ab-
sorbing strips.
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strips by means of the rheostat. The radiation was then calculated

from the resistance and the current. Figure 2 shows a comparison

of the two models.

(b) Resistance thermometer pyrheliometer.

The sensing element of the Callendar recording pyrheliometer

consisted of two platinum resistance thermometers. One was of

bright, reflecting wire, and the other was of blackened, absorbing

wire. These were sealed in a glass bulb with dry air and mounted on

a horizontal plane away from obstructions. The leads were attached

to a recording Wheatstone bridge. Since the blackened wires in one

arm of the bridge absorbed more radiation than the bright ones in

the other, they developed a greater resistance. To compensate for

this, additional resistance was introduced into the bridge arm con-

taming the bright wire. A galvanometer with a sliding contact was

used for this purpose. By recording the resistance thus introduced,

a trace proportional to the solar radiation was produced.

Development and Principle of the Eppley Pyrheliometer

The immediate foreiunner of today's widely used Eppley was de-

veloped in 1923 by the U. S. Weather Bureau (11). Inspired in part

by Anders Angstrbm's total radiation pyrheliometer, the new instru-

ment hardly resembled its predecessor. It incorporated some ad-

vances in design and principle that not only changed its efficiency but
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its outward appearance as well.

The most important design improvement was the construction

of a more efficient sensing element. The concept of the black and

white strips in contact with thermocouples provided the basic idea,

but Angstram's design had two serious limitations.

The first concerned the thermocouple metals. Bismuth and sil-

ver were efficient, but impractical. Bismuth was brittle, difficult

to solder, and broke easily when handled. At the suggestion of the

U. S. Bureau of Standards, the Weather Bureau tried a combination

of two alloys composed of 60 percent gold with 40 percent palladin and

90 percent platinum with 10 percent rhodium.

These proved to be very successful. Although the new alloy cou-

pie developed less than half the voltage developed by bismuth and sil-.

ver, it provided proportionately even less resistance and thus gave

better current sensitivity. The new alloys required no soldering,

since they fused easily, and eliminated the breakage problem because

they are highly ductile.

The second limitation concerned the number of parallel black and

white strips. Each new couple added to Angstrom's sensing element

created further difficulties in both the construction of the instrument

and the computation of the energy received. An instrument with

enough strips to accommodate a large number of thermocouples would

be cumbersome.
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The new design used only two thin concentric rings, one white and

one black, with a 50 junction thermopile mounted between them. The

rings were made of 0. 021 inch thick copper, and each had a surface

area of 0. 57 square inches, effected by making the outer ring nar-

rower than the inner. A disc, slightly thicker than the rings, filled

the space encircled by the inner one, while a bakelite ring, also

slightly thicker, surrounded the outer. The sensing rings were sus-

pended between the disc and bakelite ring with 0.01 inch space be-

tween each piece to provide insulation.

The thermopile consisted of 50 couples in series, with the hot

junctions attached to the inner ring and the reference junctions to the

outer. The Au-Pd and Pt-Rh wires were first fused together, then

cemented to the rings with bakelite lacquer. This connection pro-

vided a good thermal contact, yet insulated the junction electrically

from the copper rings. The bottom diagram in Figure 1 shows the

ring and disc thermopile design.

The heat differential was obtained by blackening the inner copper

ring with a mixture of lacquer and lampblack, and whitening the outer

ring with magnesium oxide deposited on white enamel. The disc and

bakelite ring were also whitened by the same process. In the first

models the magnesium oxide tended to deteriorate and the designers

substituted zinc oxide. The magnesium, however, proved to be less

selective and to have a higher reflectance for radiation in the solar
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wavelengths, and was later permanently adopted. Since the magnesium

was also a good emitter in the longer wavelengths it helped provide a

low equilibrium temperature when exposed to solar radiation (5).

An open brass box on an upright support held the completed sens-

ing device, and a glass hemisphere, 4 1/2 inches in diameter, pro-

tected it from the elements. The unit was located in a position as

free from shadows as possible, with its two leads directed to a re-

moted recorder.

To obtain a continuous record, the Weather Bureau used an Engel-

hard recording microammeter. This featured a moving roll chart

and a stylus attached to the galvanometer needle. As the current

passed through the galvanometer, the stylus moved across the chart.

At stated intervals a depressor pressed the stylus against the chart

to record the changing emf. This resulted in a series of closely

spaced dots giving the appearance of a curve, and tracing the changes

in solar radiation (22).

In the late 1920's the Eppley Laboratory in Newport, R. I.,

made further improvements upon the concentric ring pyrheliometer,

without changing its basic design. This model has since held the

dominant position among total solar radiation measuring instruments.

When connected to a potentiometer recorder it affords accuracy,

simplicity, relative durability, and minimum attention requirements.

It has been used by the Weather Bureau for over thirty years and is
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widely employed by research groups, universities, and industry.

The concentric rings in the sensing element of the Eppley were

made from 0. 01 inch silver instead of 0.02 inch copper and had ap-

proximately the same surface area. The same thermopile materials

were used with the same temperature/emf relationship. Magnesium

oxide, with its high coefficient of reflection for solar radiation, was

retained for the coating on the "cold" ring. For the "hot" ring,

Parsons and Sons, Ltd. in London developed a special optical black

lacquer, which proved to have a very high absorption and was non-

selective with respect to the wavelengths of incident radiation.

Instead of merely covering the sensing element with a glass

hemisphere, the Eppley Laboratory sealed it hermetically in a bulb

of hand blown 0. 5 mm thick soda lime glass. The bulb, which is al-

most spherical, is three inches in diameter and has a 0. 92 transmit-

tance for wavelengths between 0. 35 and 2. 50 microns. Beyond these

points the transmittance gradually drops to cutoffs at approximately

0. 30 and 4. 50 microns. Thus the bulb's influence on the irradiance

is practically negligible in the upper range of the ultra-violet rays,

in all of the visible spectrum, and in the lower range of the infra-

red.

The two models of the Eppley pyrheliometer differ only in the

number of the thermojunctions employed. The 10 junction model

(which actually has 16 junctions) is used in lower latitudes while the
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50 junction model is used in higher latitudes where the greater sensi-

tivity is required. The response times for a 98% signal is 20 seconds

for the 10 junction model and 30 seconds for the 50 junction model.

