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DFvmaPMENT OF A TfMSKtSSOK5TER FOR DETEUCWING VISUAL FMGE 

This report presents a dxcusslon of the problem of determining visual 
range from measurements of the transrmss1on of the atmosphere between tno flxw.? points, 
a description of the development of a" instrument for measurmg atmospheric transmis- 
610") and a study of the correlation between the neasui-ements of transmission obtalned 
tith this instrument and the prevailing visual range It was found that the correlation 
betaeen the transrmsslon measurements and the msual range of non-lurmnous obJecta by 
day followed the theory developed by Xoschrmeder, whereas that between transmission 
measurements and the visual range of Lghts at night showed system&x denatvx,s from 
Alla-d's law ahich has been generally accepted for use in detei-munng msual ranges of 
lights The development of this equipment aas Initiated and financed by the Cltil 
Aeronautics Adrmn1stratxr,, Techmcal Developoent mvlslon 

INTRODUCTION 

When a prospective pIlot 1s give" a physical e-natlo", or when he under- 
gOes his perlodx physical checkup, the eyesIgH is carefully checked ~1310" 1s of 
the utmost importance 1" avlatlon, partxularly distant ~lslo" It 1s of importance 
to a pIlot scanrnng tte skies ahead of him and the landscap below, and to the con- 
trol tower operator 1" dlrectlng the arcraft mthln his area For this reason, any 
factor affecting y~slon oi- restrxtlng distant vxslo" 1s of Immedlate importance 
The transrmsslvlty of the atmosphere IS one such factor, and a very important one, as 
it du‘ectly affects the distance at which obzects and lights can be see" ThlS sug- 
gests that a transmlssometer for measwlng this "roperty would be useful I" deterrmn- 
mg visual ranges for the ai-way and airport services A transrmssoneter rmg+t also 
be used for the control of lurmnous ads to air "allgatlo" For example, the effec- 
tlve use of high intensity approach lights requ~es a knowledge of the transmsslon oi- 
visual range 1" order that a satxafactory adjustment of the llgbts 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 vlslblllty marks at sultable drstances, 
a transmssometer could furnish, at least I" pa-t, a desired lndicatlon of the vxwal 
range Furthermore, It has been proposed by several wi-lters that a transmissometer 
nnght g=ve more precise and dependable results than can be obtained by visual observa- 
t1ons. If this 1s the case, and If such measurements could be made continuously, a" 
earlier indxatlon and resultant iaarnlng of changes I" visual range would result For 
synoptic meteorology the transrmsslon measurements themselves rmght be used as a" aid 
I" Identlf>T"g all masses 

These conslderatlons seemed to warrant the developent of a tranmolssomster 
and, through the NatIonal Bureau of Standards, the Technical Developent mmslon of 
the Clvll Aeronautics Admxustration undertook the development This report describes 
the results of this project, the instrument developed, and the results obtained tith 
1t 

There are several possible types of transrmssometers ' The type selected for 
developent utilizes a photcmlactrx receiver lmlLh measures the light falling upon It 
from a light source after the light has passed through the sample of atmosphere be- 
tween the source end the receiver, as It 1s believed that this tv 1s more precise 
and more easily used by untrained observers than the types requiring visual photoaetry. 
I" this reprt the term transmissometer 1s used to mea" a" ~"strument of this type 

1 A rather complete dlscusslon of many types of transmissameters is given by 
Q E K Hddleton, "Vlslbility 1" Meteorology,' 2nd Fd , Chap VII, 19W 
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According to the definitlona of the American Standards Asscclatic",2 "The 
reg-ular tranmsslon factor of a body 1s the ratio of the regularly transmitted light 
to the Incident light 'I 

There 1s nc A S A definltlon for transrmssltity but, a8 generally under- 
stood, the transmiss1nty is the regular transrmssion factor per wut &stance within 
a light transrmttu,g me&urn 

It is lmpractxable in the case of the atmosphere to measupe a property which 
agrees exactly mth the above defuutlons The simplest procedure is to consider the 
light received from ti-e source thrcu@ a very clear atmosphere as the Incident lxzht 
and the light received by the same equpment I" any less clear atmosphere as the trans- 
titted light The transrmtted 11ght will Include some scattered light ahxh, though 
radiated by the source, would not reach the receiver in clear weather The term 
"transrmsslo"" 1" this report ml1 be used to define the ratio of the transrmtted to 
the Incident light as measured, while the term "transrmsslvlty" till be used as defined 
above 

A" cbJect 1s taken to be on the threshold or at the lunt of vxiblllty when It 
is seen Just clearly enough so lt can be ldentlfid A light is taken to be on the 
threshold or at the lirmt of visibility xhe" its Fntenslty is just sufficient for the 
light to be located and see" steadily 

When a" object or light 1s on the threshold, the distance between the obJect 
or light and the observer is called the visual range of that obJect or light In this 
report the term "visual ra"&!e," when not referred to a particular cbJect oi- light, 1s 
ilsed to express what 1s usually called "vislbillty" by the meteorolo&st 

I" this report the term "threshold, I8 when not used for the threshold of B par- 
tvxlai- observer, will be used as the value of the threshold of a" average observer 
whose eyes are adapted to the prevailing 1llti"atio" 

FUNIMTXTAL REQUIPXENTS OF A TPJNSMISSOKLTEX 

From a conslderatlo" of the laws relating vuual range and atmospherx trans- 
rmss~o", the fundamental reqursments of the components of a transrmsscmeter may be 
deterrmned The generally accepted lars relating visual range and transmxsltity are 

For black cbJects above the hcrlzc" durmg th8 da&me, 

(Sb)/B=Td (1) 

where 

B is the brightness of the background, 
b is the apparent brightness of a black obJect of sutable size, 
d 1s the distance frw the observer to the object, and 
T 1s the transrmssitity of the Intervening atmosphere 

When ($-b)/B is equal to Ec (th e contrast threshold of the obssrver), d 1s 
equal to the v1su~l renge of the object, D, so that 

TDZC" (Koscbmieder's Law) 3 (2) 

2"Illurm"at1"g Engueerlng Nrmenclature and Photometric Standards," American 
Standards Bsscclatva", 27 l-19&?, 30 115, issued by Illurmnatlng -"Wring Society 

3 Koschmiedsr, H , "Beltr Z Phys D Freie" Atm ," 12 33-53 and 171-181, 1924 
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Note that m equatlcn (2) the dxpresslon TD is the transmsslcn of the mter- 
vening atmosphere between the observer and the object and this is equal to the ccntrast- 
threshold of t\e observer 

For lights at night, 

E' /E=Td (3) 

where 

E 1s the lllurmnatlcn whxh would be produced by a source at a dmtance d if the 
mtervenmg atmosphere were "ideally" clear, and 

E' 1s the lllurmnat~cn produced by the source when the transmxslvlty is T 

Since E 1s equal to I/d2 where I 1s the lntenslty of the source, then 

E'= ITd/d2 (4) 

When El 1s equal to E, (the Alurmnatlon threshold of We observer), d 1s equal 
to the visual range of the light, D, SC that 

IT~/I?=~ (Allard's law) (5) 

It 1s essentu.1 to note that in both laws the distance enters as an expcnentlal 
This fact, together tith the visual ranges to be deteruned, governs the choice of dls- 
tance between tSe light source and the receiver of a tranemsscmeter The effect of 
small instrumental errors on the Indicated xlsual range of obJects by day may be found 
as follcws 

The transmlsslvlty 1s given by 

t@=T (6) 

w?ere 

T is the transrmssivlty, 
R is the drstance, and 
t 18 the tranenussion betveen the transrmssometer light source and receiver 

Substltutlng for T I" equation (2) 

t,,tD/R (7) 

If tl is the transrmsslon lndlcated by the Instrument, then IQ, the visual 
range determined from thu transrmss~cn, 1s given by 

cc= t19/R (El 

If tl=(l+m)t 

and q=(l+n)D 

mhere m 1s the relative error in the transrmsslon measurement and n the relative 
error 1" the uvkcated usual range, 

then tl 9/R ={(l+m)t}(l'")D/R=tD/R (9) 

and cl+") (D/R) 
C 

lcg(l+m)+lcg t =(D/R) log t 
1 

(10) 

since, from (7), log t*(R/D) log Cc, It 1s pcsslble to substitute in (10) and cbtaln 

D log (l+m)/(R log C&-n/(1+") (11) 



If m 1s sufflclently small tms may te wrltten as 

n/(1 + n) = -m D/(R log, co) (12) 

and If n also 1s small It may be wrItten as n = -PL D/(R log, Eo) (=a) 

