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ABS TRAC T 

A transmissometer has been used to provide a continuous record 

with good time resolution of falling snow. The pulsed light, of 

wavelength 0.45 ~ traversed a path 71 m long about 20 m above ground 

level. A total snow amount of 160 millimeters of water was recorded 

from 18 storms through the 1966-67 winter season. Attenuation by snow· 

was found to be proportional to ~ate of snowfall, with the constant 

of proportionality 11 (db km-l)/(mmw hr-l ). A previous experiment 

by Lillesaeter yielded 18 for this constant. His higher value is 

probably due in large part to the effect of thermal fluctuations on 

. hi s narrower transmit ted beam. 

. Snow amounts per storm deduced from attenuation records agreed 

with amounts measured by standard instruments to wi thin a factor 2. 

When depths on the ground were compared, agreèment was within a factor 

1. 5. 

Observations on the variation of "clear air" attenuation with 

humidity are included in an appendix. 
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ABSTRA.CT 

A transmissometer has been used to provide a continuous record 

with good time resolution of falling snow. The pulsed light, oi 

wavelength 0.45 '}i0otraversed a path 71 m long about 20 m above ground 

level. A total snow amount of 160 millimeters of water was recorded 

from 18 storms through the 1966-67°winter season. Attenuation by snow 

was found to be proportional to rate of snowfall, with the constant 

of proportionalityll (db km-l)/(mmw hr-l ). A previous experiment 

by Lillesaeter yielded 18 for tbis constant. His bigher value is 

probably due in large part to the effect of thermal fluctuations on 

bis narrower transmitted beam. 

Snow amounts per stormOdeduced from attenuation records agreed 

with amounts measured by standard instruments to within a factor 2. 

When depths on the ground were compared, agreement was within a factor 

1.5. 

Observations on the variation of TTclear airTT attenuat'ion with 

humidity are included in an appendix. 
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1. Introduction 

Current standard methods of measuring snowfall quantities 

leave something to be desired. McGill Observatory is equipped with 

standard instrumentation for measuring snowfall (Fig. 1), which has 

been modified in recent years. The Nipher gauge is a simple cylindrical 

can of 4 inches diameter mounted 6 feet above the ground surface, 

protecte~ by a surrounding Nipher wind screen. TIlere are two 

Department of o Transport tipping bucket rain gauges, also mounted at a 

height of 6 feet. Insulation and thermostat-controlled heaters have 

been added to both of these gauges to maintain the receiving funnel 
, 

surfaces a few degrees above zero Centigrade so as to render them 

capable of measuring snowfall rates. Around each has been fitted an 

Alter wind shield. From April 1966 a precipitation sensor also has 

been in use at the Observatory, designed toregister the beginnings and 

endings of periods of precipitation. 

Even with this relatively sophisticated equipment there has 

remained doubt after the passage of a snowstorm as to both the total 

water equivalent of the snow that has fallen (expressed in millimetres 

of melted water, mmw, or hundredths of an inc~), and also the distri

bution over the time period ofothe storm of the rate of accumulation. 

The doubt is due chiefly to theunknown effect of wind flow around the 

instruments even wi th the shielding, and to the occurrence of evapora-

tion from the warm receiving surface of the tipping bucket gauges. 

In the process of evolving improved methods for measuring 

snowfall, experiments to detect both the scattering and the attenuation 

of light due to snowfall have been performed on the McGill campus. 
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Significant progress was made in a stu~ of attenuation of light in a 

near1y para11e1 beam two winters ago (Lillesaeter 1965). However, the 

equipment ·came into operation only towards the end of the snow season, 

and a total of anly 49 mmw was recorded. The work described here has 

been an amplificàtion and extension of that of Li11esaeter. The whole 

winter snowfall of 1966-67 was recorded, amounting to about ISO mmw, 

of which about 160 mmw was used for analysis. 

In Li:llesaeter' s : experiment the light beam was kept sufficiently 

narrow that the receiver intercepted nearly all the light transmïtted 

over the 123 m path. This required great stability in the mounting of 

the equipment. The 1ight beam wa~ transmitted from a heated room into 

the cold winter air; the turbulence at the boundar,y led to fluctuations 

in the position of the beam and so in .the recorded signal. 

