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DEVELOPMENT OF A TRANSMISSOMETER FOR DETERMINING VISUAL RANGE
SUMMARY

This report presents a discussion of the problem of determining visual
range from measurements of the transmission of the atmosphere between twe fixed points,
a description of the development of an inatrument for measuring atmospheric transmis-
g1on, and a study of the correlation between the measurements of transmission obtained
with this ingtrument and the prevailing visual range It was found that the correlation
between the transmission measurements and the visual range of non-luminous cbjects by
day followed the theory developed by Koschmieder, whereas that between transmission
measurements and the visual range of lights at nlght showed systematic deviations from
Allard's law which has been generally accepted for use in determining wvisual ranges of
lights The development of this equipment was inltiated and financed by the Cavil
Aerconautics Administration, Techmical Development Daivision

TINTRODUCTICN

When a prospective pilot 13 given a physical examination, or when he under—
goes his periodic physical checkup, the eyesight 1s carefully checked  Vision 1s of
the utmost importance in aviation, pariicularly distant vaision It 1s of importance
to a pilot scannming tre skies ahead of him and the landscape below, and to the con-
trel tower operator i1n directing the aircraft waithin his area  For this reascn, any
factor affecting vision or restricting distant vision 1s of immediate importance
The transmissivaity of the atmosphere 1s one such factor, and a very important ones, as
1t directly affects the distance &t which cbjects and laghts can be seen  This sug-
rests that a transmisgometer for measuring this property would be ugeful in determin-
1ng vilsual ranges for the airway and airport services A transmissometer migrt azlso
be used for the control of lumincus aids to air navigation For example, the effec-
tive uge of high Intensity approach lights requires a knowledge of the transmission or
visual range in order that a satisfactory adjustment of the lipghts may be made

At locations where no visual range observations are being made because of the
absence of observers, or because of the lack of visibility marks at suitable distances,
a transmissometer could furnish, at least 1n part, a desired indication of the visual
range Furthermore, 1t has been proposed by several writers that a transmissometer
might give more precise and dependable results than can be obtained by visual observa-
tions. If this 15 the case, and 1f such measurements could be made continucusly, an
earlier indication and resultant warning of changes 1n visual range would result For
synoptic meteorology the transmission measurements themselves might be used as an aid
in 1dentifying air masses

These considerations seemed to warrant the development of a transmisscmeter
and, through the National Bureau of Standards, the Technlcal Development Dnvision of
the Cival Aeronautics Admimastration undertook the development  This report describes
the results of this project, the instrument developed, and the results obtained with
1t

There are several possible types of transmissometers 1 The type selected for
development utilizes a photoelectric receiver which measures the light falling upon 1t
from a light source after the light has passed through the sample of atmosphere be-
tween the source and the receiver, as i1t 18 belisved that this type 1s more precise
and more easily used by untrained observers than the types requiring visual photometry.
In this report the term transmissometer 1s used to mean an instrument of this type

lA rather complete discussion of many types of transmissometers is given by
W EK Mddleton, "Visibllity i1n Meteorology,? 2nd Ed , Chap VII, 1941
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DEFINITIONS

According to the definitions of the Ameracan Standards Assoc1ation,2 "The

regular transmission factor cf a body 1s the ratlc of the regularly transmitted light
to tre incident light ™

There 15 no &4 S A definition for transmssivity but, as generally under-
stood, the transmissivaity is the regular transmssion factor per umit distance within
a light transmitting medium

It 15 impracticable in the case of the atmoaphere to measure a property which
agrees exactly with the above definitions The simplest procedure is to consider the
light received from thre source through a very clear atmosphere as the incident light
and the light received by the same equipment 1n any less clear atmosprere as the trans-
mitted light The tranamitted light will include some scattered light which, though
radiated by the source, would nct reach the receiver in clear weather The term
"transmssion" in this report will be used to define the ratlo of the transmtted to
the 1ncident light as measured, while the term "transmissivaty" wlll be used as defined
above

An object 15 taken to be on the thresheld cr at the limit of visibality when 1t
is seen just clearly enough so 1t can be identlfled A 1light ls taken to be on the
threshold or at the 1limit of visibility when its intensity 1s just suffilcient for the
light to be located and seen steadlly

When an object or light 15 con the threshold, the distance betmeen the object
or light and the observer is called the visual range of that object or light In this
report the term "visual range," when not referred to a particular objeet or light, 1s
used to express what 15 usually called "visabllity" by the meteorologist

In thls report the term "threshold," when not uded for the threshold of & par-
ticular observer, willl be used as the value of the thresrold of an average observer
whose eyes are adapted Lo the prevailing i1llumination

FUNDAMENTAL REQUIREMENTS OF A4 TRANSMISSOMETER

From a consaderation of the laws relating visual range and atmospheric lrans-
missicn, the fundamental requirements of the components of a transmissometer may be
determined The generally accepted laws relating visual range and transmissivity are

For black objects above the horizon during the daytime,

{B-b)/B=Td (1)

B is the brightness of the background,

b iz the apparent brightneas of a black cbject of auitable size,
d 15 the distance from the observer te the cbject, and

T 13 the transmissivity of the intervenlng atmecsphere

When (B-b)/B is aqual to €q (the contrast threshold of the observer), d 1s
equal to the visual range of the object, D, so that

TD=€, (Koschmleder's Law) 3 (2)

2“Illum:n.natlng Engineering Nomenclature and Photomstric Standards,™ American
Standards Association, Z7 1-1942, 30 115, issued by Illuminating Engineering Soclety

3 Koachmieder, H , "Beitr Z Phys D Freien Atm ," 12 33-53 and 171-181, 1924



Note that 1n equation (2) the expression TP is the transmission of the inter—
vening atmosphere between the observer and the obJect and this is equal to the contrast-
threshold of the observer

For lights at night,

E' /E=Td (3)

where

E 15 the 11lumnation which weuld be produced by a source at a distance d if the
intervening atmosphere were "ideally" clear, and

E' 15 the 11lumination produced by the source when the transmigsivity 1s T
Since E 13 equal to I/d2 where T 1s the intensity of the source, then
E'= ITd/d2 (4)

When E' 15 equal to E; (the 11luminatien thresheld of the observer), d 1s equal
to the visual range of the light, D, so that

IT2/1?=E, (&llard's law) (5)

It 15 essentizl to note that in both laws the distance enters as an exponential
This fact, together with the visual ranges to be determined, governs the choice of dis-
tance between twe light source and the receiver of a transmissometer The effect of
small instrumental errcrs on the indicated sisual range of objects by day may be found
as follaws

The transmissivity 1s given by

t1/R=r (6)

wrers

T is the transmissivity,

R is the distance, and

t 18 the transmission between the transmissometer light source and receiver

Substituting for T in equation (2)

€o=tB/R (7)

If t7 is the transmission indicated by the instrument, then D, the wvilsual
raenge determined from this transmission, 18 given by

If t1={1+m)t
and D =(1+n)D

where m 15 the relative error in the transmission measurement and n the relatlve
error 1h the indicated wvisual range,

then t; DU/R ={(1+m)t}(1+“)D/R:tD/R (9)
and  (1+n) (D/R) {log(l+m)+log t}:(D/R) log t (10)
since, from (7), log t=(R/D) log €p, 2t 15 possible to substitute in (10) and obtain

D log (1+m)/(R log €5)=-n/(1+n) (11)



If m 15 sufficiently small tnis may te written as
n/(1 +n) = -m D/(R log €,) (12)

and 1f n also 1s small 1t may be wratten as n = -n D/(R log, €,) (12a)

Fence, the relative errcr in the visual range indicated by the instrument 1s
dirsctly proporticnal to the relative instrurental error and to tle true visgual range
and inversely proportional to the distance retween the light scurce and the receiver
It 15 evadent at cnce that 1f the error in the indicated visuel range 1s tc be kept
small for large visual ranges, either the instrument must be very accurate, so that
m 18 small, or the distance R, between the source and the receiver, muost be an ap-
preciable fraction of D, the visual range  However, an increase in R ralses the mini-
mum visual Targe which can be astermined and reguires a light source of higher inten-
sity Tre effects of the separatior of light source and receiver are illustrated in
tabtle I, where the permigsible spreads of transmissometer incications (17 errors in
the indicated visual rarge are not to exceed 20 percent) are given for several dis-
tances between gource and receiver The transmssivitoes corresponding to the visual
ranges listed were computed Ly means of equation (2) uging for €, tre generally accep-
ted value, 0 02 The corputations of the values limting the permissible range of
transmission measurements fror the transmssivailies are independent of the value of
the contrast-thresheld The assumption of different values of this threshold affects
onl, tte values of the visual rarges corresponding to trese transmissions