The 10 junction develops an emf of about 2. 5 my ly min while

the 50 junction develops between seven and eight my ly' mm'. The

50 junction pyrheliometer used in this study was found by the Eppley

Laboratory to develop 7.70 my with a resistance of 116 ohms.



POTENTIOMETER-TYPE RECORDERS

To measure the emf caused by solar radiation and to record it in

terms of ly min, a Leeds and Northrup Speedomax H Model S roll

chart type recorder was used. This potentiometer-type instrument

consists essentially of a null-balance system based on an amplified

signal that drives a balancing motor. An adjustable calibrated emf

is connected to oppose the incoming unknown emf from the pyrhelio-

meter. The difference between the two is measured and amplified,

and the amplified current is directed to the balancing motor. The

reversible motor then drives the slidewire contact back to a point

where the two emf's are in balance. The error current to the motor

decreases as the slide contact approaches null balance, until it is so

small that the amplified signal no longer produces motor rotation.

The balance motor also drives a display system while it adjusts the

calibrated emf to the unknown. The pen on the chart then indicates

the emf measured by drawing a continuous trace.

The recorder used in this study was equipped with a regulated

power supply. This converts the a-c power generated by the ship to

a fixed d-c power, which remains constant despite line voltage fluc-

tuations between 107 and 1Z7 volts, frequency variations between 48

and 64 cycles, and changes in the ambient air temperatures from

160 to 750 C. This constancy of power is of critical importance,
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since it is the regulated emf with which the unknown is compared.

Figure 3 shows a schematic diagram of the basic recorder cir-

cuitry. The regulated power supply directs 10 milliamps into the cir-

cuit. Five ma flow through the resistor F and five are divided equally

between the two branches of the measuring circuit. As long as it re-

mains equally divided no current is diverted to the galvanometer,

amplifier, and servomotor. But as soon as an error current is in-

troduced the amount is detected and amplified. The motor drives the

slidewire contact until the unknown erni is balanced by the potential

difference between the contact and the junction of the resistors E and

C.

An example of the resistances in a measuring circuit of the 0 to

10 millivolt range is shown in Figure 3. The slidewire resistance,

manufactured at 400 ohms, is shunted down for the desired range
-3

span of 10 my plus Z% for overtravel. With range span E 10 x 10

volts and current I = 2. 5 x lO amps, the final shunted resistance

is S = 1.02 x 10 x l0/2. 5 x l0 4.08 ohms.

Resistor G is an arbitrary 1. 00 ohm, and E (since the scale

starts at zero) is the same plus 1% overtravel resistance, or 1. 04

ohms. The voltage drop across C is used for standardizing and thus

must duplicate the standard cell emf of 1. 0195 volts. Dividing this

amount by the 2. 5 ma current results in a resistance of 407. 8 ohms.

Resistor B is the difference between E plus C and G plus S, or
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REGULATED POWER
SUPPLY

5.0 ma,.

ADJUSTMENT
RHEOSTAT

THERMOPILE IN PYRHELIOMETER
SENSING ELEMENT

Figure 3. Schematic diagram of basic circuitry in potentiometer
type recorder.
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B = E + C - G - S = 1.04 + 407.8- 1.0 -4.08 403.76 ohms.

Finally, a variable resistor is located in series between the

pyrheliometer and the lower branch of the measuring circuit between

C and E. This is for small adjustments. Although the recorder is

designed for a particular emf range, a slight correction in the resis-
tance is usually necessary after the pyrheliometer and recorder have
been mounted and connected.
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DATA COLLECTION AND REDUCTION

Radiation Record

The radiation record for this study extended from the time the

recorder was started on May 30, 1963 to the end of September 1963.

With the exception of stoppages during the first few weeks for ad-

justments, plus intermittant paper problems, the record was contin-

uous for the four month period.

The roll chart, on which the continuous trace was made, was de-

signed to last somewhat over a month. It was moved by a synchron-

ous motor, located within the recorder and powered by the ship's

generators. Under normal conditions the paper should have moved

at the rate of one inch per hour. Lines every half inch were printed

on the chart to facilitate data reduction. Lengthwise lines, at right

angles to the time lines, indicated the radiation intensity, ranging

from 0 to 2. 00 ly min'.

Two problems became apparent shortly after the record was

started. The chart did not move at a constant one inch per hour, and

it tended to bind against the side flange of the takeup spool. The first

problem could be overcome only by the use of a mechanical timer

that was independent of the ship's power. Without the installation of

a precision a-c system, a frequency deviation of up to 10% could be

expected from the ship's generators and this would be transmitted
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via the synchronous motor to the chart speed.

An attempt was made to have the time noted on the chart twice

a day by individuals aboard the vessel. The results were helpful,

but not entirely satisfactory. Frequently the person responsible

forgot to note the time. But even with accurate marking the length

of each hour during the day could only be estimated from the mean of

all the hours.

It became necessary, therefore, to design and build a timing de-

vice which would mark te paper every hour. This was built, but

completed so late in the study that the distorted data could not be used.

A description of the timer appears later in this thesis.

The cause of the chart's binding against the flange was not defi-

nitely determined, although one possibility suggested itself. An ex-

treme roil of the vessel could force the paper to one side of the take-

up SPOOl. This would cause the normally vertical tension to become

diagcnal, which in turn would increase the tendency of the paper to

collect on that side.

It was found that the more the paper bunched against the flange

the faster the entire chart moved. In extreme cases a days record

could use twice as much paper as it normally should. This distorted

the record to where it became useless, although in less severe cases

the record may have been salvaged had a tinier been available. As

it was, almost all of the loss of data (34 days) resulted from this
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Measurement and Distribution of Observations

In order to compare the radiation in different places, it was nec-

essary to divide it into samples of equal time intervals. Each day's

record, therefore, was divided into even hours and each hour was

planimetered to find its average intensity. This hourly average in-

tensity, expressed in langleys per minute, was considered as one

obs ervation.

The area over which the study was made extended from 1240

00! W to 128° 00' W, and from 42° 00' N to 46° 30' N. It was arbi-

trarily divided into sixteen north-south zones, each 15 minutes of

longitude wide; and nine east-west zones, each 30 minutes of latitude

wide. This resulted in 144 rectangles each approximately 11 (E-W)

by 30 (N-S) nautical miles. A three digit number was used to identify

each rectangle, referring to the coordinates of the northeast corner.