The principal differences between Lillesaeter' s equipment and 

that used in 1966-67 were the mounting of the transmitter outdoors, 

and the use of a light beam that was considerably bro,ader at the 

receiver so' that slight disturbances to alignmentwould not affect the 

recorded signal. 
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2~ Theory of Attenuation of Light 

General atmospheric conditions 

A flux per unit cross section F oflight energy travelling 

along a path a short distance dx will be diminished or. attenuated 

by an amount given by 

dF = -F cr dx (1) 

Here cr is the attenuation coefficient, or extinct1.oncoefficient, 

appropriate to the medium through which the light: passes. It may 

be divided into scattering and absorption components, arithmeticaÎly 

summed, due to various types of particles. Integration of equation (1) 

gives 

F .= F exp(-o-x) 
o 

The signal level in decibels at any distance relative to the signal 

level at zero distance is given by 

Ii' attenuation is reckoned from zero at distance zero upwards towardG 

a. positive value at the receiver of a transmi;;someter; the sign may 

be changed, and for the total effect the following relationmay be 

written:-

k = 4.34 cr (4) 

where k is the attenuation per unit path length. It is seen that 

for a fixed path lengthk depends only upon the attenuation coefficient 

for the medium. 
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Atmospheric attenuators of visible light are air molecules, 

gaseous and particulate pollutants, haze and fog droplets, rain and 

snow, with total attenuation coefficient components of relative 

importance given inversely by the stated order, except that a rain 

shower generally will produce a smaller attenuation than a heavy haze 

or a fog. 

For scattering oflight of wavelength (À) by small particles 

of diameter (D), three regimes maybe distinguished •. Where D is less 

than 1., Rayleigh scattering occurs. This applies t<? haze in the 

atmosphere. A~;D bec0I!les equal to À the amount of light scattered per 

particle increases markeclly. . Thi::Îis described by the Mie theory of 

scattering. Where D is greater than À the field of geometrical 

shadowing has been reached. 

The light' source used had its peak intensity near 0.45 ~. 

stewart and Hopfield (1965), quoting Deirmendjian (1962), give theoretical 

values of the attenuation coefficient for light of wavelength 0.45 ~, 

traversing two types of ordinary light haze, as follows:-

Continental haze (2300 particles cm-3 ) 0- = 0.12 km-l; k = 0.52 db km-l 

Maritime haze (iao parti~les cm-3) 
. -1 l 

cr =.0.11 km ; k = 0.48 db km-

. Values of k have been added, using equation (4) .. Attenuations 

commonly measured with snow falling over the 7l-m path have been of 

the order of 10 db km-l • Thus in the observation of variations in 

time of attenuation by snowfall, the effects of changes of air density 

and light haze safely may be neglected. 

It remains to examine the effects of heavier urban haze and 

fog. For liquid droplets and dilute solution droplets involving 



-6-

hygroscopie materials of the urban atmosphere it is satisfactory to 

assume that scattering is of much greater importance for attenuation 

of light than is absorption (see, for example, Fig. 14 of the article 

of stewart and.Hopfield, 1965). 

For light.pf wavelength 0.45 -p., a small haze droplet shows a 

. marked increase of scattering cross section as its size is increased 

through approximately 0.3 -p.. Stewart and Hopfield (1965), who quote 

from Van de Hulst (1957),. and Middleton (1952) discuss this effect 

of Mie scattering. General treatment of ITclear airu attenuation 

appears in Appendix 1. The important conclusion emerges that as the 

relative humidity of the atmosphere increases, the transmission in an 

urban atmosphere of light. of wavelength 0.45 -p. will decrease, ànd a 

marked' change is to re expected as the humidity passes'the 80% level, 

owing to the involvement of suddenly increased numbers of hygroscopie 

nuclei. (The simplifying assumption is made::in this treatment that 

particulat es and' inhomogeneities in droplets may be ignored.) The 

possibility.of using light Of higher wavelength is considered in chapter 5. 

The atmospheric effect described constituted the source of 

greatest uncertainty in interpretation of the experimental results with 

snowfall, ~nd probably is an inherent limitatîon in the measurement of 

snowfall by a transmissometer. 

In fog, typical drop-size spectra .ovel'lt'tp the size range of the 

transitional Mie scattering regime for vis~_ble light. Furthermore, 

fogs exhibit processes of evolution. Authoritative treatments of the 

resulting complexities of attenuation of light in fog are given by 

Arnillfet al (1957) and by Eldridge (1966). Since in general fog and snow 

do not occur simultaneously, nofurther discussion is attempted:here. 
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Attenuation by falling snow 

Snow particles have dimensions generally measurable in 

millimetres; they are large compared with a wavelength = 0.45 ~. 

For such particles, if effects of diffraction are ignored, the ratio 

of the area of the;wavefront acted upon by the particle to the area 

of the particle itself - the particle scattering area ratio - approximates 

to a value constant at 2 (see Middleton, 1952). Thus for snow 

particles of cross section (a) measured normal to the flux of light, 

at number density (N), the attenuation coefficient for snow may be 

expressed approximately as 0'" = (2aN). For the attenuation per:unit s 

path length due to falling snow we obtain from equation (4) the relation 

k = 4.34 (2aN) s ' 