Fence, the relative ~rrcr =n the x~sual range lndlcated by the instrument 1s 
dlrsctly prcpcrtlcnal to the re1atlr.e lnstrlwental error and to tte true visual range 
and Inversely propcrt:onal to the dlsta-ice between the light source and the receiver 
It 1s e-adent at once that If the eri-or ln the lndlcated visual range 1s to be kept 
small for large visual ranges, either the instrument must be very accurate, so that 
m 1s small, or the &stance R, between the source and the receiver, must be an ap- 
preclable fractlcn of D, the visual range However, an Increase in R raises the mnl- 
mw visual rxge which can be aeterrmned and reqnxes a light source of higher Inten- 
s1ty '5-e effects of the separatlor of llqht source and i-ecelver are illustrated ln 
table I, Ahere the perrmsslble spreads of iransrmssoneter 1nclcatlcns (1i ei-I‘ors ln 
the lndlcated x~sua.1 rarge are not to exceed 20 percent) ape given for several dls- 
tances between source and receiver T?e transrmssl>xtles corres.mndlng to the visual 
ranges l;sted vere ccmpu',ed Ly neans of equatlcn (2) using for EC tte generally acce:p- 
ted value, 0 02 The ccrputatlcns of the values lrcutlng the permLsslble range of 
transrmsslan measurements fron the transrmsslvliles are Independent of the value of 
the contrast-threshold Tnne assunptlcn of different values of this threshold affects 
cnl, tie values of the ~lsual rarges corresponding to these transrmsslcns 

From the table It 1s seen that, to cbtaln a reasonable preclslon I" the deter- 
mnatlon of the higher vlsw.1 ranges, either a very accura%e Instrument 1s requxed or 
the distance aetxeen the lqht source and recelVer of a transrrJsscrceter shouid be 
large, whereas the ccrrespondlng ulstance must be small If a transmlsscmeter haling a 
practicable rarge of Instrumental readings and a readily obtainable sensltlnty 1s to 
me*swe low usual ranges Thus the rmninun -usual range to oe measured by a given 
transnlsscneter deterrmnes the maxmum separatlcn of the source and the recqvei- But 
this maxlrnum separation may be so small as tn Kake the aeterrmnat1on of high visual 
ranges lery m*ccnr*te From a conslderatlon of this table alone It 1s e$ldent tLlat 
it is not feasible to desqn a transmlssometer Welch 1s acapted to the measurement of 
all the atmcspberlc condltlcns t-at are of interest for tifferert purposes 

It must be emo?,,aslzed that in the above dlscusslcn of erroi-s a strxtly 'lam- 
geneous atmcspbere has been assumea In practice, the relatlvelf small sample of the 
atmosphere between the source and the receiver ma,q not be representative of the atmcs- 
pnere thrcugb filch the visual range 1s desxed, so the resulting measurement ml1 be 
cusleadlng to an extent depending upon the degree of non-homogeneity 

If We distance between source ana receiver 1s Eade large to obtain acc~acy 
for large visual ranges, variations ln temperature throughat We sample of atmos- 
phere may c&se refractlcn and "shimmer" of the rays of light from We source alrected 
toward the receiver These refractLve effects may cause a greater charge ln the 
reading of a transmisscmeter than ln the actual visual range 

The mamtude of the refractive effects depends upon ttie OptlCal design of 
the transrmsscmeter For the usual tine of proJectors and phctometrlc receivers, a 
light source having a urnform Intensity thrcuglcut a solId angle larger than that 
subtend& by the aperture of the receiver (by an anourt eaual to tte maxmum bendIng 
of light rays) 1s required 1f the amount of IlgPt frcn the source falling on the 
aperture of the receiver is to oe Independent of the bending due to refractlcn along 
the iat? Llkevnse the angle of acceptance of the receiver must be sufflclently large 
If the readings are to be Independent of changes I" t'Pe dxectlan of Incidence due to 
refractive effects Forever, of the solId angle of acceptance of the recelver 1s such 
that llg?t ln dlrectlcns other than tPaL from the source 1s lncluaed, We readings 
~nll not be lndepencent of background brightness. On the other hand, If the angle of 
acceptance 1s I-tee to that of the dlmenslcns of the source, any slight cnange I" 
alignment pill1 decrease the amount of light recellea from tne stice and at the same 
time aat light to tte receiver from the background The difficulty of the back- 
ground brqhtness can be llrmted to a great extent bF using a modulated light source 



5 

r 
I 

II 
I 



6 

and B receiver designed to respond orLy to Lght modulated at that frequency 

The sensltlvlty of the receiver determines the -um mtenslty of the light 
sourca that can be used In practice this may requre some form of projector, al- 
though the beam of light from the usual proJector does not satisfy the requirement of 
uniform intensity dlstrib"t1on By using a short focal length projector and a lamp 
mth a high-current filament, or by using B reflector tfl proJector mth a spread 
lens, a beam of uniform Intensity may be approx~ated Generally the beam spread of 
such a source mll be so large that nher the Fnstallatvan 13 at oi- near an airport, It 
may interfere mth the vision of pilots If so, some means of screening the source 
will be dearable This can be accomplished by using diaphragms to confine the beam 
and a screen behInd the receiver 

Since the i-eating of the transrmssometer is proportional to the light incident 
on the receiver, it is necessary that the Intensity of light from the proJector in 
the direction of the rec~1ver be malntalned constant, well mthin the limits of the 
accuracy to which the transrmsslon 1s to be determIned It 1s possible to design a 
type of transmissometer that diverts a portion of the Lght from the source so that 
it does not pass through the sanple of atmosphere and to obtsln a differential measure- 
men? betaeen this light and that transrmtted through the sample Rth such an instru- 
ment the necessity of a constant lntenalty source 1s obviated, but the complxatlons 
introduced a-e likely to be greater than those required to obtain B reasonably con- 
stant so"rcw 

Errors ar~smng from the vai-latlons of the source and the receiver mth respect 
to temperature, humidity, instrument di-lfts, and power supply must of course be less 
than the total petittpd error hkemse, the transrmssvan or reflectIon properties 
of all components of the optical system (lenses, reflectors, corer glasses and tke 
lrke) must not change slth time or mt.h changes L" weather condltlons Cowldei-atlon 
must be given to condensation of moisture xAernally or externally, salt spray, 
drlting rain or snow, dust, frost, dew, insects, debris, ati many other such Items 

The usefulness of a transrmssometer depends to a large extent upon the manner 
IF, tilch the transmission or visual range 1s lndlcated Frequently the xxdxation 
~lll be desired at a locatlon remote from the transrmssometer Hence a methti of 
lndlcatlon should be provided that aill permit the relaying of readings mthout the 
x,ti-cductxrz of additional circuit errors, oi- If errors are lntrcduced the readings 
should be corrected Plhen tile same model of a transrmssometer 1s to be used for 
var1o"s locatIons, an indlcatlon that can be transrmtted mthout error would, of 
course, be desx-able, so that special corrections need not be made for each Instrument 
Likewax the method of takr,g reabngs should be sufflclently simple so that a special 
technique 1s not required 

Among the possible means of transmtting the indxat-Lon 1s the use of CUT- 
rent, potential, and impulees Since the p-r available from photoelectric devices 
1~ ltited, the leakages and attenuations of transrmssion lines may introduce serious 
errors in the lndxatlon by the output meter of a current oi- potential output from 
the i-ecelver However, an indication by pulses based on the number per unit time 
rather than on the magnitkde of the x&vidual pulses can, in general, be transrmttw 
without error Pulse counting may be done by several tppes of counters, which may be 
made recording If desxed 

DESCRIPTION 

The transmissometer consists of a light source, a i-ecelver, and an output 
meter, incorporating the following features, the choice of ahich was based on t>e 
preceding dLscuss1on 

1 The light source is In the form of a projector having a unlfonr lntenslty 
of at least 100,000 candles throughout a solld angle sufficiently large so that small 
changes I,, the alignment of the light source ail1 have no significant effect an the 
flux falling on the phototube of the i-ecelver 
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2 TIw distance between the 
that transmissivlties as low as lo-lo 

light sou~cw and the receiver was chosen so 
per kilometer can be indicated 

3 The receiver was desIgned to give an inticatlon In the form of pulses, 
the number of which 1s dlrsctly proportIona. to the light transrmtted The receiver 
has an angular acceptance as small as practicable 