The first two digits represented the number of the quarter degree

increments west of 1240 00'W, while the third represented the number

of half degree increments north of 42 00' N. The northeast corner

of 116, for example, would be located eleven quarter-degree incre-

ments west of 1240 00' W, and six half-degree increments north of
420 00' N. The position would be 126° 00' W and 45° 00' N.

To find the correct rectangle to which to assign each observation,
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it was necessary to reconstruct the ship's route from the log. The

positions were plotted and the times at which the ship crossed from

one rectangle into another could be interpolated. It was then possible

to determine the total time the ship was in a given rectangle.

Before transferring these times to the daily radiation record

they were converted from Pacific Daylight Time (PDT) to true solar

time (TST). This included conversion to standard time, correction

for longitude, and application of the equation of time.

Daylight time was corrected to standard time (PST) by subtract-

ing one hour from the time in the ship's log. Longitude correction

was made by subtracting four minutes from PST for each degree of

longitude the vessel was west of the standard meridian of 120 00' W.

The equation of time was used to correct for the difference be-

tween civil or mean time and apparent solar time. The solar day

varies in length for two reasons. One is the obliquity of the ecliptic.

Mean time is measured along the equinoctial (an extension of the

earth's equatorial plane), although the apparent path of the sun fol-

lows the ecliptic, which crosses the equinoctial at an angle of 23

27'30". This causes the apparent day to intercept a smaller arc of

the equinoctial at the equinoxes than at the solstices. The second

reason is the earth's elliptical pattern around the sun. By Keppler's

second law, the earth travels faster when it is closest to the sun in

December than when it is farthest from the sun in July. This
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non-uniformity of motion adds to the irregularity in the length of the

day.

The equation of time is the difference between the hour circles

of the true sun and the mean sun. It ranges in value between zero

and plus or minus about 16 minutes. Since its values shift from year

to year they are listed for specific dates in the Nautical Almanac (21).

Figure 4 shows the positions and times of an imaginary day's

cruise plotted over the rectangular system described above. The

vessel sailed under the Newport bridge at 0750 PDT and logged posi-

tions at the various times shown during the day. These positions

were plotted and connected by straight lines. The times of crossing

the rectangle divisions were interpolated from the position times and

notated. When the entire trip had been plotted in this manner, the

crossing times were converted to true solar time and rounded off to

the nearest half hour. Two examples of this are the times under the

bridge and at 125° 15' W:

0750 PDT under the bridge
-100 to PST
-006 eq. of time (July 24)
-016 for 4t 00'? west of 120° 00' W
0628 TST

1934 PDT at 125° 15' W
-100 to PST
-0fl6 eq. of time
-021 for 5t 15" west of 120° 00' W
1807 TST

Rounded off to the nearest half hour these solar times become

0630 and 1800. This introduces a negligible error. The maximum

speed of the vessel is roughly eight knots, or two nautical miles in
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125°Od W 124°15'W

_45000't4_
036 026 0/6056 046

800

193'1

2005
1640 NEWPORT

1000 0923 750

0845
1515

1500 1115-
055 045 035 025 0/5

1308

1400 1230

- 44000'N-
034 024 0/4

-
054 044

Figure 4. Route of imaginary one day's cruise over rectangular
system. Times in Pacific Daylight Time.



fifteen minutes. The ship's position, because of navigational limita-

tions, is not accurate to within a mile or more, and the rounding off

never involves over fifteen minutes.

By this procedure the following times within the rectangles were

determined:

006: 0530-0630
016: 0630-0800
026: 0800-1000
035: 1000-1130

045: 1130-1330
046: 1330-1530
056: 1530-1800
066: 1800-1830

The radiation day was arbitrarily cut off at 0530 and 1830 or

0630 and 1730, depending upon the length of the day during the four

month period. Computations beyond these times involved too many

inaccuracies.

To provide a time reference on the chart example in Figure 5, a

notation was entered at the pen at 0700 PDT. This converted to 0538

TST and from it could be measured the half hour intervals for the

rest of the day. Each interval was then identified with a rectangle

number, as shown in Figure 5.

Each hour interval on the recorder chart, measured from half

past to half past, was planimetered to find the radiation. When an

hour was divided between two rectangles, each half was planimetered

individually. The sum of the radiation measurements within a given

rectangle was then tabulated with the rectangle number.



066 056 046 045 035 026 016 006

Figure 5. Trace recorded during imaginary day's cruise (Fig. 4). Times are in TST.
Numbers at bottom of trace represent rectangles.



Data Distortion Resulting from Pyrheliometer Location and Mounting

The Eppley pyrheliometer used aboard the Acona was bolted rigid-

ly to a four foot pedestal on the flying bridge. This introduced two

sources of data error.

The more serious distortion resulted from location. Depending

upon the orientation of the vessel, the mast, with its various append-

ages, and the radio anterna poles cast shadows of varying duration

across the bulb. Figure 6, which contains reproductions of three

traces from the data, illustrates this problem.

On July 12 (top trace) the vessel was moored from noon on. The

wide, deep dip in the trace (under A) was caused by the shadow of

the mast. In this case the direct solar radiation was blocked for over

half an hour. The lesser dips to the left resulted from shadows cast

by the antenna poles. The small dips under A on September 18 (bot-

torn) also resulted from antenna poles.

When the vessel was moored on clear days, shadows could usual-

ly be identified by the relative positions of the sun and superstructure.

It was also possible to distinguish superstructure shadows from

cloud shadows by the ends of the trace dips. As the sun passed be.-

hind a cloud, and as it emerged, a high reflection occurred briefly

at the edges. This caused spikes similar to those under B in the

July 12 trace. The dip under F in the August 6 trace, caused by a
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A1

'7

lB SEPTEMBER 1963

LV MIN'

Figure 6. Three days' radiation record selected from the data.
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cumulus cloud, is bounded by spikes and further illustrates the point.

The superstructure obstructions, on the other hand, have no edge re-

flections and hence produce no spikes.

At sea it was usually impossible to separate superstructure from

clouds. The rolling motion of the superstructure, even on a clear

day, obscured any well defined beginning or end of its shadow. The

shadow caused by this moving obstruction could simulate almost any

cloud condition. The only clue is the absence or presence of spikes.