The attenuation due to snowfall depends only on the product (aN)~ 

[With a number (q) of different types of snow crystals this product 

is rewritten in the fomi ~ a.i N~J 

The nature of the relationship bet1-Jeen the attenuation per unit 

path le~gth (k) and the rate (R) ,of accumulation of melted water: due 

to falling snow is examined in the following paragraphs, using these 

notations: -

Average particle projected cross-section a 

Particle mass. • • • m 

Droplet diameter to which particle will melt • • • D 

Particle fall velo city • . • • • • V 

Particle number density in the size range (a) to (a+da). Na 

Using the double hyphen to indicate a pr.oportionality rela-
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tionship, then w.i.. th c< and (3 as unknO'W!l indices, as sumptions as 

follows may be made: 

k 

R 

m -
V 

also m 

These may b~ reduced to give:-

k 

and R 

J~a N da o a 

s.<>.)m V N da 
o a 

aO< 

m{3. 
• 

D3 

(C'Oa N da 
Jo a 

It is seen that if there is an independent relationship.between 

k and R separately, then this will be linear; necessary for this is that 

0< ((3+ 1) == l 

. This condition is satisfied if 0< = l and (3 = 0; that is if the 

particle mass is proport:l.onal to the projected cross section,and if 

the fall velo city is constant~ 

Langleben (1954) found that for aggregate flakes 

v 

From above, 

v 

Tnus for aggregate flakes (3"; 0.1, and ((3 + 1)"'1. For perfectly 

spherical particles 0( = 3/2; for irregularly shapedcrystals falling' 

with their largest dimensions on the average lying more nearly in a 
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horizontal than in a vertical plane, it me.y be expected that 0«3/2, 

and perhaps that 0.::--1. Thus for a number of storms taken individuall.y, 

involving dry snow of various crystal types, it may be that k and R 

are related linearly; however, it is to be' expected that a general 

relationship should show considerable scatter about a linear 

regression line. These conclusions were confirmed by the experimental . 

results. 

Lillesaeter (1965), working from results obtained by Gunn and 

Marshall (1958) who measured diameters D to whichaggregate showflakes 

melteù (and thus their masses), obtained a set of theoretical values, 

his Table 2, relating attenuation per unit path length (k), with various 

rates (R). This table is reproduced in part below:-

R mmw hr-l 0.31 0.70 1.10 2.50 

k db km-l 8 13 18 23 

& db IDn-
1 ~ 26 16 19 9 

R nnnw hr-l 

The omission of diffraction effects from his considerations, 

Lillesaeter indicates, may 'have led to overestimation of the':'ratio k/R. 

When these four pairs·of values of k ~d Rare plotted on 

. logarithmic.paper, a straight line of slope 0.5 fits the points weIl. 

That is the attenuation per unit path length is proportional to RO. 5• 

This theoretical conclusion differs from the above, and further experi-

mental work as outlined in chapter 5 should be performed. 

For wet orrimed snow, the ratio of projected cross section 

to mass is mu ch smaller than for dry unrimed snow, and the parti cIe 

fall velocities are higher by a factor of about 2 (Fletcher, 1962, 
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page 276). Thus the ratio kiR is greatly reduced for wet or rimed 

snow, and measurements byLillesaeter and also by the author have 

confirmed this. 

Attenuation by rain 

Middleton (1952), on page 122, shows that for rain the 

extinction coefficient;, depending only upon the number (X) of drops 

falling on 1 cm2 each second, is given by 

Ci = 5 2 R . 

0.52 (X) 

(X) 

km.-l 

-1 cm 

This is valid where thé particle is of size sufficiently large for 

the particle scattering area ratio to take the constant value 2. 

This criterion is satisfied for rain. 

-2. -1 . 
Taking X = l cm sec fortypical raL~, k = 4.34 x 0.52 

or about 2 db km-l • ,Lillesaeter (1965) found att~luations of about 

0.25 (db ~-l)/(rnmw hr-l ), confirmed by the present author. This 

value is much smaller than :1:1 (db km-l)/(mmw hr -1), the attenuation 

encountered in snowfall during the course of this work, 
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3. Experimental Arrangements 

The transmissometer 

The transmissometer was set up on the campus of McGill 

University, between the otto Maass Chemistry Building and the 
., 

Macdonald Physics Building (see Fig. 1). The optical path measured 

71 ± 0.5 m in length, was about 20 m above the ground ançl was inclined 

downwafds from the transmitter at 30 53 t. The light travelled from 

SE to NW appro:ximately. The path was high enoughto be free of snow 

drifting from the ground. Snow drifting from the building roofs, and 

steam from a small chimney on the Chemistry Building, drifted through 

the beam on occasions, but produced on the recorded trace spikes of 

short duration, which were easily recognized and ignored in the. 

analyses. Posit:...ve identification of occasions of each type are 

illustrated in Appendix 3. 