Prom the table 1t 18 seen that, to obtain a reasonable vrecisicn in the deter-
mination of the higher visual rangesz, either a very accurate i1nsirument is required or
the distance oetween tre light source and receiver of a transmssoreter should be
large, whereas the corresponding alstance must be small 1f a transmissometer having a
practicable rarge of instrumental readings and a readily obtainable sensitivaty 1s to
measure low risual ranges Thus the minimum visual range to pe measured by a given
transmissometer determines the maximum separaticn of the source and the receiver  But
thls maximum separation may be so small as to make the aetermination of high vasual
ranges very 1naccurate  From a consideratiaon of this table alone 1t 1s evident that
1t 1s not feasible to design a transmisscmeter which 13 acapted to the measurement of
all the atmospreric conditions trat are of interest for dafferert purposes

It must be emphasized that in the above discussion of errors a strictly homo-
geneous atmosprere has been assumea  In practice, the relatively small sample of the
atmosphere betwean the source and the receiver may not be representative of the atmos-
phere througt which the visual range 1s desired, so the resulting measurement will be
msleading to an extent depending upen the degree of nen-homogenelty

If tre distance between source ana recelver 1s made large to obtain accuracy
for large visual ranges, variat.ons in temperature throughout tre sample of atmos-
phere may cause refraction and "shimmer" of the rays of light from tre scurce airected
toward the receiver These refractive effects may cause a greater charge in the
reading of a transmissometer than in the sctual visual range

The magnituds of the refractive effects depends upen tre optical design cf
the +tranamisscmeter For the usial type of projectors and pheotometric receivers, a
light source having a uniform intensity througnrout a solid angle larger than that
subtended by the aperture of the receaver (by an amourt ecual to the maximum bending
of laght tays) 1s required 1f the amount of ligrt from the source falling on the
aperture of the receiver 1s to pe independent of the bendlng due to refraction along
the patlr Likewise the angle of accertance of the receiver rust be sufficiently large
1f the readings are to be independent of changes in the direcuiion of incldence due to
refractive effects Fowevear, 1f the solid anglse of acceptance of the receiver 1s such
that l1grt in directions other than trat from the source 1s inclused, tre readings
w1ll not be indepencent of background brightness. On the other hand, 1f the angle of
acceptance 1s limitea to trat of the dimensions of the source, any slight cnange in
alignment will decrease the amount of light received from tne sdurce and at tre same
time aamit light to tte receiver from the background The difficulty of the back-
ground braightness can be limited te & great extent by using a modulated light source



TABLE T

TRANSMISSION LIMITS FOR ERRORS IN VISUAL RANGE OF + 20 PERCENT

Visual Transmis-
Renge sivity

Kile— RB* = 01 km R =025 kn R = 045 km E = 10 km R = 25 km
metera per km min max min max min mAX. min. max min max
50 0.92 099 0993 | 097 098 | 095, 09y |091 ©09; lo78 0.8
25 0 96 0 98; 0 98, 0.955 0 96z 091 094 08 088 {061 0.72
10 0 68 0 95, 096g | D88 09z 078 085 .61 072 |o029 0 44
50 046 091 094 0,76 0 85 0.61 072 038 052 |009 0 20
25 0zl 0.82 0.88 0.61 0,72 0.38 0,52 0.14 027 [C.008 ©C4
10 0 020 o6l 072 029 044 009 020 0.008 0.04 {103 1035
0.50 0 0004 6 38 0.52 D09 0.20 0008 0.04 20742 30730 [15710 6 4571
025 10°8 0.14 0 27 0008 0.04 042 1620 1085 107 7|2 oK
610 10 °% | o8 ooy 1023 1035 | 107106 1071 | 1078 g 1553 103
005 10340 | 1042 10730 ) G0 71| o (| e e 107106 -7

#R = distance between transmssometer 1ight-socurce and receiver
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and & receiver designed to respond only to light modulated at that frequency

The sensitivaty of the recelver determines the mimimum intensity of the light
source that can be used In practice this may require some form of projector, al-
though the beam of light from the usual prcjector doea not satisfy the reguirement of
uniform intensity distribution By using a short focal length projector and a lamp
with 4 high-current filament, or by using a reflector type projector with a spread
lens, a beam of uniform intens:ty may be approximated Generally the beam spread of
such a gsource will be so large that wher the installation 15 at or near an alrport, it
may interfere with the vision of pilots If so, some means of screening the source
wlll be desirable Thais can be accomplished by using diaphragms to confine the beam
and a acreen behind the recelver

Since the reading of the transmissometer is proportienal teo the light incident
on tre recelver, it 1s necessary that the intensity of 1light from the projector in
the direction of the receiver be maintained constant, well withln the 1llmits of the
accuracy to which the transmssion 28 to be determined It 18 possible to design a
type of transmissometer that diverts a portlon of the light from the source so that
it does not pass through the sample of atmosphere and to obtain a differential measure-
men* between this light and that transmitted through the sample TWith such an inatru-
ment the necessity of a constant intensity source 1s obviated, but the complications
introduced are likely tc be greater than those required to obtaln a reasonably con-
stant source

Brrors arising from the variaticns of the source and the recelver with rsapect
to temperature, humidity, instrument drifts, and power supply must of course be less
than the total permltted error Likewise, the transmission or reflection properties
of all components of the aptical system {lemses, reflectors, cover glasses and tre
like} must not change with time or with changes in weather conditions Consideration
must be given to condensation of moisture internally or externally, salt apray,
driving rain or snow, dust, frost, dew, insects, debris, and many other such aitems

The usefulness of a transmssometer depends to a large extent upon the manner
in which the transmission or visual range 15 indicated  Frequently the indication
w1ll be desired at a location remote from the transmissometer Hence a method of
indication should be provaded that will permit the relaying of readings without the
introduction of additional c¢lrcuit errors, or i1f errors are intreduced the readings
should be corrected When the same model of a transmisscmeter 1s to be usged for
varicus locationa, an indication that can be transmitted wathout error would, of
course, be desirable, so that special correctlons need not be made for each instrument
Likewise the method of takaing readings should be sufficiently simple so that a special
technique 1s not required

Among the possible means of transmitting the indication 18 the use of cur-
rent, potential, and impulses  Since the power avallable from photoelectric devices
15 limited, the lemkages and attenuations of transmission lines may introduce serious
errors in the indication by the output meter of a current or potential output from
the receiver However, an indication by pulses based on the number per unit time
rather than on the magnitude of the individual pulses can, in general, be transmittea
without error Pulse counting may be done by several types of counters, which may te
made recording if desired

DESCRIPTION

The transmissomster consists of a llght source, a receiver, ard an output
meter, incorperating the follewlng features, the cholce of which was based on tre
preceding discussiocn

1 The light source is in the form of a projector having a umiform intensity
of at least 100,000 candles throughout a seclid angle sufflciently large so that small
changes 1n the aligmment of the light source will have no signifilcant effect on the
flux falling on the phototube of the raceiver



2 Tre diatance between the light soéurce and the receiver was chosen so
that transmissivities as low as 16~10 per kllometer can be indicated

2 The receiver was designed to give an indication in the form of pulses,
the mumber cof which 13 directly proportional to the light transmtted The recelver
has an angular acceptance as small as practicable

4 The receiver and light source are designed for continuous operation and
expogure to the weather

5  The output meter was designed to indicate the transmission directly at a
location remote frem the receiver

Figure 1 shows the general arrangement of the equipment The light source
15 a type-L lamp with a PAR-56 bulb having an internal parabolic reflector with an
aperture of approximately 6 2 inches and a focal lengtr of approximately 1 inch The
filament 1s a single coil of type C-6, designed for 100 watts at 6 volts with a life
of 500 rours The appearance of the lamp 1s similar to that of "sealed-beam" auto-
mobile headlight lamps, except that the cover 1s plain instead of prismatic  The
lamp operates at 5 1 volts, at which voltage the estimated lafe 13 4,000 hours  The
lamp 25 mounted with the filament coil vertical so that the beam has a greater spread
vertically than horizontally The short focal length of the reflector gives a rela-
tively flat candle power distribution, as shown in figure 2