4 The receiver and light source are deslgned for continuous operation and 
exposure to the weather 

5 The output meter was desIgned to 1ndlcat.e the transrmsslon dxectly at a 
locatlon remote from the receiver 

Figure 1 shops the general arrangement of the equipment The light source 
1s a type-l. lamp mth a PAP-56 bulb having an Internal parabolic reflector mth an 
aperture of approxLmately 6 2 inches and a focal length of approximately 1 inch The 
filament 1s a single co11 of type C-6, desIgned for 100 watts at 6 volts nth a life 
of 500 hours The appearance of tne lamp 1s similar to that of "sealed-beam" auto- 
mobile headlight lamps, except that the covei- 19 plan lnsteaa of prisnatx The 
lamp operates at 5 1 volts, at tilch voltage the estimated life 1s 4,000 hours The 
lamp 1s mounted mth the fllamwnt call vertlcal so that the beam has a greater spread 
vertically than horlzontally The short focal length of the reflector gives a rela- 
tlrely flat candle power dxtrlbutlon, as shown in fIgwe 2 

The optxal system of the receiver conslets of a lens, a dlaptragm at the 
focal plane of the lens, and a phototube placed so as to receive the light which 
passes through an opelung in the diaphragm The lens 1s a synple piano-convex 
spherIca lens of XL-rmlllmeter aperture and 710-rmlllmeter focal length With the 
source at 250 meters from the lens, the image 1s a spot shoalng chromatic aberration 
contaIned within a cxcle 2 rmllirreters In diameter The operung I" the diaphragm 
1s 3 rmllmeters 1" diameter, tilch allows for a small allgrment erroi- Between the 
lens and the diaphragm is a set of baffles to reduce the stray light reaching the 
phototube from the walls of the houslng 

De phototube 1s of the RCA 929 type and 1s located as close to the diaphragm 
as practxable so that the cathode Intsrcsots the entlre cone of light from the image 
of the source The housIng for the optIca parts of the I‘ecelver and some of the 
parts of the photopulse circmt 1s a tube 4 5 inches in diameter Ths tube 1s pro- 
vided with a cylxxir~cal hood proJecting 12 x,ches beyond the lens to provide some 
protection from drlvlng rain and dust The reflector larcp 1s slrcllarly protected 
mth a 30-Inch hoed, which also se~vee as a baffle to reduce the stray light from the 
l=JP 

The general arrangement of the electrical equlpent far the complete trans- 
rmssometer 1s also shown in figure 1 The polrer supply for the receiver IS located 
close to the unit in order to smpllfy the cable requirements The pulses are trans- 
rmtted from the receiver to either or both of two types of lndlcators The length of 
the pulse trarsrmsslon hne can be changed for various lnstallatlons without affecting 
the clrcults 

Power requirements are all W-cycle, IlO-uolt About 100 watts 1s required 
for the eourcw and 40 watts each for the receiver, the Indlcator, and the counter 
The power for the lamp 1s supplled by a lC%natt, constant-voltage transformer nith 
a 115-volt primary and a 5-volt secondary The lamp and transformer a-e both contaIned 
in the same weather-tight housing 
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The circuit details of the phototube i-ecelver and the pulse circuit are shw 
in fkai-e 3 
as foilows- 

The ele‘trlcal constants are aiven in table II l-he pulses are eenerated 
The phototube current charges the capacitor Cl until the voltage icross it 

1s suffxlent to irntiate a ducharge through the neon lamp. The capacitor then rapid- 
ly discharges through the neon lamp and the i-esxtor R3 until the voltage across the 
neon lamp is no longer sufflclent to malntaln a current through the lamp. During the 
discharge the voltage drop acro8s R3 supplies B voltage pulse to the grid of the 6c5 
tube which causes a momentary change in the plate current of thlB tube The resulting 
momentarf change in voltage drop across Rg (located in the power-supply urut) is the 
pulse signal that 1s transrnttad to the nzdicator The time required to produce B 
given change ln the voltage across the capacitor Cl varies inversely aa the current 
through the phototube 

TABLE II 

FLECTRICAI CONSTANTS OF TRANSKESOMETER CIRCUITS 

Receiver Circuit (Fqure 3) 

Resistances 

1 0.1 megohm 
2 25 ohm 

i. 
10,ool " 

20 megohms 
5 150 ohms 
6. 50,000 n 
7 5,000 n 

Capacitances 

1 0 0003 uf 
2 0 oooi " 
3 8 0 
i 005 " 
5 8 " 

1 0 1 megohm 
2. 0 15 '1 

2 500 0 25 ohms me&m 
5 2.000 ohms 
k 13;coo n 

; 
2,000 n 
2,wo " 

CFpXitaIlCBS 

1 0 0002 #f 
; 0002 8 11 

4 8 " 

Inductance 

1 10 h 

Counter Circuit (Fwre 5) 
I 

Rsslstances cepcitances 

1 0 1megohm 1 0 M)lllf 
ohm 

; 5;'E II 
II 

" 
4 2o:oCc 

; : 
" 

5. 10,000 " 



Therefore, the degree to which the pulse rate ia pi-qmi-tional to the light incident on 
the phototube depends on the follomng factors (1) l-m degree of proportionality 
between the phototube current ard the Light flux incident upon its cathode, (2) the 
leakage currents across the components shuntmg Cl, (3) the constancy of the drop in 
voltage acrass Cl for each discharge; and (4) the degree to which the tme of discharg- 
~ng 1s negligible as compared to that of charging Cl 

The charact-srmtic of the type 929 phototube 1s such that, if the voltage 
across It 1s greater than 20 volts, the current is very nearly proportional to the 
mcldent light flux faIlin on the cathode 

$ 
The rmnimm phototube voltage is the dif- 

ference between 105 volts the voltage across tube VP-105) arxl the breakdown voltage 
of the neon lamp plus the drop across FL1 The maxmmxx phototube current Is less than 
1 rmcroampere, mhlch gives a drop aci-ass El of less than 0 1 volt Since the break- 
dour voltage of the neon lamp is about 80 volts, the minimum voltage across the photo- 
tube is about 25 volts A capacitor hating high leakage resistance nas used for Cl 
and ceresin aax was used to u,sulats the component parts ahunting this capacitor to 
further reduce the leakage currents. The total leakage current is less than lo-10 
smpsre The constancy of the drop in voltage across Cl for each diEcharge depends upon 
the behavior of the neon lamp It =s found that unless sor~e light is incident on the 
neon lamp, its behatior 1s erratx The mcandescent lamp shown in figure 3 provides 
the light needed The lntenslty of this light was adJusted to the minumaa necessary 
for consutent operation of the neon lamp More light than thu minurmm increases the 
leakage current through the neon lamp aflen It 1s not discharong The rmnimm charg- 
~ng tvne used u, the field as 0 02 second and the estimated time of discharge is of 
the order of 0 00001 second It 1s e-dent, therefore, t&t the departure from linearity 
should be small 

Figwe 4 shows the indicator circuit tich gives a meter reading proportional 
to the Input pulse rate, independent of the strength of the Input pulses The elec- 
trlcal constants of this cx-cuit are ~?ven in table II 

An mput pulse "triggers" tuba 2050, rhlch charges capacitor C, The charge 
on C2 supplxs part of the momentarp current through ths tube capacitor c2 1s also 
necessary to quench the current through the tube As long as the strength of the input 
@se is stiflclent ta trlgger the tube, the charge flowing Into C3 per pulse 1s u,de- 
pendent of the magrutude of the pulse When the pulse i-ate 16 constant, the voltage 
across C3 assumes a constant value rhlch is proportional to the number of pulses per 
second 

The bridge cxcuxt shurn in flrre 4 1s essentially a vacuum-tube voltmeter 
giving an lndlcatlon deterrmned by the change in voltage across C3 Thm bridge was 
desIgned to take advantage of the characteristx of ooltage regulator tubes, namely, 
that the voltage drop across the tubes 1s substantully lniependent of the current 
through the tubeB for conslderable variations in current. The voltage drop from A 
to C 1s detemned by the regulator tubes, W-150 and VR-105, and the small voltage 
drop across Rj A.9 the resxtance of the meter M 13 low, the voltage drop from A to 
B 1s substantially equal to that from A to C when Sl 1s closed to a Thus the currents 
from A to 9 and from A to C must remain substantially constant. When a change in grid 
potentul causea the plate current of the tube 655 to change, this change muot be ac- 
cmpanml by a correspcnding opposite change in the current through tube -KG105 &=,le 
the voltage drops in the bridge are substantially unchanged The meter, therefore, 
,wasues the change in plate current of tube 6J5 produced by a change in grid potential 
As this change is a function of the change m voltage across C3, it is determined by 
the pulse rate In practxe R5 1s adJusted so that pnth no slgnnal the meter readu,g 
1s zero It 1s eadent that the voltage drop aci-0s~ Ry 1s Independent of the disti-l- 
butu,n of current throuch the a- of the bridge Therefore, the grid bias of tube 
655 is not affected by the plate current of the tube 