An instance of an antenna pole causing a shadow at sea appears on the

September 18 trace under A1. Here the pole fell between the sun and

the pyrheliometer, but the motion of the vessel caused it to cast only

brief, periodic shadows on the bulb.

It was also usually impossible to distinguish between clouds and

superstructure shadows on overcast days. This is especially true

in cases of a broken or scattered deck beneath a high, thin overcast.

A lesser data distortion resulted from the rigid mounting of the

pyrheliometer to the vessel. For the most accurate results the Ep-

pley Laboratory advised mounting the ins trument so that the sensing

rings were perfectly level. Aboard the Acona, however, this was

rarely if ever the case, even when moored. As the vessel rolled

the apparent radiation increased and decreased. An example of oscil-

lation due to ro1lng appears under E in the July 12 trace. The great-

er oscillation on the left resulted from the ships being broadside to
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a swell.

Fortunately the 30 second response time damped the rolling error

so that it did not usually exceed 0.04 ly min. By taking the mean

between the two rolling extremes, the error diminishes almost to a

point of insignificance. When clouds obscured the sun the effects of

rolling did not usually register, since the large proportion of radia-

tion was diffused. This is clearly shown in the August 6 trace under

G, where the direct radiation is obscured by a large layer of strato-

cumulus.

Data Distortion Resulting from a Change in Power Source

It was noted earlier that a frequency fluctuation in the ship's

power supply produced data distortions. A different kind of power

fluctuation produced another type of distortion.

In the July 12 trace, under D, there is a definite drop in the

radiation level. This coincides with the time of mooring, when the

ship generated power was replaced by shore power. In the September

18 trace the reverse occurs when the ship's generators take over.

In each case the change is approximately 0.04 ly mm1.

This occurred not only at arrival and departure times, but fre-

quently at sea, possibly when the ship's generators were switched.

The cause of the intensity change was not determined, and no cor-

rectiOh was made or it when analyzing the data.
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COMPUTATION OF CALCULATED CLEAR SKY RADIATION

Before the observed radiation values from two zones could be

compared it was necessary that both sets be related to a common ref-

erence. A comparison of two sets of radiation values recorded at

different times on cloudy days is virtually meaningless by itself. But

if these values could be measured against expected maximum values,

for example, then comparison would be useful.

For every radiation value recorded, there is a corresponding

value based on a cloudless sky. This clear sky value is a known

quantity that can be computed for any instant. It is therefore a nat-

ural reference on which to base the comparison of two observations.

If clear sky values from two observations are the same, for example,

then their observed radiation values can be compared directly. If

the clear sky values differ, percentages of the maximum possible

values may still be compared.

To facilitate computing the clear sky radiation for every obser-

vation a series of curves were drawn. From these the calculated

radiation for any daylight hour of the day could be taken. To prepare

the curves, a table of zenith distances for certain hours and days at

42° N and 48° N was compiled. Next a zenith distance vs. clear sky

radiation intensity graph was drawn. Using this graph it was pos-

sible to construct the desired curves from the table. The details
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of these steps are discussed below.

Zenith Distance

Zenith distance is the angular distance from the sun to a point

directly overhead. This may be determined for a particular instant

in time from either a simple equation (12) or from a set of pre-

computed tables (20). The equation used is

cos Z = sin 5 sin4 + cos 6 cos t, where

Z = zenith distance of the sun
5 = declination of the sun
t = local hour angle

= latitude of the observation

Zenith distance, instead of elevation, was used for reasons that

will be apparent. The latitude and local hour angle were known, and

the declination was found in the Nautical Almanac (21).

The local hour angle is the difference in longitude between the

observer's meridian and the meridian over which the sun is located.

When the sun is over the observer's meridian at noon the hour angle

is zero. Since the sun apparently moves at a rate of 15 degrees per

hour, the hour angle at 1100 and 1300 local time is 15 degrees in each

case. The hour angle at 1600 is four times fifteen degrees, or 60

degrees west. At 0800 it is 60 degrees east.

The declination, or the sun's latitutde, is found by converting
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the local tin-xe to Greenwich Mean Time (GMT) and taking the declina-

tion value opposite it in the Nautical Almanac. This gives the delina-

tion for mean time. In this study the declination for true solar time

was required, so the equation of time was added to GMT and the de-

clination found from the result. Local time was converted to GMT by

converting the longitude of the position to time (at 4 minutes of time

per degree) and adding it to the local time.

Tables for finding the sun's altitude (and hence the zenith distance

appear in the U. S. Naval Hydrographic Office Publication No. 214

(20). With these it is necessary only to find the page with the de-

sired latitude and declination, and read the altitude from the approp-

nate hour angle line. The only computation required is interpolation

between declination columns.

In preparing the curves, the declination for 1200 GMT was used
I

for an entire day. This allowed one curve to be used for the morning

and afternoon time of the same hour angle (e.g. , 1100 and 1300).

Since the declination changes slightly during the day, this introduced

a slight inaccuracy. But even in the most extreme cases the error

did not affect the final figures by more than 0.002 ly min'.

Intensity of Incident Clear Sky Radiation

The incident radiation, on a clear day with no dust and a constant

amount of precipitable water in the atmosphere, is a function of the
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optical air mass. This is the length of the atmospheric path followed

by the sunts rays, measured in terms of unity when the sun is at

zenith. For any zenith distance between Z = 00 and Z = 800, air mass

= sec Z. Beyond z = 800, m = atmospheric refraction in seconds di-

vided by 58. 38" sin Z. These values are tabulated in the Smithsonian

Meteorological Tables (19, p. 422).

It was found that the radiation measurements made when the sun

was less than ten degrees above the horizon usually involved some

distortion. Thus, by using no data where Z exceeded 800, it was

possible to plot radiation intensity as a direct function of Z.

The amount of solar radiation reaching a horizontal area at the

top of the atmosphere is

tz 2 1
I J

(J/r ) cos Z dt = (J/r ) cos Z ly min , where

1 ly = one langley one gram calorie per square centimeter,

J = solar radiation constant of 1.9408 ly min'. This is the
total solar radiation intensity t normal incidence outside

the atmosphere, at the mean solar distance.

r = radius vector = actual distance between the centers of the

earth and sun divided by the mean distance. These values

range between 1.0167 and 0.9832 and can change the amount

of radiation received by as much as + 3. 5%. They are

tabulated yearly in the 13. S. Naval Observatory's American
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Ephemeris and Nautical Almanac (22).