The optical system of the receiver consists of a lens, a diaprragm at the
feocal plane of the lens, and a phototube placed so as te receive the light whaich
passes through an opeming 1n the diaphragm The lens 1s a simple plano-convex
spherical lens of 110-millameter aperture and 710-millimeter focal length  With the
source at 250 meters from the lens, the image 15 a spot showming chromatic aberraticon
contained within a circle 2 mxilimeters in diameter The opeming in the diaphragm
15 3 mllimeters 1n diameter, which allows for a small aligmment error  Between the
lens and the diaphragm is a set of baffles %o reduce the stray light reaching the
rhototube from the walls of the housing

Tre phototube 15 of the RCA 92% type and 1s located as close to the diaphragm
as practicable so that the cathode interceots the entire cone of light from the image
of the source The housing for the optical parts of the receiver and some of the
parts of the photopulse cireuit 13 a tube 4 5 inches in diameter This tube 1s pro-
vided with a cylindrical hood projecting 12 inches beyond the lens to provaide some
protection from drivang rain and dust The reflector lamp 1s similarly protected
with & 30-i1nch hood, which also serves as a baffle to reduce the stray light from the
lamp

The general arrangement of the electrical equapment for the complete trans-
mssometber 15 also shown 1n figure 1 The power supply for the receiver 1s located
close to the unit in order to simplify the cable requirements The pulses are trana-
mitted from the receiver to either or both of two types of indicators  The length of
the pulse trarsmissicn line can be changed for various installations without affecting
the circuits

Power requirements are all 6C-cycle, 110-volt  About 100 watts 15 reguired
for the source and 40 watts each for the receiver, the indicator, and the counter
The power for the lamp 15 supplied by a 100-watt, constant-voltage transformer with
a 115—volt primary and & 5-volt secondary The lamp and transformer are both contained
1n the same weather-tight housing



The circult details of the phototube receiver end the pulse circuit are shomn
in figure 3 The electriacal constants are glven in table II  The pulses are generated
a3 follows The phototube current charges the capacltor Cp untal the veoltage acroes it
18 sufficient to imitiate a discharge through the neon lamp. The capacltor then rapid-
ly discharges through the neon lamp and the resistor Ry until the voltage across the
neon lamp is no longer sufficient to maintain a current through the lamp. Durlng the
discharge the voltage drop across Ry supplies a voltage pulse to the grid of the &C5
tube which causes & momentary change in the plate current of thas tube The resulting
momentary change 1n voltage drop acroas Rg {located in the power-supply umt) is the
pulse signal that 1s transmitted to the indicator The time required to preduce a
given change 1n the voltage acrcss the capacitor Gy varies inversely as the current
through the phototube

TABLE II

ELECTRICAL CONSTANTS OF TRANSMISSOMETER CIRCUITS

Recelver Circueit (Figure 3)
Resgistances Capacitances
1 0.1 megohm 1 0 0003 uf
2 25  ohms 2 0 o001 N
3 10,000 n 3 B n
JAN 20 megohms A 0 05 n
5 150 ohms 5 8 n
6. 50,000 "
7 5,000 H
Indicator Circuit (Figure 4)
Resistances Capacitances
1 0 1 megohm 1 0 0002 uf
2. 015 2 0 002 "
3 500 ohms 3 8
4 0 25 megohm 4 8 g
5 2,000  chms
6 13,000 n Inductance
7 2,000 n
8 2,000 n 1 10 h
Counter Clrcurt {(Figure 5)
Resistances Capacitances
1 0 1 megohm 1 0 001 uf
2 1,000 ohms 2 4 "
3 50,000 " 3 4 "
4 20,000 "
5. 10,0GC i




Therefore, the degree to which the pulse rate 1s proportional to the light incident on
the phototube depends on the following factors (1) The degree of preporticnality
between the phototube current and the l1ght flux incldent upen its cathode, {2) the
leakage currents across the components shunting Cj, (3) the comstancy of the drop in
voltage across (] for each discharge; and (4) the degree to which the time of discharg-
ing 19 negliglbole as compared to that of charging C1

The characteristlc of the type 929 phototube 1s asuch that, if the voltage
acress 1t 1s greater than 20 volis, the current 1s very nearly proportional to the
incident light flux falling on the cathode  The minimum phototube voltage is the dif-
ference betwesn 105 volts (the voltage across tube VR-105) and the breakdown voltage
of the necn lamp plus the drop across B1  The maximum phototube current is less than
1 microampere, which gives a drop across B] of less than 0 1 volt Since the break-
down voltiage of the neon lamp is about B0 volts, the minimum veoltage across the photo-
tube is about 25 volts A capacltor having high leakage resistance was used for C3
and ceresin wax was used to insulate the component parts shuntiug thils capacitor to
further reduce the leakage currente. The total leakage current is less then 10~10
ampere The constancy of the drop in voltage across C] for each discharge depends upon
the behavior of the neon lamp It was found that unless some light is incident on the
neon lamp, its behavior i1s erratic The incandescent lamp shown in figure 3 provides
the 1ight needed The .ntensity of this llght was adjusted to the mlmimom necessary
for comsistent operatien of the neon lamp More light than this minimum increases the
leakage current through the neon lamp when it 13 not discharging The mirmdmum charg-
ing tame used in the field was 0 02 second and the estimated time of discharge is of
the order of O 00001 secend It 1s evadent, therefore, that the departure from linearaty
should be amall

Flgure 4 shows the indicator cirecult which glves a meter reading proporticnal
to the input pulse rate, independent of the strength of the input pulses The elec-
trical constants of this circult are given in table II

An input pulse "triggers"™ tube 2050, which charges capacitor Cy The charge
on Cp supplies part of the momentary current through this tube  Capacitor Cp 13 also
necessary to quench the current through the tube As long as the strength of the Ilnput
pulse 15 sufficient to trigger the tube, the charge flowlng into Cq per pulse 1s inde-
pendent of the magnitude of the pulse When the pulse rate 15 constant, the veltage
across O3 assumes & constant value which 1s proportional to the number of pulses per
second

The bridge circuit shown in figure 4 15 essentially a vacuum-—tube voltmeter
glving an indication determined by the change i1n voltage across {3 This bridge was
designed to take advantage of the characteristic of voltage regulatcr tubes, namely,
that the voltage drop across the tubesg 13 substantaally independent of the current
through the tubes for considerable variations in current. The veoltage drop from A
to C 18 determined by the regulator tubes, VR-150 arnd VE-105, and the small voltage
drop across R A3 the resistance of the meter M 1s low, the voltage drop from A to
B 18 gubstantially equal to that from A to C when 31 1s clogsed to a  Thus the currents
from & to B and from A& to C must remain substantially constant. When a change in grid
potential causes the plate current of the tube &J5 to change, this change must be ac-
companied by a corresponding opposite change 1n the current through tube YR-105 while
the voltage drops In the brldge are substantlally unchanged The meter, therefore,
measures the change in plate current of tube 6J5 produced by a change in grid potential
As thils change is a function of the change in voltage across C3, it is determined by
the pulse rate In practice R5 13 adjusted so that with no signal the meter reading
18 wero 1t 1s evadent that the voltage drop acreoss Ry 15 independent of the distri-
butien of current through the erms of the btridge  Therefore, the grid bias of tube
605 is not affected by the plate current of the tube

This bridge circuit i1s preferable to the usual types of vacuum-tube voltmeters
baecausa the basic plate current of the metering tube may be balanced out, and because
the plate voltage of the metering tube 15 very nearly independent of the plate current

In order that the relation between the voltage across Cj and the change in
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currert through the tube 6J5 be as nearly linear as pogsible the plate current of the
tube 1s kept within the interval 3 tc 9 milliamperes This current 1s made equal to 3
mlliamperes for no input signal by adjusting the bias tap on Ry, using meter M with
switch 57 closed to b 59 15 a shunting switch used tn reauce the current through tre
meter so that the rance of the meter may be changed

For tne field instzllation, the constants of the phototube circuit were acjusted
to mive 2 pulse rate of aporoxamately 50 per second durding the clearest weather and with
the light source at a distence of 250 meters  The resistor Hp was eqjusted so the 1n-
crease 1n plate carreat was 6 milliamperes for a signal input of approximately 50 pulses
per second

Figure 5 shows the circuit detalls of the pulse counter which wmas generally
used for pulse rates of less than 5 per second Capacitor Co becomes charged to a
potential of sbout 300 volls and discharges through tube 2050 and the counter N when
the signal "triggers" the tube  Quenching of the discharge 1s assured because of the
inductance of the counter, together with the self-bias of the cathede due to the drop
acrcss Hy  The counter operates satisfactorily at frequencies as high as 10 pulses
per second