The optical system is shown L'rl Fig. 2 and is similar to that 

USGG. by Lillesaeter (1965). The :i.ight source was·a stroboscope 

(General Radio Type 1531-A) - fed through a constant voltage transformer -

with a xenon arc discharge of dimensions approximately $ mm x 3 mm. 

The spectrum covered the. visible with a broaq maximum centred at about 

0.47 ~ (see Fig. 20, Appendix 2) .. The flash duration was 3 ~ec and 

the stroboscope was set to flash at 3.$ cycles sec-l (rather than 

exactly 4 cycles sec-l a sub-multiple of the AC mains frequency). 

A pulsed light source was chosen ta eliminate the variable effect of 

daylight that would have been encountered with the use of an other-

wise similar steady light source. 
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The transmitter consisted of the stroboscope source and a 

retlecting telescope of mirroraperture 10.4 cm and focal length 

1.14 m. (For simplicity a refracting telescope is shown in F~g. 2.) 
1 

A field lens of aperture 14.5 mm and focal length 30 mm imagèd the 

small dimension (3 mm) of the source near the objèctive. The geometry 

was such as to produce a nearly parallel transmitt..ed beam. The 

location of 14.5 .. mm diameter field lens establishèd the semi-angle of 

divergence of the beam at 0.340
• Thus the receiver,. of aperture 10.4 cm, 

intercepted only.a small fraction of the transmitted light .at the 

centre of the beam •. This arrangement was made sotl).at the signal 

would not be sensitive to small deflections origïnating nearor at 

the transmitter, as had been the case with Lillesaeter's experiment 

where the image of the transmitter field lens nearly matched the 

receiver aperture. 

The receiver, similar te the transmitter, consisted of a 

reflecting telescope that concentrated the incoming light on to the· 

cathode surface of a vacuum phototube (R.C.A. type lP39, with·S4 

response illustrated in Fig. 20). The optical system was such that 

about 16 nun2 of the ~50 nun2 semi-cylindrical surface of the photo

cathode was illUndnated. The 8 mm aperture of the receiver . field 

lens resulted in a field of view with semi-angle 0.190
• At the 

transmitter this corresponded to a circle of diruneter 50 cm, about 

\ 5 times the transmitter aperture. The front surface of the wooden , 
t , transmitter telescope box was painted fIat black to minimize scatter 

\ , of daylight into the receiver. 
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Filt.ers were inserted at the receiver field lens, a Kodak 

Wratten Gelatin i'ilter No. 47 with a peak of transmission at 0.44 ~ 

(Fig. 20), and also KodakWratten neutral density filters that were 

used to adjust th.e signal lev el and for calibration purposes (see 

Appendix 2). 

The output from the photo cathode was amplified and smoothed, 

and the signal recorded on two Esterline Angus Madel AW strip chart 

-1 . 
recorders, run normally at 3in hr • On occasions during one or two 

of the storms they were run at 3 in min-l for periods of 24 mins (see 

Appendix 3). The circuit (Fig. 2i) and further experimental details 

are described .in Appendix2. 

The instruments of McGill Observatory 

There were two tipping-bucket gauges? called for convenience 

"East" and ''West'' CDepartment of Transport standard M.S. e. pattern). 

Insulation and thermostat-controlled heaters had been added. The 

heating differed for the two gauges, but was designed to maintain the 

receiving funnel·surfaces at' a temperature a degree or two above oOe 

so as to melt incident snow •. The gauges t performance was variable in 

that the snow accumulations recorded by each differed (see Table 1" 

chapter 4). This was. chiefly because adj ustment s' towards optimum 

thermostat settings were being made during thë winter. That the 

adjustment was not ideal was evident on at leastone occasion when 

steam was seen rising from a receiving funnel. The heating undoubtedly 

led to evaporation losses, which were important at low rates ·of snowfall. 
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The effects of wind flow on the records of the tipping 

bucket gauges .and the Nipher gauge are not known. As is seeri from 

Fig. l, the wind shieiding was different for the two instruments. 

The Nipher shield was a solid curved shape, and an Alter shield 

consisting of a system of slats mounted on a circular frame protected 

each of the bucket gauges. 

From April 1966~ a precipitation sensor(No. 59$-2, Science 

Associates Inc.) has been in use at McGill. This was of great value 

in determining times at which snowfall began. Its performance was 

rather insensitive to times of cessation owing to residualquantities 

and blowing snow, and it did not give precise indications of start 

and finish times in cQnditions of very light intermittent snowfall. 
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1".. Results and Discussion 

The storm of 25thDecember 1966 

Among the snowstorms of the winter of 1966-7, that ofo 24th __ 0 

.1 

26th
O

December 1966 has been analysedin detail. This storm deposited 

at Montreal a total of about 33 nunw over 3~ hours. ~o, Moving eastwards 

,slowly the low centre passed close to the city. Storms of su ch 

magnitude occur but once or twice during the course of, a season, and 

generally result from the action of a blocking high pressure area located 

~àrth-eastwards 'of the precipitation zone, with t~e Westerlies displaced 

well south of the normal latitudes. (Andrews, 1967). 