Z = the sun's zenith distance in degrees and minutes.

To find the fraction of I actually received at the ground, an at-

mospheric transmission coefficient, a, must be found, where

a = I /1 , or I = alCO C 0

In the absence of clouds and dust, radiation is depleted in the at-

mosphere by scattering and absorption by water vapor, scattering by

air molecules, and absorption by permanent gases. The total mois-

ture in the air is known as the precipitable water. This is defined

as the amount of water that could be condensed from a column of air

one cm2 in cross section and extending to the top of the atmosphere.

Figure 7 shows a graph prepared by Kimball (8) in which atmos-

pheric transmission is plotted against air mass, using precipitable

water w as a parameter. Curves 1 through 8 show a', the trans-

mission after depletion by scattering alone. Curves 9 through 15

show a", the transmission after both scattering and absorption.

Curve 16 is the difference between a' and a". In this study, the value

of m was replaced by the corresponding zenith distance. For m = 1,

for example, Z = 00; for m = 2, Z = 600 and so on.

Since dust over the ocean is almost negligible (12), the direct

solar radiation reaching the sea surface may be expressed as

= I0a".
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Figure 8. Radiation intensities based on dust-free atmosphere, 2 cm of precipitable
water, sea level pressure, and radius vector = 1. 0
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Figure 9. Radiation intensities for 1100 TST and 1300 TST at 120 W to 128 W. Based on
dust-free atmosphere with 2 cm of precipitable water.
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To find the total radiation reaching the ground, diffuse radiation

must be added to the direct. Diffuse radiation is that portion of the

direct that has been scattered and diffusely reflected in the atmos-

phere by water vapor and air molecules, and arrives at the sea sur-

face unchanged in wavelength. The total depletion by atmospheric

scattering and diffuse reflection may be expressed as

s = 1 - at.

According to Kimball (10), about half of the value that is depleted

from the incoming rays eventually reaches the sea surface. The

amount of diffuse radiation received, therefore, is

D = 0. 5s1 = 0.51 (1 - a').c o o

Summing the direct and diffuse, the total radiation in ly mm' is

Q = I + D = I a" + I (. Ss)
c c c o o

= I (a" - . 5a' + . 5)
0

(1.94/r2) cos Z (a" - .5a' + .5)

Thus, the total radiation transmitted through a dust-free, cloud-

less atmosphere can be determined with only the use of an ephemeris,

a knowledge of the precipitable water, and Kimball's graph.

Setting w = 2 cm, values for Q were computed for values of Z

from zero to 770 (or air mass m = 1 to m = 4. 5). These were plotted
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on a graph as a function of zenith distance, as shown in Figure 8.

From H. 0. 214 (20) zenith distance values were found for noon

and the six hours before and after noon for every tenth day of the year,

for 42 N and 48 N. The corresponding radiation intensities were

found from the above graph, divided by the radius vector squared,

and tabulated beside the zenith distances and appropriate hours and

dates.

It was then possible to construct curves from which the radiation,

based on a dust-free cloudless sky, could be found for any hour of any

day. The tabulated intensities were plotted against dates with a given

hour angle as a parameter. The resulting curve in each plot repre-

sented two hours of local time, one before noon and one after noon.

Figure 9 shows all of the 1100 and 1300 values for the period of the

study, for both 42 N and 48 N, as well as the latitude on which New-

port is located. Values for intermediate latitudes are interpolated

linearly. Other curves were made for noon, 1000 and 1400, 0900 and

1500, 0800 and 1600, 0700 and 1700, and 0600 and 1800.
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TABULATION OF DATA

The final requirement in the preparation of the data for analysis

was a suitable tabulation. Each observed value was taken from the

recorder charts and listed with its rectangle number, its hour, and

the month. From the radiation graphs the calculated values were

taken and listed beside their corresponding observed values.

The assembled data were then typed onto computer punch cards.

A sample hour appears as 0. 275 0.010 036 06 08, where

0. 275 average calculated radiation for the hour in ly mind,
0. 010 = average observed radiation for the hour in ly mm',

036 = the rectangle whose northwest corner lay approximately

33 miles off the Oregon coast and 180 miles up it,

06 = 0600 true solar time, the mid-point in the hour for which

the average calculated and observed values had been re-

corded, and

08 = the 8th month (August).

By typing the data on punch cards in this manner it was possible

to machine sort the cards into any of the categories. The rectangle

numbers could be sorted by either the first two digits (designating

longitude), or by the third digit (designating latitude).
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ANALYSIS OF DATA

Two methods were used to analyze the distribution of incident

radiation. One was a comparison of the frequency of intensities be-

tween zones; the other was an examination of the average daily traces.

The first method yielded relative and cumulative frequency curves.

The second provided average daily traces, mean radiation values,

and percentages of maximum possible values.

One basic assumption was made. This was that the intensity of

the clear sky radiation, within the area studied, did not change with

longitude. In reality, the solar declination and therefore the radiation

do vary with longitude, but over a distance of 165 miles this difference

is insignificant. That is, Newport and each offshore zone would re-

ceive the same total amount of radiation, and the same distribution of

intensities, if the sky were everywhere clear. This assumption was

necessary because we did not have a complete sample - the ship could

only be in one place at a time, obviously. Therefore, whenever one

zone was being sampled all of the others were not.

For comparison of observed data between zones it was essential

to weight the samples to eliminate the effects of different sample

distributions. The assumption of longitudinal homogeneity made it

possible to select a suitable set of weights. The clear sky radiation

was calculated for the time of each observation. The frequency
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distribution of the calculated clear sky radiation in each zone was ad-

justed to be identical with the frequency distribution of calculated clear

sky radiation at Newport. (Newport was selected as the reference be-

cause it had the largest number of observations.) The weighing

factors necessary to adjust the clear sky distribution were then applied

to the observed distributions as well.

Weighting and Comparison of Intensity Frequencies

The data cards were sorted by calculated intensity levels, and

classed by increments of . 05 ly min* The range of intensities cx-

tended from 0. 15 to 1. 50 ly min, or a total of 27 classes.