PERFORMANCE OF THE INSTRUMENT

The performance of the transmissometer was tested both in the laboratory and
during the field calibration which approximated service conditicns

Wren the input voltage to the constant-veltage transformer which supplied the
light source was in the interval 100 to 130 volts, the intensity of the source increased
0 1 percent per volt increase of input voltage It was found that with a constant 11-
lumnation upon the phototube of the receiver, the respense of the i1nstrument i1ncreased
0 3 percent oer degree C increase in amoient temperature for temperatures between -30°
C and +50° C Lo changes due to high relative humidity were observed The responge
of the receiver was found to be linear to within the 1lmts of measurement for 11lum-
nations over a range of 1,000 to¢ 1  The reproducibility of the indications of the re-
celver was found to be approximately 3 percent

The transmssometer was operated continunously under field conditiens for a
perioa of 2-1/2 nontrs  There were no failures or replacements of any of the electromc
or other marts of the instrument during this period

During this periocd of coperation a gradual downward draft in the reeponse of the
instrument was observed  This drift amounted to above 10 percent during the period of
test  Causes of this drift were traced to both the scurce and the receiver A slight
blackening of the reflector of the source dune to filament deterlcration was observed
It was found that there was a cendensation of ceresin wax upon the imner surface of the
lens of the receiver. It 1s probable that the characteristics of the various elec-
tronic elerents alse changed slightly with time  The drift of the source can be reduced
by operating the lamp at a lower voltage It 1s believed that a suatable thermoplastic
can be used to replace the ceresin wax

%Even with the protective hoods to protect the lenses of the receiver and the
lamp, 1t was founa ttat drying spots from rain would collect on these surfaces over a
period of a few days The effect of these spots wmas found toc be small, generally
lowering the response by less than 3 percent

On occasion, driving ral~s or condensation covered the cuter gurface of the
lens of the receiver sufficientlsy to reduce the reading of the instrument to less than
talf tre readirg with the lens cleaned It 1s believed thal the effects of drivang
rain can be reduced by the use of more adeauate hocds, and that the receiver including
the lens can be kept at a temperature sufficiently high to materielly reduce the
chances of condensation forming on the lens
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I4STALLATION FOR FIELD CALIERATION

Koschmieder's law and Allarz's law both involve threshold constants  To use
these laws to determine vicsual ranges irom transmissicen data, a value of the contrast
tlireshola or thresheld i1llumnation must be known Scome values of these constants
were avallable but thess values are not consistent  Furthermore, field tests waere neces-
sary in order that tlre reliabilaty of tte irstrument couvld be studied A field cali-
bratior was therefore carried out in the summer of 1941

Tre development of high intensity dapproach-light systers requlred observations
1in fog, and Nantucket Island, Massacnusetts was chosen as the location for that project
It was decided, therefore, to calibrate the transmisscmeter at the same locaticn so
that the personnel and some o1 the eguipment ana observations could be applied to both
projects The installalion of the equipment was made about cne-guarter mile from the
south shere of the 1sland near Suriside where pericds of fofF are freguent

Figure & 15 an aerial photograph of the lecalaty The locations of the laight
source and receiver of the transmissometer, the visibility marks, and the area from
which observations were maae during periods of dense fog have been i1ndicated  Figure
7 shows photographs of the light source wath 1ts tubular hood mounted before 1t, the
receiver and the visibility marks as seen from one of the observation points The
auxaliary lamp shown below the hood of the source was not used

The light source and the receiver were mounted on 3-i1nch pipes set about 2
feet inte the ground and rigidly cuyed by wires The units were located about 6 feet
above the surface of the ground  The output meter was i1nstalled ir the control house
located about 175 feet from the receiver  Diaphragms with 10-inen holes were 1nstalled
1in front of the li1ght source at distances of 12 and 50 feet to restrict the cross-
section of the beam because the orojsctor used _ave a broader beam than that considered
desirable for service use

Tre row of daytime visibility marks shown in the pnotogreph consisted of ten
4{—foot—aquare pleces of plywood painted flat-black and spaced 2t 100-foot intervals
The lower edges we—e about & teet above the surface of the ground so that the marks
would be cbserved against a background of fog rather than against the terraln The
line of the marks was parallel to and approsinately 250 fret from the light path of
the transmisscometer

A light was mounted on top of each of the vasicility marks for observations
at. might Tiese lights consisied of clear-bulb street-series lamps and were operated
at an intensity of 25 candles  The variation of the intensitiy of the lamps with hora-
zontal angle was negligible

Observation statiors were laid coff at 100-foot intervals throughout the length
of the observation area Telephone terminals were provided at each of the cbservation
atations

Because of the flat terrain and lack of a sufficient number of suitable marks
and lights, 1t was necessary to provade a mark and light whick could be observed for
distances between 1000 and 3500 meters Fipure 7 also shows this visibility mark wrich
consisted of two 4-foot by 8-foot pireces of plywood painted flat-blacl and mounted
ahout 100 feet from the control house A 25-candle power light and a signaling lamp were
located abeve tre mark  This mark was observed frem additional observation stations
putside the areas shown in figure 6 The aistances tc these various stations were ap-
prozimately 1000, 1300, 1500, 1800, 2400, ana 3500 meters respectively  The distances
were establisned by surveying Tre statlons wers located, as nearly as possible, tre
same distance fror the shore line as the mark and 1n a dirsction approximately normal
to the plane of the mark

CALIBRATICN PRCCEDURE

The visibility marks and lights were observed from the area indicated in figure
& for vaisual ranges less than 1000 meters  The observer would locate himself, 1f pos-
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si1ble, at that observation station from whicl approxamately only one-half of the visi-
bility marks or lights were visiole Then, every rinute, he would report by telephone
to the recorder in the control house the rumber of marks or lights that could be seen
The recorder would list tris visual-range information, togelher wath the transrissoreter
reading teken at approximately the same time  When the vianal range changed so no

marks or lights were visible or all were visiole, the ctserver, if pogsible, would pro-
ceed to another station from whaich about half of the marks or lights could again be

seen and the observatlons contimued For twilight conditions, observations were made

on ooth the marks and the laghts

When the vwisual range was greater than 1000 nmeters, recourse was made to the
large mark or 1ts associatea light  The observer would go to the staticn from wiich
the marx appeared to be approxaimately at the limit of visibilaty and would record the
periods, if any cccurrea, ziring which this mrark was at the limat of visibalaty  When
the visibality of tre mark cna~ged sufiiciently so the observer believed that tre mark
might be at the lamit of vasibilaty from some other siation, he woula proceed to that
station so that he could again aetermine the perioas during which tle mark was at the
limit of vasibalaty  Trroughout the period of these observat_ons “he recorger would
ligt the transmissometer readings at intervals of 1 rinute  When this type ct obser-
vation was made at night tre signal light of about 75 candles intensity was flashed
from time to tare to 1dentify tre vasibil:xty laght

In additicen te the observations on the large mark or associated lamp, the ap-
peararce of other obgects and lights at known locations, which were cn the limit of
vasibility for either the observer or the recorder, was listed For wisual ranges
scmewhat greater than 3500 meters, natural objects such as church steeples, water
towers, and lights of the villages of Nantucket and Siasconset loceted on the i1sland
were observed

Thuring the perxzocs ot daytime observations the 11ptt source of tlie transmis—
someter was turned ofi from time to time te Jeterune the Lransmissometer reading due
to bacvgroand 1llumination  In the reduction of the data tte background readirg was
subtracted from tre reading with the light on to ootain the true trarsmissioen reading
Also, transmissometer read.ngs were obtaired from titne to time when the almosphere was
especially clear Trese values were used 1n estimating the transmissoreter reacing
for 10C percent transmission  Since 1t was found that the clear weather readings de—
creased throughout the L0-week period during which the calibration dats were taken,
all data used were correclted for this drift of the 100 percent yalue

Since the visual range data were to be used prirarily to calibrate the trans-
missometer, the calibration observaticns wers rot made during veriod. when the fog o1
haze was obviously non-homogeneous or when tne visual range was tluciuating raocidly

In addilion to the above cbaervations, the transmisscmeter reading was fre—
quently recorded at tne time during which the Nantucket Weather bureau Station, aboutl
2-1/2 mies away, made 1ts periodic observations A record of thess Weather Bureau
visibility observations was obtained through the courtesy of Mr J B Underwood 1n
crarge of the Station