This bridge rli-cut 1s preferable to the usual types of vacuum-tube voltmeters 
because the basic plate current of the meterIng tube may be balanced out, and because 
the plate voltage of the rnater1n~ tube 1s very nearly independent of the plate current 

In order that the relatux, between the voltage across Cy and the change in 



10 

currert through the tube 6J5 be as nearly linear as possible the plate current of the 
tube 1s kept mthln the Interval 3 to 9 mllmmperes 'II-m current 1s made equal to 3 
null~amperes for no Input slenal by adjusting the bias tap on R3, uslng meter M Kith 
smtch 51 closed to b S2 1s a sF,untlng smtch used to reauce the current through the 
meter so that the range of the meter day be changed 

For tw? fxeld xstallatlon, the constants of the phototube cxcult were aajusted 
to zlve a pulse rate of z?oroxlnately jO per second during the clearest weather and w.th 
the light source at a dlstewe of 250 meters The resistor R2 was aaJusted so the x- 
crease in plate cx-relt wae 6 mlllxanperes for a signal Input of approxlmatelg 50 pulses 
per second 

Flgurre 5 shops the clrcult details of the pulse counter tiich eras generally 
used for pulse rates of less than 5 per second Capcltor C2 becomes charged to a 
poter.tv.1 of &out 300 aolts and dxcharges through tube 2050 and the counter N when 
the sl,nal "triggers" the tube Quenching of the discharge 13 assured because of the 
inductance of the counter, together mth the self-bias of the cathode due to the drop 
across 32 The counter operates satlsfactonly at frequencies as high as 10 pulses 
per second 

PEXFORMANCE OF THE INSTRUWLNT 

The performance of the transrmssometer lass tested both In the laboratory and 
dmlng the field callbratlon which approxxaated se-ce condltlons 

7Ren ',he Input voltage to the constant-voltage transformer uhlch supplred the 
light source was in the Interval 100 to 130 volts, the intensity of the source xxi-eased 
0 1 percent per volt xcrease of Input voltage It was found that aLth a constant ll- 
lurmnatlon upon the phototube of the receiver, the response of the lnstrwxent xxi-eased 
0 3 percent oer degree C xxi-ease In amalent temperature for temperatures between -30° 
C and +5@" C Lo changes due to high relative hurm&tg nere observed The response 
of the receiver was fo4 to be linear to mthln the 1Frmts of measurement for ~llum- 
natLo*s over a range of 1,000 to 1 The reprcduciblllty of the Indlcatioos of the re- 
celver was found to be approxunately 3 percent 

The transrmssometer was operated continuously under field condltlons for a 
penoa of 2-l/2 nont:s There were no falures or replacements of any of the electronx 
or other aarts of the lnsti-ument during this perlcd 

Guxng this per=& of aperatIon a gradual downward drift In the response of the 
instrument was observed This drift amounted to above 10 percent during the period of 
test Causes of this di-lft were traced to both the source and the receiver A slight 
blackening of the reflector of the eoui-ce due to filarcent deterioration was observed 
It was found that there -was a condensation of ceresln wax upon the Inner surface of the 
lens of the receiver. It 1s probable that the characterlstlcs of the various elec- 
tron~c elenents also changed slightly mth tvae The drift of the source can be reduced 
by operating the lamp at a lower voltage It is bellewed that a sultable thermoplastic 
can be used to replace the ceresln wax 

Even mth the protective hoods to protect the lenses of the receiver and the 
lame, It was fauna Mat drylug spots from ran would collect on these surfaces over a 
permd of a few days 'I'he effect of these spots nas found to be small, generally 
lowering the response by less than 3 percent 

Cn occasion, drlvlng ral-e or condensation covered the outer surface of the 
lens of the receiver sufflclentlg to redxe the readxig of the instrument to less than 
half tke readwg iAlth the lens cleaned It 1s believed t?at the effects of drlvlnp 
rain can be reduced by the use of more adequate hoods, and that the r‘ecelver Including 
the lens can be kept at a temperature sufflclently high to materially reduce the 
chances of condensation formlug on the lens 



IrlSMLLATIOII FOR FIELD ClhLIERIlTIOlJ 

Koschmieder's lavr and kllar:'s law both involve threshold constant4 To use 
these laws to detemne visual ranges irom tranmnsslon data, a value of t'le contrast 
tlzeshola or threshold ~llur.u,at~on must be knom Some values of these constants 
were available but these values are not consistent Furthermore, field tests nere necesm 
sary I" order tkat We reluhl~ty of tke m-strunent could be studled k fldd call- 
brat1or Ivas therefore sarr1ed oilt in the swmler of 1941 

Tte development of hqh lntensltj approach-lrght systerrs required observations 
in foe, and Nantucket Island, Massacnusetts was chosen as the locatlon for that proJect 
It was deaded, therefore, to calibrate the transmssometer at ti-e same locatlon so 
that the personnel and sorre oi the equlpnent ana observations could be applud to both 
IjroJects The udzillat~on of the equment was made about onequarter rmle from the 
south shore of the Island near Surfslde rhzere perids of fop are frequent 

Figure 6 1s an am-ml photograph of the locallt3 The locations of the light 
source and receiver of the transmusomater, the vulbllit7 narks, and tie area from 
which observations vere mae dump perm% of dense fog have been lndlcated F1guI.e 
7 shows photographs of the I=@'- source mth Its tubular ho& mounted before It, the 
receiver and the vlslblhty marks as seen from one of Q-e observation pants The 
aux~har~ lamp shown below the hood of the sonrce ras not used 

The Il,rht source and the receiver wei-e mounted on ?-Inch pipes set about 2 
feet u,to the ground and nedly -ye3 by ,.x-es The unts were located about 6 feet 
ho>-e the surface of t\e gi-ou-,d The output meter was lnst?lled I,- the control house 
located about 175 feet from the recel\er Xaphraps mth lo-incn holes wei-? Installed 
I" front of the lleht SOUICB at distnnces of 12 and 50 feet to restrxt the ci-ass- 
sechon of the bea because the oroJector used ,ave a broader benm than that consIdered 
desrable far sa-.zce USE 

T?e row of daytu,e x?slb1llty marks shorm 1" the pnotogaph conslsted cf ten 
4-foot-square pieces of plywood panted flatmhlack and spaced et 100-foot intervals 
The loner edges lie-e about 8 feei above the surface of the ground so that the marks 
would be observed aganst a background of fog rather than against the terrain The 
line of the marks was parallel to and appi-oKl"ately 250 feet from the light path of 
the transr~ssometer 

A hght was mounted on top of each of the vlsiolllt) marks for obaeruatlons 
at rqht Trese lqhts cons-lsted of clear-bulb street-series lamps and were operated 
at an intenslt) of 25 candles The varlatlon oi the lntenslty of the lanps mth horl- 
zontal angle vas negllg=bIe 

Observation statxors were lad off at D-foot intervals throughout the length 
of the ahsenratlon area Telephone termrrals were pronded at each of the observation 
stations 

Because of the flat terraIn and lack of a snfflclent number of suItable marks 
and lights, lt ,ras necessary to pro-de a mark and lleht whlcb could he observed for 
dutances between 1000 and 35W meters Fqwe 7 also shows this vlslhllltg mark rrhch 
cowlsted of two L-foot by B-foot pleas of pl,wood panted flat-black and mounted 
ahut 1W feat from the control house A 25-cardle power llqht and a sqnallng lamp were 
located above the nark Thx mark aas observed from addItIona observation stations 
outslde the areas shown in fqui-e 6 The axAances to these various statxons were ap- 
prommately loo0, 1300, 1500, U?KI, 24C0, am 3500 meters resyect1vely The dlstmces 
were establlsned by su-veylng Tte stations were located, as nearly a~ possible, tke 
same dxtmce C-or the shore 1,ne as the marli and in a dIrectIon apFroximately normal 
to the plane of the rrark 

LALIBRATION PRCCEDURE 

'rhe vls=hlLty marks and lights verc observed from the area lndlcated in f1gur.S 
6 for visual ranges less than 1000 meters The observer aould locate himself, If posm 



sable, et that observation statIon from whlcP appro-tely only one-half of the y1s1- 
blllty marks or lights were slslole Then, e\ery rlnute, he would report by telephone 
to the recorder I" the control house the "umber of marks or lights that could be see? 
The recorder would list ttu visual-rawe lnformatun, together mth the transrxsorreter 
readlng taken at approximately the same time Ynlen the vlsnal i-axe changed so no 
marks or lights were =.slbl‘ or all were >xl.Ae, the obw-ver, If passlble, aould or"- 
teed to another statIon from which about half of the marks or I@ts could agaln be 
seen and the observations conturued For tmll@t condltlons, ahservailons vei-e made 
on ooti- the marks and the lights 