The number of observations in each calculated class in a zone

was multiplied by the factor necessary to make it equal the number in

the same class in Newport. The factors found for each of the calcu-

lated levels were then applied to the numbers of accompanying values

within the observed classes. The new numbers of observed values

were then tabulated by intensity classes, and the new frequency dis-

tribution could then be compared with the data from Newport.

For example, the 1. 10 - 1. 15 ly min class of calculated radia-

tion from Zone A might include five observations. The actual re-

corded values of these observations might include three in the . 50 -

55 class and two in the . 75 - 80 class. If the calculated observa-

tions are then doubled to match the number of observations in this
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class at Newport, then the two classes of observed values would be

doubled also. This would result in six "observations" in the . 50 -

55 and four in the .75 - .80 class.

Average Daily Traces, Means, and Percentages of Calculated Values

In this method the data cards were sorted by hour of day. The

calculated values for a given hour were summed, and the observed

values for the same hour were also summed. Each sum was then di-

vided by the total number of observations for that hour. This was

done for each of the thirteen hours of the day, from 0600 through 1800.

These mean hourly values form a daily mean of the data for the zone

being analyzed. However, they will not be fully representative of the

actual mean daily radiation because of the incompleteness of the sam-

pie.

Therefore, the calculated radiation for each zone class (in this

case each hour) was again made equal to the radiation for the same

class from Newport. A new set of weighting factors was determined

and thus the observed intensity for each hour of the average day was

made comparable to that of Newport. Here, however, the factors not

only weighted the number of observations but also adjusted observed

values for seasonal and latitudinal variations.

The mean radiation for a zone for the four month period also

required weighting. To find this the summed calculated radiation of



48

a given hour in a zone was weighted to equal the same in Newport.

This factor was applied to the summed observed radiation from the

same hour of the zone. After each hourts sum had been weighted, all

the sums were added and the total divided by the total number of ob-

servations. This gave a weighted mean for the zone, which could

then be compared with the mean Newport radiation.

The percentage of calculated radiation for a zone was found by

summing the total weighted observed radiation of the zone, dividing

it by the total calculated value from Newport, and multiplying by 100.

Newport as a Reference

Newport was used as the reference throughout. To check the

distribution at Newport, an analysis was made in which the calculated

intensity for every hour of every day was tabulated for Newport. The

average radiation for each hour of the day was found, as in the me-

thod for finding the average daily traces. These hourly averages

were then compared with the hourly average of the values calculated

while the vessel was actually at Newport (Table I). The averages

are so close that it is apparent that the Newport sample is a repre-

sentative one.
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TABLE I. CALCULATED RADIATION INTENSITY MEANS, COM-
PUTED FOR EACH HOUR OF THE DAY. THE COLUMN
HEADED "TOTAL" LISTS THE MEANS BASED ON EVERY
HOUR OF EVERY DAY. THE COLUMN HEADED "ACTU-
AL' LISTS THE MEANS BASED ON THE ACTUAL OBSER.-
VATIONS MADE IN NEWPORT.

Hour Total Actual

0600 0. 348 0. 332

0700 0. 515 0.604
0800 0.785 0.772

0900 1.027 1.053

1000 1.213 1.242

1100 1.342 1.359

1200 1. 372 1. 399

1300 1.342 1.357

1400 1.213 1.246

1500 1.027 1.062

1600 0.785 0.809
1700 0.515 0.549
1800 0.348 0.333
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Adjustment of Zone Widths

Unfortunately, the data collected beyond 55 miles from the coast

proved to be too sparse to allow a comparison between zones only 11

miles wide. They were also too sparse for latitudinal comparisons.

To provide the necessary density, therefore, the data were divided

among Newport and three 55 mile ocean zones extending the full length

of the Oregon coast. These zones were labelled A, B, and C.

The data within 55 miles of the coast were dense enough to allow

Zone A to be subdivided into Zones 01, 02, 03, 04, and 05; each being

11 miles wide. Some comparisons in the study involved all the ob-

servations in Zone A, while others involved the same observations as

divided among the five sub-zones.

Constant Data Error to be Applied to Results

A consistent 16% error in the record response was discovered

early in the data processing. This was confirmed by attaching a po-

tentiometer to the recorder and introducing a known enil. As pre-

dicted, the recorder indicated only 84% of the amount it normally

should have.

To correct for this error, the rheostat located between the pyrhe]..

iometer and the measuring circuit (Figure 3) was adjusted to give

full scale (2. 00 ly min) deflection when 15.4 my were introduced.
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This was not done, however, until all the data used in this study had

been collected, since processing would be much simpler without

changing a constant error in midstream. The following graphs and

tables are based on data taken directly from the recorder charts be-

fore correction of the 16% error, unless otherwise specified.
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RESULTS OF INVESTIGATION

Means and Percentages of Radiation Intensities

Table II lists the mean observed intensities for all zones, as well

as the percentages of clear sky amounts. All of the zone figures have

been adjusted to Newport by the sums of hours method.

Comparison of the observed radiation means over the four month

period shows that Newport and the three 55 mile zones varied by only

0. 005 ly min* This indicates almost no change of radiation inten-

sity with distance offshore.

The means of the subdivisions of Zone A varied somewhat more,

a result to be expected when working with a smaller number of obser-

vations. Zones 04 and 05 represented the extremes, with a range of

0.094 ly mm'.
The mean radiation of Zone 01, however, based on 116 observa-

tions, should be fairly representative of the true mean of that zone.

This i 0. 006 ly mm greater than Newport and 0. 009 ly nun

greater than the overall mean of Zone A. Zone 02 is even slightly

higher than 01. These higher values present a strong argument

against the effect of any sort of permanent fog or cloud bank near the

coast.

To estimate the adequacy of sampling distribution, the average

of the hourly means from Newport and each major zone was found
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and compared with the over all zonal means. If the sampling had been

complete, and if continuous records had been obtained in all zones,

these two means would be identical. They will not be identical, in

general, with incomplete samples that do not represent the entire

season.

Column (1), under mean intensity in Table II, lists the mean

radiation determined from the sum of the hourly sums. Column (2)

lists the means determined from the sums of the hourly means. The

differences are small; the largest being in Zone C with a difference

of about four percent. From this we conclude that the sampling was

probably adequate.