RESULTS OF CALIBRATION

Between two and three thousand simultaneous observations of the visual range
and transmissometer reading were maae Approxamately one-third of these data were re-
jected as unsuirtaple for determining the calibration curves The data were rejected
because the tranamissoneter reading or visual range did not remain sufficiently con-
gtant to g1ve a reliable calibrataicn point  For the accepteble data, the average
values of the transmissometer readings and of tne visual ranges during each period
when both remained reasonably constant were used to determane a calabration peint
The points were graded 1n accordance witl their relative reliacilaty, wsing as a
measure of reliability the constancy of the transmissometer readings and visual-range
obgervations and the length of the pericd of constancy
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Grade A points were obtained in general frem pericds of 10 to 30 minutes or
more duration during which the transmissometer readings and visual range varled rela-
tively 1ittle As an 11lustration, the individual values from which one of the better
erade A points was cobtained are listed 1n table III

Grade B points were obtained 1n general from perioda 5 to 10 mimutes in length
and occasicnally with slightly more variation in the data than for grade A points

Grade C points were obtained primarily from two types of data, (1) periads of
legs than 5 mnutes in duration, and (2) single visual-range observationsg with reason-
ably steady atmospheric conditions as indicated by the transmissomseter readings

The grade A, B, and C points include only the visual-range observations made
on the apecial marks and lights installed for the calibratijon The calibration points
obtaired from observatlons on other objects and laghts and from the Nantucket Weather
Bureau visual-range observations have not been graded Weather Bureau data listing
visual ranges less than the distance (2 5 mles) from the station to the test location
were not used for calibration points

Figure 8 15 a plot of the daytime calibration points for cbservations made on
marks The visual range 1s plotted on a log scale and the transmission on a log-log

scale. With these scales Koschmieder's law 1s represented by a family of straight
lines with the contrast threshold, €,, as a parameter, as 1s evlident from equation {2)

TABLE IIL

DATA FRCM WhICH ONE OF THE GRADE A POINTS WAS DETERMINED

Time Transmissicn Visual Rangs
7-30-41 Per 250 meters Feet | Kilomsters
LAT AN 015 1300 0 40

48 0 13 1200 0 37

49 1300 0 A0

50 1300 0 A0

51 0 15 1300 0 40

52 o 15 1300 0 40

53 0 16 1400 0 43

54 1400 0.43%

55 1500 0 46%

56 0 17 1400 0 43

57 o 17 1400 0 43

58 01 1400 0 43

59 g 10 1500 0 46
500 0 10 1400 0 43

0l 0 10 1400 0 43

02 0 09 1300 0 40

03 - - -

04 0 10 1300 O 40

Q5 010 1200 0 37

06 010 1300 0 40

o7 011 1300 0 40

og 011 1200 O 37

L_, Average D 124 0.409

#Not used in computing average visual range



This mey be written TP = €o (2)

log {(-log T} = -log D+ log (-log €,), (13)

the terms -log T and -log €5 being used since both T and € 45 are less than umty A
plot of log (-log T) agalnst log D for this equation gives a straight line with a
slope of -1 In the figurse the ordinate scale has been inverted so that the transmis-—
s1on values increase with increasing ordinates

The value of log (-log € )} for the calibration curve was determined by ob-
taining the average value of log (-log T) + log D for the calibration peints in figure
8 exclusive of the twilight and weather bureau voints From this average value of log
(-log Eo), €, waa found to be equal to O 055 This value 1s considerably greater than
the value of O Ol to O 02 generally accepted The value 0 055, however, falls between
the value { 065 reported by Houghton4 for clouds and his value for fogs which 18 about
one-half that for clouds.

The line for €4 equal to O 055 1s a reasonable representation of the calibra—
tion points for the shorter visual ranges It may be considered as the daytime and
tmlight calibration curve of the transmissometer There appears to be, however, a
somewhat systematlc departure of the points from this line with increasing visual range

The lines €, = 0 031 and €, = O 098 were chosen so that for any given
transmission the corresponding visual ranges determined from these two lines differ
fror that determined by the calibration line by plus and minus 20 percent, respectively
Similarly, the lines € o = 0 234 and €, = 0 003 give visual ranges equal to one-
half and twice that of the calibration line These lines are of assistance in studying
the departure of the points from the calibration curve

To explain the apparent systematic departure of the calibration curve,

€, = 0 055, on the basis of a change i1n the contrast-threahold of the observer re-
quires the assumption eof a threshold for the longer visual ranges smaller than that
obtained under 1deal photometric cenditicns To explain i1t on the basis of an error
1n determxning the transmissometer reading correaponding to 100 percent transmission
would require the assumption that the 100 percent readaing so chosen 18 higher than the
true 100 percent reading  DBecause of the method used in obtaining the 100 percent
value, however, 1t 1s believed that tre 100 percent point 1s not likely to be too high,
though 1t might be too low HNeltner can this deviation be explained by assuming a
gomewhat non-linear response of the transmissometer, for the deviation 1s most marked
in the region near the calibration point of the instrument Thas deviation may be ex—
plained, at least in part, by either of the following assumptions

1 The light falling on the iransmissometer receiver was frequently reduced
appreciably by refractive effects which did not affect the visibility of objects to
the same degree that the transmission measurements were affected

2 Tre transmission of the sample of the atmesphere measured by the transmis-
Someter was 1n most instances too low to be representative of tne atmosphere 1n general
on clear days, even though the atmosphere then appeared to be homogenecus

A classification of the calibration points according to the general 11lumina-
tion, as determined by the transmissometer background readings, showed no systematic
differences ol vasual range with 11lumination  This apparent inuependence of the
visual range of objects with 11iumination 1s 1n agreement with previous investigations
and theory  Even the twilight points i1n fipure B show no systeratic differences Some
of tnese points result from observations when 1t was so dark that the 25-candle lights

4Houghton, J , "Journal of Aeronautical Sciences,"™ Vol 6, pp 408-411
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could be seen farther than the marks The computed average value of €, for the twi-
light calibration polnts 13 O 044 Thls value of € g 1s less than that for the daytime
value (0 055), whereas Nutting's results3 show €, 1ncreaging at low i1lluminaticons
Bocause of the spread of the values for the cemparatively small rumber of twilight
pointa, however, the difference between €4, for daylight and e, for twilight camnot be
considered slgnificant

The 4-foot-square marks were observed from dlatances between O 15 and 1 O
knlometer The corresponding angles subtended at the eye by the marks varied from
0 46° to 0 07° Silmilarly, the large mark when observed subtended angles from O 15° to
0 05° Middletonb suggeats that the least angular dimension of objects should not be
less than 1° and that the maximum slze of the nearer objects should not exceed 5°
However, 1t was frequently ncted that the visitality of other objects, both larger and
somewhat smaller than the marks, gave no indication that their size had any effect on
their visual range For exmmple, obaervations on a power-line pole to cne side of the
row of marks frequently indicated the same visual range as that given by the marks

Figure 9 13 a plot of the calibraticn points obtained from obeervations on 25-
candle laghts The scales and symbols are simllar to those on figure 8 In figure 9
are shown curves determined by each of the following relations

By = I /D2 (Allard's Law) (5)
Sy = ITP /D (14)
I, = ITD (15)

Where I = 25 candles, and Ey, Sy, and Iy have been set numerically equal to
0 052, Ey has the dimensions of 11lumination and i1s expressed in kilometer candles,
Sy has the dimensions of intensity per umt distance and 1s expressed in candles per
kilometer, Iy has the dimensions of intensity and 15 expreassed in candles

Although Allard's law has been generally accepted for determinming the visual
range of point sources, 1t has been suggested to the authors that eguation (15) mlght
be used 1n place of Allard's law. Thls law for I/I constant, like Koschmeder's law,
1s represented by a straight lirne Hence, 1t was decided to obtain the valve of I./I
from the nmighttime grade A, B, and C calibration polnts i1n the same manner as €, was
obtained for the daytime calibration curve TFor 1 = 25 candles, this gave I, = 0 052
candles The corresponding line 13 %he one shown in the figure  Equation (14) 1s an
empirical squation proposed by the authors The curves for Allard's law {5) and
equation (14) are based on the same numerical values of I and the threshold constant as
were used 1n equation (15)