When the ~~ual range was greater than 1000 neters, recourse TT~E made to the 
large IrKark or Its assoc1atea llqht T'E observel would go to the statlo" from w+,lch 
the DEXK appeared to be approximately at the llrmt of slslhlllt) and would record the 
perlads, If any occui-i-w, xrux lvhlch thx rrarii was at the llrrlt of r~slblllt.,- When 
t% vl!Xblllty of tte mark cna-ged suffxlentl) so thr observer belle?ed that We mar2 
rmght be at the llrmt of vlsiblllty from some other s'atlo", he noulc. proceed to that 
statlon so that he could acal" aetenolne the perloas during whlcb tte mark xs at the 
1-t of vlslblllty 'Pro@.out the period of these observatmons 3,e recoraer would 
hst the transussometer readings at Intervals of 1 rlnute Wbhen this type ci o'osep- 
vatIon was made at n&t Q-e sqnal light of about 75 candles lntenslty was flashed 
from time to tllre to ldentlfy tPe vlslblhty lqht 

In addLtlo" to the observations on the larfe mark or associated lamp, the ap- 
peararce of other obJects and lights at known locatlans, which were on the llrmt of 
vlslblllty for elt'ler the observer or the recorder, was llsted For visual ranges 
somewhat greater than 1500 meters, natural obJecta such as churcil steeples, water 
towers, and lights of the villages of Nantucket and Susconset locctcd a" the Island 
were observed 

Ihr~ng We per~ccs oi da>+me obseriatlons tht lieit source of tl,e transrr~sm 
saaeter was turned oii from tome to tine to Jrterune the transmssometer reading due 
to bac',fleud 1llumrat1on In the reduction of the data t,e background readIrE was 
subtracted from t-e readlr)e mth tile light a" to oo+an the true trarsmlsslon reading 
Also, transxusometer readlnds were obtaued from t1ve to tie when the atmosphere wab 
especially clear These values were used 1" tstlmatlng the transmssoretor reaalng 
for 1OC percent transmsslo" Since It was found that the clear weather readings de- 
creased throughhunt tl,e LO-week period during wQch the callbratlon dats were taken, 
all data used were corrected for th-Ls drl't of the 100 porccnt \Z~LE 

Since the nsual range data were to be used prurarlly to calibrate Lhe trans- 
mlssameter, tho callbratlon observations were rot made during cerlod, when the fog 01 
haze was abvlouslg non-homogeneous or whey t?e visual range was Iluctuatlns raeldly 

In addltlon to We above observatlons, the transmusometer reading was fre- 
qLently recorded at tw tvne dnrlng which the Nantucket Weather tiea" StatIon, about 
Z-1/2 mie; away, made Its periods observations A record of these Weather Bureau 
vxlblhty observations vas obtauxed through the courtesy of Er j E Underwood 1" 
charge of the Statlon 

RESULTS OF C*LIm.kTION 

Between tvo and three thousand simultaneous ohsen'atlons of the vital range 
and transmssameter rending were raac hpproxmately one-thrd of these data were rem 
Jetted as unmntaole for deteranlng the callbratloa cw~es The data were reJected 
because the transrmssoneter readlng or visual range did not renal" sufflclently con- 
&a?+. to give a relv.lle callbratlon point For the acceptable data, the average 
values of the transmssometer readings and of tne visual ranges during each period 
,,he" both remaIned reasonably coilstant were used to deternnne a callbratlo" point 
The pomts mere graded 1" accordance KltP their relative rehaolllty, ~slng as a 
measure of rellablllty the constancy of the transnnssometer readlrlgs and v~?ual-range 
observatlans and the length of the period of constancy 



Grade A points were obtained 1" general from periods of 10 to 30 minutes or 
more duratlo" during which the trans~ssometer readzags and msual range varied rela- 
tlvely little As a" lllustratlon, the mdl.ndual values from lrhxh one of the better 
grade A points was obtaIned are listed m table III 

Grade B points l~ere obtau,ed 1" general from periods 5 to 10 rautes I" length 
and occasmndly nth slightly more varlatlo" 1" the data then for grade A points 

Grade C points wei-e obtaned primarily from two types of data, (1) perlads of 
less than 5 mutes I" du-atlo", and (2) su,gle visual-range observations mth reason- 
ably steady atmospherx conditions as lndlcated by the transrmssometer readings 

The grade A, B, and C points Include only the nsual-range observations made 
on the special marks and lights umtalled for the calibration The callbrat1on points 
obtalned from observations on other obJects and lights and from the Nantucket Weather 
Bureau visual-range observations have not been 

7 
aded Weather Bureau data lutlng 

visual ranges less than the dxtance (2 5 rmles from the statlo" to the test location 
were not used for calibration points 

Figure S 1s a plot of the daytime callbratlon points for observations made on 
marks The visual range is plotted on a log scale and the transmlss~on on a log-log 
SC&¶. Rth these scales Koschmxder's law 1s represented by a family of straight 
llnss tith the contrast threshold,e,, as a parameter, 88 19 evident from equatlo" (2) 

TABLE III 

DATA FROM WhICH ONE OF THE GRAEE A POINTS WAS D?XZWWFL 

tie Tra"mnsslon Visual Ra"ge 

7-30-U Per 250 meters Feet Kilometers 

4L7AM 
48 
49 
50 
51 

:; 
54 
55 
56 
57 
58 

5 2 
01 
02 
03 
04 
05 
06 
07 
08 

0 15 lml 0 40 
0 13 12w 0 37 

1300 0 4w 
13w 0 40+ 

0 15 1300 0 40 

0 0 16 15 1400 1300 0 0 40 43 
l400 0.43% 
1500 0 46* 

0 17 1400 0 43 
0 17 ux 0 43 
011 l400 0 43 
0 10 1500 o 4b 
0 10 l4,w 0 43 
0 10 ux 0 43 
009 1300 0 40 

0 10 13m 0 40 
0 10 1200 0 37 
0 10 1300 0 40 
0 11 1300 0 40 
0 11 1200 0 37 

Average 0 124 0.409 

*Not used I" computing aperage visual range 



Thu may be written TD= 'o 

log (-log T) = -log II + log (-log E"), 

(2) 

03) 

the terms -log T and -log E. being used smce both T and l o are less than mnlty A 
plot of log (-log T) agaL"st log D for this equatum Ives B straight lr,e with a 
slope of -1 In the flgwe the ordinate scale has been inverted 80 that the trensrmo- 
smn values mcrease mth lncreaslng ard~nates 

The value of log (-log 6 
P 

) for the calibration cu~,e ,,as deterrmned by OLL 
talnxng the average value of log -log T) + log D for the calibratvan poFnts in figure 
8 exclusive of the tmlight and weather bureau wlnts 
C-102 Co), 

From thu average value of log 
Co was found to be equal to 0 055 This value 1s considerably greater than 

the value of 0 01 to 0 02 generally accepted The value 0 055, hmever, falls between 
the value 0 065 reported by Houghton4 for clouds and his value for fogs nhlch 1s about 
one-half that for clouds. 

The lme for Go equal to 0 055 1s a reasonable representation of the callbra- 
tlon points for the shorter vuual ranges It may be considered as the daytime and 
tnllght cahbratlon curve of the transrmssometer There appears to be, however, a 
somewhat systematic departure oi the par& from this line mth lncreaslng visual range 

The lmes l o = 0 031 and El) = 0 098 were chosen so that for any oven 
transmsslo" the corresponding visual ranges deterrmned from these tao lines differ 
frorr that deterrmned by the callbratxon lxne by plus and rm""s 20 percent, respectively 
Stillarly, the 11"~s E o = 0 234 and l o = 0 003 give v1sua1 ranges equal to one- 
half and twxe that of the callbratax" line These lines are of assistance I" studying 
the departure of the pants from the callbratlon curve 

To explau, the apparent systenatlc departure of the callbratlon curve, 
L - 0 055, on the basis of a change I" the contrast-threshold of the observer re- 

q&s-the assumption of a threshold for the longer v~ual ranges smaller than that 
obtaIned under ideal photometrx condltlons To explain It on the basls of an error 
I" deterrmnu,g the transtissometer readu,g carrespondlng to 100 percent transrmsslon 
would requu-e the assumptlo" that the 100 percent reading so chosen 1s higher than the 
true 100 percent reading Because of the method used I" obtalnlng the 1W percent 
value, however, It 1s believed that We 100 percent pol"t 1s not likely to be too h_lgh, 
thou& It mght be too law Neitner can this deviation be explaIned by assurmng a 
somewhat non-linear response of the transmlssometer, for the deviation 1s most marked 
in the region "ear the callbratxn point of the lnstrwnent Thu devLatlon may be ex- 
planed, at least I,, part, by either of the following assumptions 