Relative and Cumulative Freauencies of Intensity Levels

The relative frequencies of the intensity levels were plotted for

Newport and Zone A, and the cumulative frequencies were plotted for

Newport and Zones A, B, and C. No curves were constructed for the

subdivisions of Zone A because of the irregularities and distortions

involved. The numbers of hours of each level of the three zones have

been adjusted to Newport by the method described earlier.

Figure 10 shows the relative frequencies of observed intensities

in both Newport and Zone A, after Zone A frequencies have been ad-

justed to Newport. It also shows the calculated curve of intensity

levels corresponding to these observed values. The ends of the
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TABLE II. WEIGHTED MEAN RADIATION INTENSITIES AND PER-
CENTAGES OF CALCULATED RADIATION VALUES.
COLUMN (1) LISTS THE MEANS FOUND FROM THE
SUMS OF THE HOURLY SUMS. COLUMN (2) LISTS THE
MEANS FOUND FROM THE MEANS OF THE HOURLY
SUMS.

Me an
Intensity1

Zone (ly mm ) Percent of Number of
Number (1) (2) Calculated Observations

Newport . 569 . 561 60. 09% 483

A 566 . 558 59. 80 388

01 .575 -- 60.68 116

02 .579 -- 61.15 71

03 .546 -- 57.66 68

04 .638 -- 64.90 53

05 .544 -- 55.60 80

B . 568 . 556 59. 92 79

C . 564 . 588 59. 54 80
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calculated and observed curves do not coincide mainly because the

recorder registered only 84% of the pyrheliometer signal.

It may be seen that over sixty percent of the observed data lie in

the lower half of the observed spectrum. This is just opposite to the

calculated curve, where the same amount of calculated data lies in

the upper half of that spectrum.

Figure 11 shows the cumulative frequencies of actual radiation in-

tensity levels recorded at Newport and in Zones A, B, and C; and of

the calculated intensities at Newport. The Newport calculated curve

is, of course, identical to the calculated cumulative frequencies of

Zone A, B, and C after they have been adjusted to it. The observed

intensities were plotted by their original values, which were only 84%

of the true amounts. A corrected intensity scale for the observed

values appears at the top of the graph.

Cumulative frequency curves are often of practical use. If one

wishes to estimate the amount of time the incident radiation at New-

port measured .95 ly min or higher, he need only enter the Newport

curve from the corrected scale and find that the answer is 31%.

The observed cumulative frequencies of Newport and Zone A in

Figure 11 represent 483 and 388 observations respectively, while

those of Zones B and C represent 79 and 80. The Newport and Zone

A curves coincide rather closely, indicating similar intensity dis-

tributions. Zones B and C, with only one sixth of the Newport
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observations each, are accountably noisier. They do, however, corn-

pare favorably with Newport and Zone A when smoothed out.

It may be noted that the observed curves, especially those for

Newport and Zone A, bow downward, while the calculated curve bows

upward. These opposite tendencies result directly from the intensity

distribution in Figure 10.

Composite Traces

Figure 12 shows the average observed radiation traces for New-

port and Zones A, B, and C. Each hour on the graph is the mean

value for all the radiation recorded in that hour over the four month

period. Each of the three zones is adjusted to Newport. As with the

cumulative frequency curves, there is very little difference between

Newport and Zone A, while Zones B and C are more erratic.

Figure 13 shows the average curves for Zones 01 through 05.

The curve for Zone 01, based on 116 observations, resembles those

from Newport and Zone A to a certain extent, but the curves for

Zone 02 through 05 are too irregular to be of much value.





z

:2'

/\
/

I
/

A
.., '

_///%\\
'\

ZONE 0$

ZONE 02

ZONE 03

-- ZONE 04
I- ZONEO4

Figure 13. Average traces br Lones UI tnrougn
(11 mile subdivisions of Zone A). Based on total.
radiation for each hour divided by the total number
of observations in that hour of the day.

0600 0900 1200 1500

TIME OF DAY
1800

a..a



61

Comparison of Calculated Radiation to Observed Clear Sky Values

It had been hoped that the empirical relationships used to find in-

cident radiation under given clear sky conditions could be rigorously

tested. Unfortunately, either necessary supporting data was not avail-

able, or else the radiation record was not precise enough. Hence

the accuracy of the calculated intensity could only be approximated.

Assuming a dustfree atmosphere, the intensity level of incident

radiation is a function only of the radius vector, zenith distance, and

amount of moisture in the air. Given the time and location of the ob-

servation, the first two variables are known. The amount of pre-

cipitable water presents the only real problem.

This figure can be found spectroscopically (7), by analysis of

radiosonde data, or by Hann's (12) equation where w = elO/ 22000,

where e is the surface vapor pressure and z is the height above sea

level. Only a few observatories (e. g., Mt. Wilson) are equipped to

measure the atmospheric water content spectroscopically. Many

more stations have radiosonde equipment, but neither the Acona nor

any station in Newport is included among these.

To calculate precipitable water, then, it would be necessary to use

Hann's equation. This reduces at sea level to w = 2. 3e, but is re-

liable only as the mean of a number of observations. Klein (12)

found that for individual observations w = 2. le should be used in the
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summer and w 2. 5e should be used in the winter.

Vapor pressure e is found from Ferrill's (6) formula or from

psychrometric tables (15) based on his formula. It is a function of

the mixing ratio, atmospheric pressure, and dry and wet bulb temp-

eratures.
Unfortunately, no wet bulb values were available for the days

during which the Acona was moored in Newport. No weather observa-

tions were made aboard the vessel during these times, and those made

by the Coast Guard did not include wet bulb temperatures.

The situation at sea proved to be no better. Complete weather

observations were taken on only a few cruises, but the observation

times did not usually coincide with periods of clear weather. When

they did, the radiation traces were not considered reliable enough

for precision work because of rolling.

To gain some insight into comparative values, therefore, clear

sky radiation for 1100 and 1300 TST, measured while moored at New-

port, was compared with calculated radiation based on a constant 2

cm of water. The twenty comparisons in Table III represent most of

the data useable for this purpose.

All of the observations except the last were made before the

recorder error had been corrected. In these the intensity values

were considered to be only 84% of the amounts that should have been

recorded. Before being compared with the calculated values,
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TABLE III. CALCULATED RADIATION INTENSITIES COMPARED
WITH ACTUAL CLEAR SKY VALUES.