Frem the figure 1t 1s seen that the curve 8§, = ITD/D gives the best fit for
the calibration points obtalned from night observations on the 25-candle lights It
was found that thls same relation also gave a better fit than either Allard's law or
equation (15) for observations made at Nantucket in 1940 on a threshold lamp by two
obgervera at different distances

It should not be inferred from this statement that the 11luminatiorn at a point
1s not gaven by E = ITD but rather that the minimum perceptibla illumination 15 not &
2 17D
constant and is such a function of T and D that Sy = T represents the data mors
satisfactorily. From this data it eppears that the threshold illumination varies in-
versely as D, the visual range 7 Hence, 1f By 18 equal to E, where E; 13 the threshold

D

SKutting, P G , "Transactions of the I1luminating Engineering Soclety," Vol
11, page, 944, 1916
6Hiddleton, WEE, "isibility in Meteorology,® 2nd Ed p 92, 1941
"The variation of the threshold 1llumination will be discussed in a later report
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illumination at unit distance, and is aset at O 052 whers D i@ expressed in kilometers,
equation (5) 15 then equivalent to equation (14)

It 15 seen that the curve I, — TPD is not the most satisfactory stralght line
that could be drawn to represent the A, B, and C calibration points, although Iy has
been adjusted to make the average devaiation of these points from the line & minimm
The slope of the line 1s not great enough  However, changing thea slope of the line re-
quires not a change in Iy but a change i1n the exponent of T The required expoment is
of the form DK where k 15 some value greater than unity

In figure 10 the calibration points obtained from Weather Bureau obpervatlons
and from observations on miecellanecus lights are shown 1n addition to those obtalned
from the observations on the 25-cardle lights  The twilight callbration points are
also shomn 1n thig figure It 1s apparent that the curve representing Allard's law
gives the poorest fit for the calibration points Changing the value of Ey would re-
sult chiefly in a trenslation of the curve Thus, the value of Ey could be increased
until the Allard's law curve fits spprommately the points at the low visual ranges,
but the deviatiens at the larger visual ranges would be increased Moreover, even at
the low visual ranges, the slope of the Allard'as law curve would be scmewhat too great

Although the straight line I, = ITD, I = 25 candles, fita the calibration
points with the Weather Bureasu and miscellansous observations included better than
elther of the other curves, little significance can be attached to this fact  As the
intensities of the more distant lights used for Weather Bureau observations were con-
siderably greater than 25 candles, the visual ranges obtalned by observations on these
lights should be greater Therefore, the calibration polnts obtained from these ob-
servations ought to lie belew a calibration curve based on an intensity of 25 candles
The devliation from the curve Sy = ITD/D, I = 25, may, therefore, be explained on
this basis as the intensitles requared to produce these deviations are of the order of
the intensities of the laghts which were used as marks In addition, there may be a
gystematic sampling error at night as well as durlng the day

In obtaimng a transmissometer calibration curve for determining visual ranges
at might, 1t 1s evaident that consideration must be given to the intensity of the lights
which will be used as marks In this respect the visual range by nlght differs from
that by day, for by day the visual range 15 substantlally independent of the objects
observed whereas the vigual range of a light at might depends on the aintenseity of the
light. Thus, for any given distance 1t 1s possible to choose the intensity of a light
go that 1t wlll be at the limlt of vaisibility at night when the transmissivity is such
that an object at this distance would be at the 1lmt of vasibllity by day If a
transm sscmeter were calibrated by means of a system of such lights, the callbration
curve for the laghts should be the same as that cobtained for objects by day The
intensities of the lights required by this system for visual ranges 1in the region 20
to 40 klometers are of the same order of magnltude as the intensities of airport
beundary lighbts and street lights The requared 1ntensities for the lights for visgual
ranges lower than 10 kilometers are less, however, and the intensities for visual
ranges lower than 1 kilometer are much less than the intensily of any crdinary laght
uged as a landmark and thus these landmark laights can be seen at greater distances than
the ipndicated visual range  For example, when the transmisslen 1s such that object
vieibility by day is 1 kalometer or less, the visual range of a 25-candle light by
night 13 about tmice this distance This 18 evident from a comparison of flgures 8
and 9 It seems preferable, therefore, that in practice nighttlme visual ranges should
be determined from a calabration curve which 1s based on lights havang intensitles
comparable to those usually used as landmarks Twenty-five candles 13 about the mani-
mm intensity of such lights  Frequently lights of gremter intensity are used, especial-
ly for the larger visual ranges The c¢alibration curve to be used to determine vlsi-
bility at might therefore should be based upon the intenslty of the lights whlch the
pllot uses and is expescted to see from varicus distances

In figure 10 it 18 evadent that the vlsual range of the 25-candle 1lights
during twilight does not agres wlth any of the three curves, the llghts belng, as
expectad, less visible in twilight than at night However, the calibration curve for
marks, figure B, agrees appraximately with the determinatlon of the vlaual range of
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these laighta during twilight, in addition te giving a satiafactory determination of
the visual range cof objects

LIMITATICNS OF THE TRANSMISSOMETER

It 15 evadent from the spread of the points shown on the calibration curves
that there are limitaticns in the use of the transmssometer due to the instrumental
errors and to the physical conditions under which the inatrument must operate  The
ostimated uncertalntles in transmission measurements dus to i1nptrumental errors are
pumuarized in table IV

TABLE IV

ESTTMATED UNCERTAINTIES IN TRANSMTSSION MEASUREMENTS

1 Inconstancy of source *1 percent

2 Varaation due to ambient temperature * 2 percent

3  Uncertainty of indication + 3 percent

4 Urcertainty of Y100 percent! value + 2 percent

5 Effects of atmospheric refractlon 1 2 percent
Estimated uncertainty t 4 77 percent
Expected average errar + 1.2 percent

The error due %o variation of the intensity of the source resulting from flue-
tuations of line voltage assumes a maximum variation in voltage of 3+ 10 velts The
error due bo variation 1n ambilent temperature assumes & Lemperature range of £7° C
(+13° F) The error arising frem uncertainty of indication 1s based on the repro-
ducibilaty of the instrument as observed in the laboratory The uncertainty of the
100 percent value is based on the coneistency of the data taken on elear days to deter-
mine this value The only Indication of the magnltude of the refractive effecta was
the degree of unsteadiness of the transmissemeter readings when these effects appeared
to be at a maximm

The estimated uncertainty was obtained by talang the square root of the sum of
the squares of the indivadusl uncertaintles As 1t is believed that each of these un-
certaintiea was not exceeded more than once per hundred observations, the expected
average error has been computed on this basgis

Using the values for the expected average error and estimated uncertainties
miven in table IV, 1t 1s possible to compute by means of equation (12a) the minimm
visual range the transmissometer may be expected to indicate with any desired accuracy
Using the value of the expected average error, 1 2 percent, 1t is found that when the
visual range 18 more than 10 lalometara the expected average error in the lndlcated
visual range due to ingtrumental inaccuracies exceeds 20 percent  Similarly, using
the value of the estamated uncertainty, 4 7 percent, it 13 found that when the visual
range 1s 2 6 kilometers or less the discrepancy in the lndicated visual range due to
instrumental errors shonld never exceed 20 percent

It 1is also seen that for a visual range of 400 meters, T250 need not be deter-
mined to closer than -30 percent or 4 40 percent for an accuracy of * 20 percent in
the vaisual range determination In thle regien errors in the vlsual range determina-—
tions resulting from inaccuracies in the transmission measurements due to 1nstrumental
errors are negliglble

The spread of the calibration points 1s greater than can be explained on the
bagis of ingtrumental errors alone This is especially true of the pointa at the lower
visual ranges Neither can these large spreads be expleined on the basls of variations
in the thresholds of the observers It is belleved that thase large spreads are due
chiefly to nonrepresentative sampling As an example of the posslble discrepancies due
to nonrepresentative sampling, table V glves values of the vleual range determined from
the calibration curves of the transmissometer and ths corresponding visual ranges de-
termined by an observer from a point near the transmlssometer These data, although
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taken for calibration points, wers noted at the time as havaing some element of uncer-
tainty in the sampling and were subgequently rejected as being nonrepresantative
TABLE V

EXAMPLES OF REJECTED DATA

Discrepancies Caused by Nonrepresentative Sampling
Visual Range from Visual Range from
Transm ssometer Cbservataion
Kilometers Kilometers
16 5
22 08
4 9
10 5