Routin~ observations of ~ccumulated precipitation at McGill 

Observatory are made twice daily at 0900 and 1700~' hours. The storm 

was analysed in three components as follows! 2100 24th Dec -

0900 25th Dec; 0900-1700 25th Dec, and 1700-0330 26th Dec. The chart 

recorder trace for the first half of the storm, 2100 24th Dec -

0900 25th Dec, in which fell about 23 lI1lIll'J',is shown in Fig',3. 

Attenuation was measured upwards on the paper from the "base lineTf , 

which represented the signal level for zero snowfall density. It is 

seen that the attenuation varies markedly duringthis period, and that 

a useful' comparison may De made between attenuation and rat'e of snow-

fall, as indicated by the time separation of tips of the bucket gauge, 

marked along the bottom edges in Fig. 3. 'The record of the East 

tipping bucket gauge was used, as the recorded number of tips corres

pondedowell with the acctmulation in the Nipher gauge over the period; 

,the record of the West gauge was erratic. After 0900 25th December 

both the'tipping bucket gauges gave performances which seemed to be 
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not repres:entative of the snowfall, and only the total accumulation 

of snO'loJ" during the second half of the storm was considered. The 

division at 0900 25th December was convenient frpm a meteorological' 
1 

point of view, because at that time a minimum ofsnowfall rate 

occurred and afterwards the prevailing wind shifted from,NE 12 mph to 

W 18 mph, with the low centre at its closest to the Observatory at 

1230 hours. 

The first step in the analysis was to draw in the base 1iTI.e. 

Of assistance here was the record of the precipitation sensor, indi

cating,the times of ,the start and finish of the s~orm; As discussed 

in Chapter 2 and Appendix l, ,the position of this,: line is dependent 

on relative humidity. At the beginning of the stqrm the relative 

humidity was 6$%, and after ari hour of snowfall Ù was 85%. At the 

end of the storm it was 85%. The base line was drawn in as a straight 

line from its position at the ehd of the storm (90 divisions) back-

wards in time to 2200 24th December, an hour after the beginni.'I1g of 

the storm. The ends at 2100 and 2200 of the base li.'I1e were then 

joined together in accordance with,the growth of relative humidity 

between these times from 68% to 85%. This general procedure was 

followed for aIl the,storms analysed. 

Next, the mean attenuations for each consecutive five minute 

interval were tabulated, using a calibration curve such as that shown 

in Fig. 22, Appendix 2. From these, the mean attenuations over 

consecutive half-hour perio~s were ~alculated. Correspondingly, the 

number of bucket tips during the consecutive half hours were tabulated, 

-1 
and rates of precipitation in mIm" hr - obtained. After conversion of 
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the attenuations from db (7lm)-1 to db km-l the 24 pairs of values, 

thus obtained were plotted on logarithmic paper (Fig. 4). 

This diagram shows a considerable scatter of, the points. In 

examination of this scatter, new diagrams were produced using quarter-

hour rather than .. half-hour intervals, and also allowing for a 10-

minute lag in the performance of the tipping bucket gauge. No' 

reduction in the scatter was obtained. Further, a 91 point attenuation

rate scattergram was made for the 91 tips - each representing i mmw -

of the East gauge over the period. This again showed no improvement. 

Fig. 6 is a'comparison of accumulations. The 12 hours of the 

storm period are on the abscissa. The diagram was constructed in two 

steps. First, the mean attenuations (db km-l ) over consecutive 5 min 

intervals were added up to give a running total at any time of 

accumul~ted (db km-l ) 5 mins. The running total thus represented for 

any time the area,of the chart recorder paper between the base line 

and the curve'traced out up to that time by the chart recorder pen. 

It was plotted on a coiwenient ordinate scale, the final accumulation -

or total area under the attenuation CCL~e - being represented as the 

final value of accumulated (~b km-l ) hr. The slope of the curve thus 

drawn is at éL'1.y time a measure of the attenuation at that time. 

With this done, the ordinate scale interval obtained was 

divided into 91 equal parts to correspond with the 91 x i mmw 

accumulated by the East tipping buc.ket gauge, and each tip number and 

tip time were used to obtain an accQ~ulation curve of the precipitation 

recorded by the gauge. The,slope at any time of the second curve gives 
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the rate of precipitation at that ti~e. With perfect correspondence 

between attenuation and rate of precipitation the,two curves would 

coincide. 

It is seen from this curve that disparity exists at low rates 

at the beginning and end of the storm period, and that there are 

anomalies at 0645 and 0730. These two occasions are show.n up on Fig. 4 

by the wide separation of the points desig~ated 0645 and 0745. 