Recorded Corrected Calculated
Intensity to l00 Intensit)

Date (84%) (ly mm ) (ly min

May 31 1. 17 1.39 1.39
June 10 1.18 1.41 1.40

14 1.17 1.39 1.40
16 1.18 1.40 1.40
17 1.18 1.40 1.40

July 2 1. 18 1.40 1.40
4 1.18 1.40 1.40

12 1.17 1.39 1.39
13 1.16 1.38 1.39
28 1.15 1.37 1.36
31 1.13 1.35 1.35

Aug 2 1. 13 1.35 1. 34
4 1.09 1.30 1.33
5 1.08 1.29 1.33

17 1.06 1.26 1.28
Sept 5 1.08 1.29 1.33

17 .91 1.09 1.10
18 .91 1.09 1.09
24 .85 1.01 1.04

Oct 1 .84 1.00 .99
25* .81 .81 .80

* Recorder error eliminated on Oct. 7.

therefore, they were corrected to 100%.

The corrected observed and calculated values agree closely in

all cases except those between August 4 and September 5. Although

proof is not possible, it is quite likely that these differences resulted

from a change in precipitable water in the atmosphere.
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RECOMMENDED IMPROVEMENTS FOR DATA COLLECT,ION,
REDUCTION, AND ANALYSIS

Throughout the course of this investigation certain improvements

to the instrumentation have suggested themselves. None was imple-

mented, because the changes required either additional equipment or

long interruptions in the record. It is believed, however, that in a

similar study these could increase the accuracy of the results, and

greatly decrease the time required to find them. Some of the pos-

sibilities are discussed below.

Photo-activated Portable Seauence Timer (PAPS

The alternating current produced aboard the Acona fluctuated in

frequency. This presented no problem with most of the ships elec-

trically operated equipment, but with the Leeds and Northrup record-

er it introduced a serious error.

Driven by a synchronous motor, the recorder's chart varied

by as much as 10% of its designed rate. This resulted in a data dis-

tortion when the records were planimetered on the basis of one inch

per hour.

The only way to ensure correct interpretation of the trace was

to mark it every hour. This was accomplished by designing a me-

chanical timer that would be attached permanently to the recorder.

Known as PAPST, it consisted of a light, a mechanical seven day
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clock, and a photocell. Connected in series with the pyrheliometer,

it caused the incoming current to short circuit each hour when the

minute hand of the clock interrupted a column of light. This caused

the recorder pen to move to zero, and produce a line on the chart.

Figure 14 shows the clock, light and photocell arrangement;

Figure 15 shows a schematic of the circuitry; and Figure 16 shows a

photo of the unit. A 50, 000 hour light bulb, mounted inside the upper

tube, casts a beam that is directed by a lens in the lower end. The

beam is reflected from a mirror on the clock into a photocell mounted

in the lower tube. To interrupt the light a paper block the size of the

mirror was attached to the end of the minute hand. Passing the mir-

ror once an hour the block stopped the light for approximately 53

seconds.

The principle of the timer was based on changing resistance.

When the photocell is exposed to the light the current through it is

sufficient, with amplification by the transistor, to keep a relay in the

pyrheliometer circuit closed. When the light is blocked off, however,

the photocell resistance increases to the point where the relay opens

and the circuit is shorted.



Figure 14. Diagram of light, clock, and photocell arrangement in PAPST.
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Location and Mounting of the Pyrheliometer

The rigid mounting of the pyrheliometer resulted in its eventual

breakdown. In late October, in order to reduce the shadow problem,

the instrument was removed from the flying bridge to the flagpole

at the stern. Upon reconnecting the leads a few days later it was

found to be inoperative. Further examination showed the seal at the

base of the pyrheliometer to be broken. This had allowed moisture

to enter, condense on the sensing element, and short circuit the

thermopile. We believe that continuous vibration, transmitted through

the rigid mounting, had caused the seal to fatigue to the point of

breaking.

To avoid this problem, as well as the data distortion problems

discussed earlier, it is recommended that the pyrheliometer be

mounted

(a) in a location on the vessel where the shadows are the

least (aboard the Acona this was on top of the flagpole

at the stern)

(b) on gimbals, to reduce the rolling effect, and

(c) on sponge rubber, to absorb vibrations.

Automatic Integration

Perhaps the most time-consuming part of the data processing
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came in planimete ring the individual hours of the observed record.

Most recorders are equipped with mechanical integrators, and the

installation of a ball and disc type was seriously considered.

Further checking showed, though, that an electronic system could

be assembled for the same price and it would integrate far more ef-

ficiently and accurately. This system consisted simply of a voltage-

to-frequency converter, a frequency counter, and a printer. The

converter could be connected to the pyrheliometer leads without af-

fecting the recorder already in use. The printer could count the fre-

quencies for a half hour, hour, or any specified period, and then re-

turn to zero and start again. The frequency total for the hour would

be directly proportional to the radiation received.

This system would at once eliminate the problem of hand plani-

metering, synchronous motor timing errors, and distortion or loss

of records due to the chart's binding. The recorder could be oper-

ated simultaneously, as mentioned above, but this is not necessary

for the integrating system to operate.
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CONCLUSIONS

The weather during this study varied from calm to stormy and
from clear to overcast. The wind, over the four month period, came
from all directions, and varied in speed from zero to fifteen knots.
The average sky cover, as mentioned earlier, was seven tenths, with
almost every type of cloud formation being observed. Yet when com-
paring the average radiation received at bands of ocean located suc-
cessively farther from the coast, the values are approximately the
same. There appear to be no definite anomalies or trends.

It may therefore be tentatively said that a record made at Newport
could be representative of the average radiation received over the
area studied. It must be remembered, however, that the data were
recorded during the summer months, and that the zones compared
were oriented in a north-south direction. Latitudinal comparisons
during the winter months, for example, might produce quite marked
differences as a result of the southerly displacement of the Gulf of
Alaska low.

The study indicates that more than enough observations for
statistical significance were made at Newport and in Zone A, but not
enough in either the subdivisions of Zone A or in Zones B or C. If

a similar study were contemplated, the expected time distribution and
density of observations should first be seriously considered. The



foregoing results indicate that a minimum of 150 hours, evenly dis-

tributed with time and space, should provide a fairly reliable indica-

tion of the average radiation reaching a zone.
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