During the cbservations on the Z25-candle lights 1t was frequently noted that
there was a difference 1n the visibilaty of the light on the large target 3C fest above
the ground and the lights on the small targets 10 feet above the ground  Thas diaf-
ference was cobserved from distances as great as 3 5 kilometers with differences in the
angular elevation of only 0 1° It 1g evident that when the change of transmissivity
with height 13 this lerge, the sample of atmosphere betwesn the source and tre receiver
15 not lakely to be representative of the atmosphere through which marks are observed

In considering tre spread of the calibration points for visual ranges of a
kilometer or less, 1t should be remembered that the distance between tne scurce and the
recelver 15 an appreclable fraction of the distance between the observer and the mark
at the vasual range and tnat the line of observation was near and almost parallel to
the line between the source and the receiver with only a small dafference in height
Even under thsese condaitaons there still were large discreparcies batween the observed
and the indicated visual ranges

It 15 evident from the calibration curves, figures 8 and 10, that the average
discrepancies between the cbserved and the indicated visual ranges become larger than
20 percent before the compuled upper limat, 10 kilometers, 1s reached Tnatead, the
upper limit of reliable indications 1s limited, apparently by the effects of nonrepre-
sentative sampling, to betwsen 2 5 and 5 kilometers  Thus, 1f these data are typical,
the maximum vaisual range whilch the transmissometer may te exnected to indicate with a
naefnl degree of accuracy 1s 10 times or, at the most, 20 times tle distancs between
the 1light source and the receiver

In congidering the effects of nonrepresentative samplirg i1t should be remembered
that calabration data were taken only when the atmosprere appeared tc be stable and
hemogeneous  Moreover, 1t should be remembered that about one-third of tle data so
taken were rejected becauge these data showed the atmosphere to be censiderably more
unsteady or nonhomogeneong than was apparent It must therefore be concluded that at
least at the place of calibratlon the variations in transmissivity of the atmosphere
from point to point and from minute to manute are considsrably greater than has gener-
ally been expected It is thus evident that the value of the atmospheric transmis-—
sivity obtained over a limited range cannot always be safely extrapclated to the region
in geperal and, conversely, that general observations of the visual range cannct always
be relled upon to give the atmospheric transmissivity in a given locality

In addition to the instrumental errors diacussed above, there are possibilities
of error due to background 11lumination, unccrrected drift, and deposits on the covers
of the source and the receiver Whille these conditions were largely eliminated during
the calibration, under service conditions they cowld cause large errors in the indi-
cated visuel range, 1f adequate provision 1s not made for their elimination or correcticn

The error 1in transmission measurement due to background 11lumination is abso-
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lute, not relative During daylight the background corraction to be applied to the
transmission determination was frequently as great ms 0 05 It 1s evident that back-
ground illumination may produce an appreciable increase in the indicated visual range
unless compensation 15 made For high visual ranges thls error is quite large Far
low visual ranges the error again becomes serious since the 11lumination received from
the background may become large in comparison to that received from the scurce On
one occasion during a daytime fog, 1t was found that of an uncorrected transmission
determination of O 11 the background 11lmmination accounted for 0 10 In practice the
effacts of background may be reduced or eliminated by reading the transmessometer with
the aocurce off as was done at Nantucket, by alterang the deslgn of the ingtrument so
that the angle of acceptance of the receiver 1s reduced considerably (which introduces
other difficulties), or by designing a receiver which will correct automatically for
the background

If the readinga are not corrected for the drift of the source and other com—
ponents of the transmissometer, large errcrs may be introduced in the visual ranges
corresponding to the higher transmissions, say Tgsp greater than 0.80 The light
source and the receiver must be inspected frequengly for condensation, rain, salt
spray, and dirt Sueh accumulations have been found to reduce the indicated trans-—
misgion to less than one-half of the true transmssion

The minimum visual-range determinations which can be made by the transmssometer
are Iimited by the maxamum sensitivity of the instrument  The lowest transmissions
for which calibration points are shown in flgure 9 correspond very mearly to the lower
limt of response for the instrument  For lower transmissions the receiver did not
receive encugh laght from the source to operats 5ti1l lower transmissiona could be
meagured, however, 1f the distance between the scurce and the receiver were reduced

The limitations of the transmissometer as used at Nantucket may be summarilzed
as follows

1 For visual ranges of between 0 2 and 1 killometer, math stable and reasonably
homogenecus atmospheric conditions, the visual range indicated by the transmissometar
wlll be wmathain + 20 percent of the observed visual range For visual ranges below C 1
kilometer by day and O 2 llometer by night the 250-meter separation between light
source and receiver 1s too great

2 For visual ranges in the region from 1 tc 10 kilometers, the uncertainty
1n the vlsual range determination vpecomes progressively greater as the visusl range
increases  For visual ranges greater than 5 kllometers, the 250-meter separation is
too small and determinations of the transmissometer are unreliable

3 During daylight hours a correction must be applied for the background
1ilumnataon

4  When the atmoaphere 1s not hamogeneous, the visual range indicated by the
transmlssometer may be qulte different from that found hy dlrect observation

APFLICATION COF THE TRANSMISSOMETER

From the diascussion of the limitations of the transmssometer, it 18 at oncs
evident that the instrument as installed at hantucket 1s not capable of replacing ali
vlsual observations The satisfactory determination of visual ranges in clear weather
requires a considerably greater separatlon of the light ascurce and the receiver as
well as a ~ource of greater intensity In addition, a greater degree of atmospheric
homogeneity than that Iikely to be obtained i1s necessary The determination of
v1sual ranges of less than 250 meters requires a smaller separatlon betwsen the source
and recelver Moreover, 1f there 1s a marked lack of homogenelty of the atmosphere,
the transmissometer measurements may give a false picture of the over—all condations
An obaerver scanming the horizon should netice and report any large variations in
visual range, together with their direction This information could not be obtained
by a single transmissometer The use of an impracticable multiplicaity of inatruments
located over a conslderable area appears to be the only way to reduce the effects of
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nenrepresentative sampling and to detect non-homogeneities, such as fog and smoke
banks, approaching storms, and the like

The transmissometer should be useful as a supplement to visual observations
during periods of low visibility {less than 1 kilometer) In tris region the effects
of instrumental errors are small, the saroling error for the transmicsometer will be
about tre same z2s that for an observer There 1s generally an insufiicient number of
marks for satisfactory determination of visual ranges Consequently, the precision
of the determirations made with the instrument should be comparable to that of the
visual determination

In many localitaies there is a lack of suitable marks This 1s especially true
at nmight in remote localities where there are few 1f any lights suitable for observa-
tion This situatlon exasts at airports during blackout conditions where the lights
normally observed are extinguished  As the estimation of visual range on dark nights
at localities where there are very few observable lights 1s extremely difficult, if
not impossible, the tzansmisscmeter mey be useful in giving & measurement of visual
range under these conditions

The instrument may alse be useful at automatic weather stations and at loca-
lities where contimicus record of the transmissivity i1s deaired It should also be
ugetul i1n determiming the conditions at particular localities where a bhetter knowledge
of tre transmissivity or visual range 1s required than can be determined by an obser-
ver stationed some distance away - for example, the determiration of the visual range
at a landing field in the river valley when the weather station 15 locatea on a hill
some distance away

The +rarsrissometer appears to be well suited for use in contrelling high-
intensity approach lights Here a knowledge of the transmissivaty of the atmosphere
in the region of tre approach laghts 18 recuired. Consequently, during periods of
dense fog the sampling with an instrument located near the lights 1s rore likely to be
representative tran that for an observer who may be a considerable distance from the
laights  Satasfactory adjustment of the intensity of the approach lights requires a
knowledge of the transmissivity during these periods of dense fog In general, the
deternination of transmissivity from visual range observations when the vigual range
15 less than 500 nmeters 1s unsatisfactory because of the lack of a sufficient number
of smitatle marks and because of the large changes in transmissivity corresponding to
relatively small changes in visual range

Observations 1ndicate that the relation between the optimum intensity of high-

intensity approach-light systems and transmissivaity 15 of the form
IT® = Kk,

where I 1s the relatave intensity of the lagtts, T 1s the prevalling transmissivity,
and ¢ and k are constants for the particular system  The expected values of ¢, O 1
to 0 3, are such Lhat the uncertainty :n the determination of the relative intensity,
I, mll be about equal to the uncertainty of the transmissometer indication As a
large tolerance 1s permitted in the intensitw-setting, the inaccuracies in the trans-
missometer indication resulting from instrumental drifts, temperature, voltage
variations, uncertainty of the 10C percent value, and the like are insigmificant
Morecver, as the accuracy of the intensity setiing 1s a direct function of the ac-
curacy of the transmissocmeter indication, not of the accuracy of the visual range
determined from the indication, the transmissometer 15 as well suited for this function
during periods of clear weatber as during periods of low visual range

A separation of light source and receiver less than trat used in the Nantucket
tests may be required as 1n many cases measurements of transmissivities less than
10-12 per kilometer, the lower lumt of the instrument as installed for field lests,
w1ll be required
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CONCLUSIONS

A transmlssometer has been developed which i1ncludes a remote indlcator, making
it practicable to locate the instrument at a distance from the location at which the
indications are desired This instrument will measure the transmission of the sample
of atmosphere between the source and the receiver with sufflcient preclslen to deter-
mine visual ranges up to 5 kilometers with usable accuracy For greater visual ranges
the posaible instrumental errors make the indications progressively more unrellable.
The instrumentel errors can probably be somewhat reduced by further development work.