The scatter of the points on Fig. 4 is such that it is not 

justifiable to assign an index other than one to,the relation between 

attenuation and rate. Then assuming linearity thè accumulated 

22.75 rrunw m:s.y be divided irito the accumulated 291' (db km-l ) hr to 

obtain 12.8 (db km-l)/(rrunw hr-l ), or k'= 12.8 RI.? This linear 

relationship is drawn as a line of slope l in Fig'. 4. ' 

Noting the discrepancy at low rates, it is reasonable to ma~e 

a ,correction based on an ass~~ption that loss by evaporation oceurs from 

the receiving surface of the tipping bucket gauge. To make a correc

tion, the ratio of (k/R) was tabulated for ea,ch half-hour interval, 

and the minimUm value was divided into the maximum value of this 

ratio to obtain a numerical ffi'3asure of the extre)'lle of scatter about a 

linear regression line. Then denoting a constant rate of evaporation 

by E, various values of E were added to R and the process repeated 

with tabulations of (k/R+E). Thence was obtained an optimum value of 

E for a minimum of the extreme of scatter about a lL~ear regression 

line. This simple process yielded 0.38 mmw ~x-l as the evaporation 

rate. Figs. 5 and 7 shpw the result of this correction, corresponding 

1..d.th Figs. 4 and $,. It is seen that the accumulation curves correspond 
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much better, but the 0645 and 0730 anomalies remain. These are 

attributed to erratic behaviour of the gauge. The-accumulations now 

yield the linear relationship k = 10.6 Rl •O• 

It is reas9nable to question the validity of taking the eva

poration,as constant. To examine -the effect of variable evaporation 

rate, proportionality was assumed between evaporation rate and the 

product of the mean w.i.nd speed over hourly intervals and the vapour 

density difference between saturation at 273°K a.TI:d the ambient condi

tions. The latter quantity (Z) is plotted in convenient units against 

time in Fig. 8. -1 Denoting the evaporation E mmw hr as equal to 

(x Z), w.i.th xa constant; the tabulation procedure as outlined above . 

to obtain the minimum extreme of scatter about a linear regression 

line was again'performed, this time using (k)/(R + xZ) to obtain an 

optimum value of x. This procedure yielded, Figs. 9 and 11, With a 

, -1 
mean evaporation rate for the storm period of 0.49 mmw hr ,reaching 

. 1 
a maximum at 2245 of 0.63 mmw hr-. It is seenthat the scatter of 

points in Fig. 9 shows no j~provement, and the accumulation curves 

show a poorer correspondenc:e than does Fig. 7. The linear relation 

for this case was k = 10.'1 Rl. O. The lack of improvement in the accumulation 

diagram, together with the high evaporation rates obtained, suggested 

that perhaps the assumption of a constant,evaporation rate was best. 

Similar analysis of the two other major storms of the season, those 

of 29 December and 27th - 28th January confirmed this conclusion. 

The evaporation correction made a small difference to thB 

slope of the lines of best fit through the points in Figs. 4, 5 and 9. 

With no evaporation this li..l1e had slope slightly less than 1; with 
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the evaporation correction the slope became slightly greater than'l. 

However, the differences from slope 1 in aIl cases were small. 

Finally it was necessary to examine the effect of possible 

changes in position of the base line as this depended upon the 

presence of a haz'è gener&ted by the snowfall. As a first approx:ilna-

tion the component of the attenuation of the light due to this haze 

was modelled on the basis of relative humidity measurements made with 

the instruments of'the McGill Observatory. Fig. 19, Appendix 1: page 51, 

represents typical changes of attenuation in ITclear air" with changes 

of relative humidity. Taking the solid line labelled 25 Dec 1966 as 

representative of the storm period under consideration, an adjustment 

was applied 'additively to the half-hour mean values of attenuation (k) 

in db km-l • This adjustment was zero at 85% relative humidity, and 

the amount to be subtracted rose as the rèlative humidity rose above 

the 85% level during the storm. Thus from a tabulation of relative 

humidity at half-hour intervals a set of adjusted val~es of kwas 

obtained. A scattergram and' an accumulation diagram were obtained 

for which an optimum constan~ evaporation rate was found to be 0.33 

-1 ' mmw hr • These are Figs. 10 and 12. The accumulation diagram 

, showed poor correspondence between the two curvesj and yielded for a 

linear relationship k = 10.1 Rl •O• , From the scattergram it i8 seen 

that the line of best ,fit would have slope greater than 1. This was 

due to the marked effect that both the relative humidity adjustment 

and the application of the constant evaporation rate had on the low 

value points. 
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A relation between attenuation and rate of snowfall 

From the analysis of the storm of 25th December it is possible 

to say only that the relation between attenuation (k db km-l ) and 

rate (R mmw hr-l ) is approximately linear. The constant of propor-

tionality between k and R was sensitive to the correction for eva-

poration, changing the value of 12.8 for the original data, to 10.6,' 

Similar changes were found in detailed analyses of other storms. For 

aIl the winters l storms the value of 11.0 was chosen as be:i.ng reasonable 

and representative, and the relation k = 11.0 Rl •O was used to calculate 

accumulations of rrnnw for most of the storms which',were compared with 

the raw data taken at Mc Gill Observatory.' These results are presented 

in the next section, and the good agreements obtâined give confidence 

that k = li.O RI. 0 is a reasonable average relation to use throughout 

a season. 