1 The light falhng an the transrmssometer i-ecelver was frequently reduced 
appreciably by refractive effects wtich did not affect the vlslblllty of objects to 
the same degree that the transmission measurements were affected 

2 'Ike transmsslon of the sample of the atmosphere measured by the transrcls- 
someter was 1" most u,sia"ces too low to be representative of tie atmosphere 1" general 
on clear days, even though the atmosphere then appeared to be homogeneous 

A classlflcatlon of the callbratlon pants accotilng to the general 111-n+ 
tlon, as dete-ned by the transmssometer background readings, showed no systematx 
differences of usual range mth lllurmnatlon This apparent r,uepenaence of the 
visual range of obJects imth Illurmnat1o" 1s 111 agreement mth previous investlgatlons 
and theorJ Even the tmllght points 1" flgure 8 show "o systeratx differences Same 
of tlese po:"ts result fron observations when It AFLS so dark that the 25-candle lights 

&Houghton, J , "Journal of Aeronautical Sciences," Vol 6, pp &O&-&l1 



15 

could be jeer, farther than the marks The computed average xalue of co for the tti- 
light calibration points 1s 0 044 This value of Co is less than that for the daytime 
value t0 OS), whereas Nuttmg's results5 show e. mm-easing at loa illuminations 
Because of the spread of the values for the cornparatlvely small nmber of tallight 
pants, however, the Mfesence between e o for dayhght and co for twilight cannot be 
considered signUicar,t 

The 4-foot-square marks were observed frw distances between 0 15 and 10 
la1ometer The corresponding angles subtended at the eye by the marks varied from 
o 4b" to o 07~ Similarly, the large mark when observed subtended angles from 0 15' to 
0 050 Middleton suggests that the least angular dimension cf obJects should not be 
less than 1' and that the maximum sine of the nearer objects should not exceed 5' 
Ho~aever, It was frequently noted that the VlslblLty of other objects, both larger and 
somewhat smaller than the marks, g BVB no imllcation that thsu- size had any effect on 
their vlsw,l range For em,,ple, obsenvxtlons on a power-tie pole to one side of the 
TOA of marks frequently tixated the same visual range as that ever, by the marka 

Figure 9 1s a plot of the caHbratlon punts obtained from observations on 25- 
candle hghts 'The scales and symbols are similar to those on figure 8 In figure 9 
are shown curves determined by each of the follomng relations 

E,=ypDP (Allard's Law; (5) 

ST = ITD /D (Lc) 

I y = ITD (15) 

Where I = 25 candles, and q, h, and I, have been set numerically equal to 
0 052, Ev has the dimensions of illuzdnation and IS expressed I" kllometer candles, 
Sv has the duxnslons of mtenslty per mut distance and is expressed II, candles psr 
kilometer, Iv has the dlmsnslons of mtenslty and 13 expressed III candles 

Although Allard's law has been generally accepted for determiung the visual 
range of point sources, It has been suggested to the authors that equation (15) tight 
be used in place of Allard's law. This law for I$ constant, Like Koschrmeder's law, 
1s represented by a straight line Hence, it was decided to obtau, the value of I,/1 
from the rughttlme grade A, B, and C callbratlon points u, the same manner as co was 
obtaIned for the daytime callbratlon CU~VB For I = 25 candles, thxs gave I, =O 052 
candles The corresponding line 1s the one show, I,, the figure Equation (14) 1s an 
empirical squatIon proposed by the authors 'he curves for Illlard's laar (5) and 
equation (14) are based on the sane numerical values of I and the threshold constant as 
were used I" equation (15) 

From the figure It 1s seen that the curve ?,, = IF/i? eves the best fit for 
the calibration points obtained from rught observations on the 25-candle lights It 
ma found that this same relation also gave a better fit than either Allard's la,, or 
equation (15) for observations made at Nantucket in 1940 on a threshold lamp by tno 
obserrera at dtiferent distances 

It should not be inferred from this statement that the lllurmnatlon at a point 
1s not &~sn by E = & but rather that the minimum perceptible illurmnation 1s not B 

Dz ITD 
constant and is such a fun&Ion of T and D that s, = 7 represents the date more 
satisfactorily. Prom this data it appears that the threshold 111~natlor, varies in- 
versely as D, the r~sual range 7 Hence, If Ev 1s equal to,where E. is the threshold 

D 

5Nuttmg, P G , 
=, pag= 944, 1916 

"Ransactlons of the Illuminating tiglneering Society,' Vol 

&dleton, W E K "Vulblllty =n Meteorology,. 2nd Ed p 92, 1941 
7Ths variation of ;he threshold lllurmnatlon ml1 be tiscussed in a later report 
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Illumination at unit distance, and is set at 0 052 where D is expressed in kiLometers, 
equation (5) =e then equivalent to equation (U) 

It 1s men that the curve Iv = ITD is not the most satisfactory straight line 
that could be dram to represent the A, B, and C callbratlon points, although I, has 
been ad~ustad to make the average devlatlon of these pomts from the fine e rmnimm 
The slope of the line 1s not great enough However, changing the slope of the line re- 
quires not a change m Iv but a change m the exponent of T l-he required exponent is 
of the form Dk where k 1s some value greater than unity 

In figure 10 the calibration pomts obtained frm Weather Bureau observatlone 
and from obsematlons on mscellaneous Hghte are shorn in addition to those obtained 
from the observations on the 25-candle Lghte The tmhght calibration polnta are 
also shorn in this figure It 1s apparent that the curvw representing Allard's law 
gives the poorest fit for the ctibratlon pomts Changing the value of h would re- 
sult chiefly in a translation of the curve Thus, the value of & could be mcreased 
until the Allard's law curve fits apprommately the pmnts et the low visual ranges, 
but the deviations at the larger visual ranges aould be increased Moreover, WTW" at 
the low visual ranges, the slope of the Allard's law curve would be somerhat too great 

Although the straight lme I, = ITD, I = 25 candles, fits the calibration 
povlte lnth the Weather Bureau and rmscelLmeous observations included better than 
either of the other curves, httle significance can be attached to this fact As the 
xntensltles of the more distant lights used for Weather Bureau obserwtions were con- 
alderably greater than 25 candles, the visual ranges obtained by obsenwtions on these 
llghts should be greater Therefore, the cellbratlon points obtklned frw these ok+ 
servatlons ought to lie below a calibration curve based on an mtens1ty of 25 candles 
The deviation from the curve S, = ITD/D, I = 25, may, therefore, be explained on 
thx basx as the x&nsities requred to produce these devvatams are of the order of 
the ~tensitles of the Lzghts nhxh ware used as marks In addition, there may be a 
systematx samplmg error at rnght as well as during the day 

In obtai- a transrmssometer catibratlon curve for determxdng visual ranges 
at rught, It is evldent that consideration must be given to the intensity of the 1lght.a 
which will be used as marks In this respect the visual range by night dtifers from 
that by day, for by day the w.8ue.l range 1s substantially independent of the objects 
observed tieras the visual range of a light at night depends on the lntenslty of the 
light. Thus, for any given distance it is possible to choose the intensity of a light 
so that It till be at the lmit of vlsibillty et night when the transmissinty IS such 
that an obJect at this distance would be at the lirmt of visibility by day If a 
transrmssometer were calibrated by means of a system of such lIghta, the calibration 
curve for the tights should be the SOW BS that obtamed for objects by day The 
intensltles of the hghts required by thx systerm for visual ranges in the i-e&on 20 
to 40 ldlometera are of the same order of magnitude as the 1ntens1tles of airport 
boundary llgbts and street lights The reqwed intensltles for the lights for visual 
ranges lower than 10 k&meters are less, however, and the mtensltles for visual 
ranges lower than 1 kilometer are much less than the intensity of any ordinary hght 
used as a lantik and thus these landmark hghts can be seen at greater distances than 
the x,dxated visual range For exa~~ple, &en the transmission is such that obJect 
vlsiblllty by day is 1 lalometer or less, the visual range of a 25-candle light by 
night 1s about MEW this distance This is evident from a comparison of figrrres I3 
and 9 It eeem6 preferable, therefore, that in practice nighttime visual ranges should 
be determined from a cahbratlon curve which 1s based on lights having mtenelties 
comparable to those usually used as landmarke Twenty-five candles 1s about the rmni- 
mum intensity of such lights Frequently lights of greeter intensity are used, especial- 
ly for the larger tisual ranges The callbratxon curve to be used to determine vlsi- 
bility et mght therefore should be based upon the Intensity of the lights which the 
pilot uses and is expected to sew fran various diatances 