A field calabration of the inatrument has been made It was found that for
daylight use Koschmieder's law provided a satisfactory callbration curve The value
of the contrast threshold was found to ve 0.055, which is conslderably larger than the
generally accepted value of 0 01 to O O2

For nighttime use 1t was found that the use in Allard's law of a fixed value
for Ey did not provide a satisfactory representatior of the calibration points  The
assumption that the threshold 1llumnation is not constant but varies inversely wmith
the visual range provades a satisfactory representation

Frequently, the sample of atmosphere between the source and the receiver was
not representative of the surrounding atmosphere, and this caused large discrepancies
between the visual range as determined by the transmissoreter and that observed visual-
ly, espacially when the visual range was large For the determination of genmeral
vigual range this 1s a sericus drawback and limits the application of the instrument

for this purpose

For the observations used in this calibration, the precision of visual range
determined by the transmasometer was in general legs than that cbserved visually by
trained observers and with satisfactory marks In view of this limitation and the
difficulties introduced by nenrepresentative sampling, there appears at present to be
little advantage, 1f any, in the use of a tranamissometer to replace visual observations
for the determination of general visual range where trained cbservers and satisfactory
marke are available

There are other conditions, however, where the effects of nonrepresentative
sampling are greatly reduced, or are of little amportance These include the applica-
tion of the transmlasometer

1. To supplement the pericdic visual observations by a continuous record

2 To record the wvariations and rate of change of conditions of visunal
range, particularly under low visibility conditions

3 To replace visual observatione where trained observers or
satisfactory marks are not available

4 To provide a more accurate indicatlon of visual range over a restricted
area remote from an observer, particularly an approach zone

5. To provide accurate indications of visual ranges when visibllity becomes

poor



SOURCE |

e 2S0METERS ———

22

RECEIVER

PHOTOTUBE AND PULSE UNIT

t —_—
7 REFLECTOR LAMFP

L

1o AC

VOLTAGE REGULATOR

POWER SUPPLY

PULSE TRANSMISSION LINE
INDICATOR

)

mo O

PULSE COUNTER

orc] [

Figure 1 Schematic Diagram of Transmisometer

F—MCH 100 WATT &—¥OLT TYPE L LAMP

140

1a¢

FARALLEL TO FILAMENT AIS
———— NOAMAL TC FILAMENT AXH

LAMP yOLTAGE 200 YOLTS

120

10
AR
100 , 1)
i
\
E I \\
3 mo g
3 1 1
: / A
2 \‘
; T
T a0 ] \

50

40 Il

Ao §

0 /

DEGREES FROM AXIS

Figure 2

Candlepower Distribntion




Figure 4 Indieator Circuit

6C5

NEON
LAMP

929

r————
f

PHOTO PULSE UNIT

PULSE

POWER SUPPLY

Figure 8 Recelver Clreunita

Figure 6 Counter Clreuit



TRANSMISSOMETER SOURCE
TRANSMISSOMETER RECEIVER
OBSERVATION AREA
VISIBILITY MARKS

— SMALL MARKS

~-—-LARGE MARK

Figure 6. Location of Calibration Range.

20O X0V

SOURCE

Figure 7.

VISIBILITY MARKS

Field Installation.



TRANSMISHION PER KILOMETER

ILOG LOG "CALEY

25
a9an
0875
097
CoE
o9sf—
]
734
cuz
C S0
065
0AaC /
y
c7C
R
4
g z
Cse Lol AL e
/ 7\/+/f P =
G5 — T R4 A — 082 &
/0 t E
G40 15 0795 ™
y @ + >
% 3
e g 7 ] / f 0740 é
¥
a0 P /«;/“ W 0669 2
AV 3
/ - // F
02 - e —]— 0563
/’ B ; / l
= | 7 N
003 y 047z
V4 //J 4 ]
20l ’/ o f.% /] 038
?
r\ [
/ i iy )/
000! f— L 7 ‘¢§ » 0178
/ yd "“E% /]
o4 o » o100
/‘ O 5TADE A
o ° // (=] s / 0 GRADF A 0056
- Al £ LRADE ¢
1o “ A M D032
/ / r 4 ) MISCELLANEQUS
/ @) / + FRLM »'EATHER SURZAU
- DATS
(-8 7 £ - @ A THILIGHT G oo
e /] /] 0Qo32
Vd /
1o 12— o go0I00
1o 18 ,/ 9 00010
L
s 000001
ol 0I5 o2 03 CL 0506 08 IC 5 2 A 4 56 8 0 s =20 30 40 50 52 80 100
VISUAL RANGE IN KILOMETERS
177 5C '
Figure 8 Davtime Tranemissometer Calibration



TRANSMISSION PER KILOMETER

[LOG LOG SCALE}

26

OBSERVATIONS ON 25— CP LIGHTS

085 0 960
0 B0 0 94§
075 0 931
/
070 - 0915
AE=m0D?
0 60 /’ 0 880
/]
0 50 y w4 0 841
¥ 5,=IT9D
0 40 , e 0 795
/7 A =2 0 740
0 30 O L.
, 2/ A
/ L
0 20 W 0 669
// .
7 L
010 Q /L] 0 563
N2
0 05 8-t AAY 0472
yyrdd
O A
V.4
0 01 0 316
A 0
y o}
0 001 5 0178
A
104 0 100
o}
10”3 3 4 0 056
106 A J’f 0 GRADE A 0032
// (8] GRADE B
1078 7 [ A GRADE © 00100
1o~ 10 4 ,/ 00032
10712 A 1A 0 00100
N A7
10 0 00010
10720 0 00001
c1 015 02 03 04 0506 OB 10 15 2 3 4 5 6 8 10
VISUAL RANGE IN KILOMETERS
(LOG SCALE)

Flgure ® Nighttime Transmimometer Calibration

TRANSMISSION PER 250 METERS



TRANSMISSION PER KILOMETER

27

0980 0595
G575 ’I // o 994
a97 ; 0992
a96 ! ,/ 0990
fe—E.-T0 |/
as5 U 387
034 ra 0 985
J,F e
09z 4 parn
y 4
! /-(—s,:]TD/D 7
veo +— —~ 0974
/
/ +
nas A 0980
7
/ A_ Iy =TD
080 ! /f 0946
+
075 ),’f / 0 83l
+ B
ARVEW o
/ "

JE&0 va 37/1- +—+H 0 880

{LOG LOG 5C ALF]

A
L
050 7 = LLL
D40 /] . 0735
7 J+
D30 + 574
Fia 1 = 8]
4 V
020 > - 0 683
4 ¢
010 oL/ il 0563
NIZEE
nos {— D472
R/
¥
0ol 8% ﬂ 0 316
o~ o}
] A N / %
b
non1 - o 0178
o
10— a £ a 100
O GRADE 2
-5 ol . a O GRAOJE B
" L 48 A GNAGE C 0056
o6 § WISC_LLANEQUS 0032
L + FROW WEATHER BUREAU
_B P DATA
\a A B @ A& THILIGHT 00100
A
-1
10 0003z
12 A
10 ra— 400100
5 d A
- Z
10 o 00010
o A7
10 0 00GO1
ol 015 0z 03 04 0506 08 10 15 2 3 4 5 6 B 10 s 20 30 40 50 60 80 100

VISUAL RANGE IN KILOMETERS
LOG SCALE!

Figure 10 Nighttime Tranamisometsr Calibration

TRANSMISSION PER 250 METERS