Regarding scatter of th~ points on the p~ots of k against R 

fOl' 25th December, it is notable that the scatter remained but, little 

~ffected by the evaporàtion correction, and that the degree of scatter 

was not sensitive to small changes in the value assumed for the 

evaporation rate. The rather crude method used to determine the 

optimum was dominated by the three points representing 0745, 0645 and 

0515, which gave the extremes of scatter. 

Figure 13 is to show how the scatter of points obtainèd from 

the storm of 25th December (Fig. 4) corresponds with that of points 

similarly obtained from the other major storms of the season. The 

data are unmodified; there is no evaporation correction involved in 

this diagram. Six storms are represented, which deposited about 83 mmw 
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over about 50 hours. The scatter is similar for all the days, and the 

points are grouped about~:line of slope 1. All but 3 of the 

approximately 100 points lie within a factor ±2 of the relation 

k = 11.0 Rl •O, and about 75 of thehundred lie within a factor ±1.5 • 

. , 
The snowfall of the Irinter 1966-67 

Table l displays information on most of the winter' s snowfall, 

160 mmW which fell over a total period of 200 hours. The remaining 

36 rnmw, which fell over 151 hours, are not treated, principally 

because of the low ~ates, very small attenuations; involved; there 

was one occasion involving 5.75 mmw falling over a 10-hour period on 

which the transmissometer was malfunctioning. It was difficult to 

obtain valuable results on snow falling at low rates of accumulation 

because of the sensitivity of the measured attenuations to positioning 

of the base line. 

Column 3 of Table l shows the calculated'values of acc~ulated 

(db (7lm)-1 5 mins) over eachstorm of date shown in·column 1. With 

k = 11 Rl. O it is possible tocalculate amounts of accumulated water. 

In units of inches of melted-water these amounts appear in column 4. 

'l'he conversion factor was 0.00420. The unit~ (inches of melted water) 

are used for direct comparison with the values read at Mc Gill 

Observatory from the gauges, columns5 to 9. Colwa~s 6 and 8 refer 

to the numbers of tips of 'respectively the "East" and ''West'' tipping 

bucket gauges, and colurrL~s 5 and 7 to the water catches in the con-

tainers beneath the buckets of these gauges. Column 9 represents the 

melted catch of the simple unheated open Nipher gauge cano Each 
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Date Duration db(7lm)-~ from1kQ Ecan E tips Wcan W tips Nipher New Snow Wind Notes 
hours 5 mins 11 R • 

rnches of water 
rnches Maxima 

1--

1.12 7.75 39.5 .17 .10 .07 .09 .07 .11 1.7 NW6 
25.12 12 252 1.08 .91 .91 .63 .95 10 NE 15 

8 125 . .53 .11 .12 .24 4.5 N 20 
10.58 83 .35 .12 .13 .9 W 20 

29.12 15.83 211 ·,90 .92 .89 .88· 1.05 10 S 10 
6.75 31 .13 .03 .03 .08 1 Vi 9 

7.1 3.75 36 .15 .16 .18 .14 .21 1.5 NE9 Some ice or 
rain 

12.1 10.5 51.5 .22 .13 ;14 .12 .20 3.2 SI'T 10 
17.1 3.17 14.5 .06 .04 :07 .04 .06 .7 SN 7 
27.1 18.17 182 .78 .75 .73 .84 .97 1.09 

.. 

5.5 . NE 13 Some ice 1 
VJ 

+ drizzle 'î 
28.1 6.33 .37 .29· .38 NE 14 
4.2 8.5 49 .21 .08 .07 .11 .12 .16 1.8 SN 7 

11.2 3.:33 26 .11 .03 .02 .05 SN 14 and Mf 14 
15.2 16.67 75 .32· .42 .46 .40 .47 .69 2.5 NE 13 Mixed pptn. 
20.2 14.:33 61 .26 .21 .• 20 .22 .25 038 3.0 NEll 
27.2 21 128 .55 .21 .23 .27 .28 .42 3.8 SN 7 and NVl 10 

5.3 8 11 .05 .02 .03 .03 .03 .07 NE6 
13.3 9.5 75 • 32 .• 16· .17 .155 ~16 '·.2]"· 'S\f 5 Mixed pptn . 