In fIgwe 10 it is e-dent that the visual range of the 25-candle lights 
during trilight doee not agree *Lth any of the three curwe, the lights being, as 
expected, less visible m tmllght than at night Bowever, the calibration CUTYW for 
marks, figure 8, agrees appr&tely with the deter&nation of the visual range of 
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these llghts during tmllght, in adtition to giving a satisfactory deterrmnatlon of 
the vz~sual range of obJecta 

LIMITATIONS OF THY3 'I'RANSMISSO~ 

It 1s evldent from the spread of the polnts shown on the callbratlon curves 
that there are limitations in the use of the tranemzxomwter due to the mstrumsntal 
errors and to the physical conditions under tilch the mtrument must operate The 
estimated uncertainties in transrmsslon measurements due to lnetrumental errors are 
summarized 1n table IV 

TABLE IV 

1 Inconstancy of sourcw *l percent 

7' 
Varlatlon due to amblent temperature -+2 percent 
Uncer+.4unty of indication i3 percent 

4 Urcertantg of '100 percentU value _+2 percent 
5 Effects of atmospheric refraction * 2 percent 

I Estimated uncertanty &4 7 percent 
Expected average error il.2 percent 

7 

The error due to varlatlon of the lntenslty of the source resulting from fluc- 
tuatlons of tine voltage *ssumes a m&um variation In voltage of + 10 volts The 
error due to varx.tlon In amblent temperature assumes a temperature range of+7O C 
( t W F ) The error ansing from uncertainty of Mcatlon 1s based on the repro- 
duclblhty of the instrument as observed m the laboratory The uncertainty of the 
100 percent value is based on the consistency of the data taken on clear days to deter- 
mine ths value The only indication of the magnitude of the refractive effects was 
the degree of unsteadiness of the transrmssometer readings when these effects appeared 
to be at e maximum 

The estimated uncertantg was obtamed by talang the square root of the sum of 
the squares of the Indlvldual uncertainties As It is belxwved that each of these un- 
certantles ~a8 not exceeded more than once per hundred observations, the expected 
average error has been computed on this basis 

Usmg the values for the expected average error and estimated uncertalntlws 
sven in table IV, It 1s possible to compute by means of equation (l2a) the rmnimna 
visual range the transrmssometer may be expected to indxate mth any dealred accuracy 
Usx~g the value of the expected average error, 1 2 percenr, It is found that when the 
x~sual range LS more than 10 kilometers the expected average error ~TI the indicated 
visual range due to instrumental lllilccurec~es exceeds 20 percent Similarly, using 
the value of the estimated uncertanty, 4 7 percent, it is found that tien the visual 
range is 2 6 kilometers or less the discrepancy II~ the indxated visual range due to 
instrumental errors should never exceed 20 percent 

It is also ween that for a -ual range of 400 meters, T250 need not be deter- 
rmned to closer than -30 percent or + 40 percent for an accuracy of ? 20 percent in 
the visual range deteruLnation In this region errors io the visual range determine- 
tlons resulting from inaccuracies in the transrmssion measuramsnts due to instrumental 
errors are negligible 

The spread of the callbratlon pants is greater than cao be explained on the 
bxxs of instrumental errore *lone Tins is espcxLLy true of the pants at the lower 
visual ranges Neither can these large spreads be explz~ned on the basis of variations 
in the thresholds of the observers It is believed that these large spreads are due 
cbefly to nonrepresentative sampling As an example of the possible discrepancies due 
to nonrepresentative sampling, table V gives velues of the tisual range determined from 
the callbratlon curves of the tranarmssameter and the corresponding visual ranges de- 
termined by an observer from a point near the transmisscmeter These data, although 
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take" for cal~bratlo" points, were noted at the tme as having some element of uncer- 
tanty in the sampling and were subsequently reJected as bemg "omeprssentat~ve 

TABLE V 

mscrepancles Caused by NonrepresentatIve Sampling 

I 
V1sua1 Range from V1sua1 Range from 

Transmssmeter Cbservatlon I 

Xi-mg the abservatlons on the 25-candle lights It was frequently noted that 
there ms a difference m the nslblllty of the light on the large target 3C feet above 
the ground md the lights on the small targets 10 feet above the ground ?hlS dlf- 
ference was observed from distances as geat as 3 5 lulometers mth du"ferences 1" the 
angular elevation of only 0 10 It IS evldent that when the change of transmisslvlty 
mth height 1s this large, the sample of atmosphere betnee" the sowce and We i-ecelver 
1s not Uely to be representative of the atmosphere through tilch marks are observed 

I" conslderlng the spread of the cahbratlon pants for visual ranges of a 
kilometer or less, 1t shoald be rememoered that the distance Oetlieen tx source and the 
receiver 1s a" apprecxble fraction of the distance between the observer and the mark 
at the vleual range and tnat the line of observation was "ear and almost parallel to 
the line between the source and the receiver mth only a small difference I" height 
Eve" ""&a- these condltlons there still lrers large dxcreparcles between the observed 
and the lndlcated visual ranges 

It 1s e-dent from the calibration curves, f~,wes 8 end 10, that the everage 
discrepancies betlree" the observed and the lndxated nsual ranges become larger than 
20 percent before the computed upper l-t, 10 kIlometers, IS reached Jnstead, the 
upper llrmt of Tellable lndlcatlons 1s llrmted, apparently by the efiects of "onrepre- 
sentatlve sampling, to betaee" 2 5 and 5 kIlometers Thus, If these data are tmxal, 
the maximum msual range lrhich the transcIlssometer may be exnected to xdxate lnth a 
usefnl degree of accuracy 1s 10 tines or, at the most, 20 tuxes We dlstanca between 
the light sou-ce and the receiver 

I" considering the effects of nonrepresentative samplirg it should be remembered 
that callbratlon data mre take" only when the atmosphere appeared to be stable and 
homogeneous Moreover, It should be remembered that about one-third of We data eo 
take" were reJected because these data showed the atmosphere to be considerably moi-e 
unsteady or nonhomogeneous than was apparent It must therefore be concluded that at 
least at the place of calibration the varlatlons I" transmissli?ty of the atmosphere 
from pant to point and from minute to rmnute are conslderablv greater than has gener- 
ally bee" expected It is thus e-dent that the value of the atmospherx transmlsm 
sivlty obtauxd over a llrmted range cannot always be safely extrapolated to the ra~o" 
I" general and, conversely, that general observations of the visual range cannot always 
be relied upon to pve the atmospherx transrmsslvlty I" e. give" locality 

I" addltlo" to the instrumental errors dlscussed above, there are posslblhtles 
of ei-ror due to background Alurmnat~o", uncorrected drift, and deposits on the covers 
of the sonrce and the i-ecelver While these condlhlons were largal~ elm"ated during 
the cahbratlo", under eervlce condltaons they could cauee large errors 1" the anti- 
cat& tisusl rage, If adequate plovls1o" 1s not made for theu elmnatIon or correctlo" 

The error 1" transrmsslo" neasurenent due to background lllurmnation 1s abso- 
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lute, not relative Drlng dayfight the background correction to be applied to the 
transmlsslon determination vas frequently as great es 0 05 It is evident that back- 
ground illurdnatlon may produce an appreciable increase in the 3xx3icated visual range 
unless compensation 1s made For lugh visual ranges this error is quite large For 
low visual ranges the error again becomes serious since the illtination received from 
the background may become large in comparrson to that received from the source On 
one occes~on during a daytime fog, It was found that of an uncorrected transrmss~on 
determination of 0 11 the background lllurmnation accounted for 0 10 In practice the 
effects of background may be reduced or eliminated by reading the transrmssometer mth 
the SOUIICB off as -es done at Nantucket, by altering the design of the instrument so 
thet the angle of acceptance of the recelwr 1s reduced considerably (Itiich Fntrcduces 
other difflcultles), or by deslgnlng a receiver which will correct autometxally for 
the background 

If the readings are not corrected for the drift of the source and other corn- 
ponents of the trmssometer, large errors may be introduced in the visual ranges 
corresponding to the higher transmissions, say T2 

2 
0 greater than 0.80 The light 

soarce and the recelyer must be inspected frequen ly for condensation, ran, salt 
spray, and dirt Such accumulations have been found to reduce the mdicated trans- 
rmsslon to less than one-half of the true transrmsslon 

The mxnmum vxual-range detsrrdnatlons ntich can be made by the transom ssometer 
are Luolted by the maximum sensltlnty of the instrument The lowest transudss~ons 
for nhlch callbratxon polnts are shown =n figure 9 correspond very nearly to the lower 
lirmt of response for the Instrument For lower transmissions the receiver did not 
receive enough light from the source to operate Still lower transrmsslons could be 
measured, however, If the distance between the source and the receiver were reduced 

The lmtatlons of the transrmssometer es used at Nantucket may be summarized 
es f"11ow3 

1 For visual ranges of between 0 2 and 1 kilometer,mth stable and reasonably 
homogeneous atmospheric conditlons,the usual range indicated by the transmissometer 
till be mthm ? 20 percent of the obsemw3 visual range For visual ranges belrm 0 1 
hlometer by day and 0 2 kilometer by night the 250-meter separation between light 
source and receIvei- 1s to" great 

2 For visual ranges in the region from 1 to 10 kilometers, the uncertanty 
in the tisual range determination "ecomes progressively greater as the visual range 
l"CPwaSWS For visual ranges greater then 5 kilometers, the 250~meter separation IS 
tw small and detednatlons of the transmissometer are wellable 

3 During daylight hours a correction must be epphed for the background 
lllurmnatl"" 

4 When the atmosphere 1s not homogeneous, the visual range indicated by the 
tranm!dssometer may be quite different firm that found by direct obsenatlon 

APPLICATION OF TEE TRANSLESSOMETER 

Prom the discussion of the limitetxons of the transrmssometer, it xe et once 
endent that the uxstrument as Installed et lvantucket 19 not capable of replacmg all 
VFsual obsematlons The satmfactory detemnatxon of visual ranges in clear weather 
requires a consIderably greater separation of the light source and the L-BCB~VBF es 
well a6 a ~"urce of greater lntenslty In addition, a greater degree of atmospheric 
homogeneity than that Wmly to be obtained 1s necessary The deterrmnatlon of 
visual ranges of less then 250 meters requres a smaller separation bet-en the source 
and receiver Moreover, If there 1s a marked lack of homogeneity of the atmosphere, 
the transmissameter measurements may give a false picture of the overall co&tlone 
An observer sea-g the horizon should notlce and report any large variations in 
visual range, together mth their directlo" This un"omtlon could not be obtaxned 
by a single transrmssometer The use of an impracticable multlpliclty of instruments 
located orer e considerable area appears to be the only way to reduce the effects of 
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nonrepresentative saphng and to detect non-homogeneltles, such as fog and smoke 
banks, approaching storms, and the like 

The transrmssoneter should be useful as a supplement to visual observations 
during perxds of low vlslblllty (less then 1 kIlometer) In tkls repon the effects 
of Instrumental errors are small, the sarrxl~ng error for the transmlesometer will be 
about the sac a that for an observer There 3s generally an mnsufflcxnt number of 
marks for satisfactory dete-natlon of v~ual ranges Consequently, the precxlon 
of the deterrmnatlons made mth the lnstrlunent should be con.wrable to that of the 
visual determrnatlon 

In many localltles there is a lack of sulteble rcarks Thle 1s especially true 
at night ln i-emote localltles where there are few li any lights sultable for obserna- 
bon TIE situation exists at alrports during blackout condltlcns where the lights 
normally observed are extlneulshed As the estmatlon of visual range on dark mghte 
at localltles where there are very few observable lights 1s extremely dlfflcult, If 
not impossible, the transmxsometer may- be useful In givlne a measurement of visual 
range under these condltlons 

The Instrument may also be useful at automatx weather statlnns and at loca- 
lltles where contlnucus record of the transrmsslvlty 1s desxed It should also be 
useiul 1" determInIng the ccndltlone at particular localltles where a better knowledge 
of We trans-nlsslvlty or visual range 1s requxed than can be deterrmned by an cbser- 
vel statIoned some distance away - for example, the determxatlon of the visual range 
at a landing field m the river valley when the weather station 1s locatea on a hill 
some distance way 

The tra~sr~ssameter appears to be well sulted for use in controllIng high- 
lntenslty approach lights Here a knowledge of the transmlsslmty oi t'le atmosphere 
in the region of the a?prcach lights 1s recuxed. Consequently, dwlng periods of 
dense fog the sampl>ng mth an instrument located near the lights 1s nore likely to be 
representative Wan that for an observer who naj~ be a considerable distance from the 
lqhts Satisfactory adJustmen+. of the lntenslty of the approach lights requires a 
kncrrledge of tke trdnsmsslvlty during these perlads of dense fog In general, the 
dsternrnatlon of transrLsslslty from visual range observations when the visual range 
1s less then 500 neters 1s unsatisfactory because of the lack of a suffxlent number 
of suItable marks and because of the large changes I" transrmsslnty corresponding to 
relatively small changes in nsual range 

Observatmns lndlcate that the relation between the cptiJmJL3 mtenslty of high- 
Intensity approach-light systems and transmlsslvlty IS of the fax 

I TC = k, 
where I 1s the relative Intensity of the l@ts, T IS the prevailing transmissinty, 
end c end k are constants for the partxular system The expected values of c, 0 1 
to 0 3, are such that the uncertainty :n the deterrmnatlon of tile relative lntenslty, 
I, lnll be about equal to the uncertainty of We transmissweter lndlcatlon As a 
large tolerance 1s permitted ln the intensltv%ettlng, the ~naccuraclee in the trans- 
rmeeometer lndlcatlon resulting from Instrumen'al drifts, temperature, voltage 
variations, uncertainty of the 100 percent value, and the like &we lnslg~flcant 
h;oreover, as the accuracy of the lntenslty settlne 1s a direct functlcn of the BC- 
curacy of the transrmsscmeter 1ndlcatlon, not of the accurac> of the visual ran,F 
dete-ed from the Indxatlon, the transmlssometer 1s as well sulted for this function 
during per;cds of clear weather as dwlng periods of low visual range 

A separation of hght source and receiver less than that used I" the NantucKet 
tests ma, be required as in many casee measurements of transrmssivitles less than 
lo-12 per kllcmeter, the loner 1-t of the xx?trument as installed for field tests, 
ml1 be required 
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CONCLUSIONS 

A transdssmeter haa been developed lrhich mcludes B remote indicator, makIng 
it practicable to locate the mstmment at a distance fram the location et which the 
indicatmns bp~ dealred This mstrumnt nlll measure the transmission of the sample 
of atmosphere betmeen the source and the receiver with sufficient precision to deter- 
mine visual ranges up to 5 ldlcmeters tith usable accuracy For greatm visual rangea 
the possible mstrumental errors make the xxlications progressively mm-e unreliable. 
The instrumental errors can probablv be scmenbat i-educed by further developent am-k. 

A field calibration of the mstmment has been made It was fou& that for 
daylIght use Koschrmeder's law provided a satisfactory calibration curve The value 
of the contrast threshold was found to be 0.055, nhxh is considerably Larger than the 
generally accepted value of 0 01 to 0 02 

For nighttime use It was found that the use ID Al&a-d's law of a fixed value 
for b did not provide a satisfactory representation of the cahbration potits The 
assumptum that the threshold illurmnatlon is not constant but varies inversely mth 
the visual range provides a satufactory representation 

Frequently, the sample of atmosphere betxeen the source and the rece=ver nas 
not representative of the sui-roundr@ atmosphere, and thFs caused large ~screpancies 
betaeen the visual range as determu,& by the transmissoneter and that observed visual- 
ly, especully uhen the vlsw.1 range lras large For the deterrmnatlon of general 
nsual range thu is a sei-lous drawback and limits the applxatlon of the uwtrument 
for this purpose 

For the observations used 111 this ctibratxm, the preclslan of visual range 
determined by the transrmssometer was in general less than that observed tisually by 
tramed observers and vlth satisfactory marks In v.ew of thu lmutation and the 
dlffxulties lntrcduced by nonrepresentative samplw, there appears at present to be 
little advantage, If any, m the use of a transrmssoneter to replace visual observations 
for the determmatlon of general visual range where tram& obserrers and satisfactory 
marks are available 

There are other condltx%3, honever, vhere the effects of nonrepresentative 
samplxng are greatly reduced, or are of little importance These Include the applLca- 
tux, of the transmissometer 

1. To supplement the pen&c visual observatlons by a contxuous record 
2 To record the varlatlons and rate of change of condltlons of visual 

range, partvzularly under lorr visibility condltlons 
3 To replace visual observations where traxmd observers or 

satlsfactorJ marks are not available 
4 To provide a mere accurate UKldlcation of visual range over a restricted 

area remote from an obse11ier, partxularly an approach zone 
5. To provide accurate inticatlons of visual ranges when vlalbillty beccvnea 

poor 
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