19.3 6.3:3 11 .05 .03 W 10 
21.3 11.33 57 .24 .05 .05 .06 .05 .15 2.0 SU 
7.4 4.58 14 .06 .04 .03 .06 .06 .07 NE 10 

1 
.6.9111 6.37" 

1 TABlE 1 
' .... ; 
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colurnn shows accumulations reported to the nearest hundredth of an 

inch. With the instruments performing perfectly, aIl 1...:e values of 

colurnns 5 to 9 would read the same amount on any'one occasion. It is 

seen that the instrumentation is not perfect, that there must be con-

siderable doubt as to total accumulations. The Nipher gauge ~ccumu-

lation is in nearly aIl cases greater than the other amounts reported. 

Column 10 is a record of new snow that acèumulated on a 10 cm x 10 cm 

plastic marker placed on the old snow surface at a site near that of 

the other instruments. This depth was measured by inserting a thin 

plastic ruler and reading to the nearest tenth of an inch. 

Figs. 14 and 15 show logarithmic plots of values of calculated 

amounts per storm using k = Il. 0 RI. 0 (colmnn 4) versus amounts in the 

Nipher gauge (column 9), and new snow depth (column 10) respectively. 

These figures give an indication of how useful the transmissometer may 

be in evaluating total snowfalliquantities. In general, the analyses 

followed the procedure outlined in the description for the storm of 

25th December - the second and third periods of this' storm as weIl as 

the first being here included. 

Fig. 14, a comparison of values calculated according té the 

relation k = Il Rl •O with Nipher gauge accumulations represents 150 mmw 

of melted snow. Slightly more than half the points lie above the one 

to one relationship line. This indicates that either the attenuation 

measurements were giving values that were too high, or that the Nipher 

gauge tended to collect too li ttle. The first part of the 25th 

December storm yielded the largest calculated accumulation and the 

poi.'1.t representing it lies close to the one to one line. The second 
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and third parts of the 25th December storm yielded points outside a 

factor two limit, and so did the storm of Ilth February. In the 

former case the wind was very strong. (18 mph) and from the west. In 

aIl other cases the wind was either from .the east or northeast, or 

was light if from the west or southwest. It is reasoned that the 

anomalous points from 25th December result either from a reduced 

catch in the gauges, or to re-c±rculating snow from ground or roof 

surfaces resulting in ~omalously high attenuations. The chart 

recorder trace showed considerable high frequency variations in the 

later periods of the 25th December storm; this lends support to the 

latter conclusion. The storm of Ilth February was especially short 

and intermittent, with a narrow peak of attenuation reaching a , 

maximum of 8.5 db occurring over a period of about ten minutes. The 

calculated accumulation probably is not more than 15% in error; 

perhaps the different locations of the optical path and the gauges were 

of importance here, though the horizontal distance was only about 50 m. 
1 

Fig. 15 is the. comparison betwe:en accumulations calculated on 

the basis of k = Il Rl •O and the estimates of new snowmeasured~ from 

the plastic marker (expressed in cm). The depth estimates were: available 

for only 15 of the 20 storm periods, those shown by solid symbols on 

Fig. 14. 130 cm or 4 feet of snow are represented. 

The points are grouped much more closely about the one to one 

line. Only one point lies outside the factor ±1.5 limits: that for 

the tbird part of the 25th December storm is probably in error due to 

snow being blown awayfrom the measuring marker. 

~-..,.....,..---~~-~-----.--_._------_._-------------------------------
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Involved in four of the storms were small quantities of ice 

pellets or freezing drizzle. These storms are represented by triangles. 

The ice or rain had little effect on·the attenuation and the depth of 
1 

snow on the ground, but did contribute significantly to the total 

accumulated in the Nipher gauge. 

It is interesting to note that the correspondence between the 

calculated accumulations and the depths of new snow is significantly 

better than when the Nipher gauge accumulation of· melted water is 

compared. Here is evidence of the importance of crystal type. It may. 

be conc~uded that there is response in theoptical link both to the 

quantity of water that a snowfall 'represents, and to the crystai type 

of the' snow. The greater degree. of scatter in Fig. 14 as opposed to 

Fig. 15 can be attributed to variations in density from storm to storm, 

the storms with snow of lower than average density tending to lie 

above this line, and of higher than average density below. Large 

aggregate crystals which pack on the ground at a lowdensity give 

relatively large attenuation per unit mass compared with small single 

crystals which pack with higher densities. 

Beam Geometry 

As described in the- 'previous section, an average relation 
.. l 0 

between attenuation and snowfall rate was found to be k = 11.0 R •• 

Lillesaeter (1965), working'with similar equipment, obtained the 

relation k = 18.0 Rl •O• This was based on 10 storms involving a total 

of 27.5 nnnw. Fig. 1.4 is based on 20 storm periods involving about 

160 mmw as acc~~ulated in the Nipher gauge. 
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Apart from the difference in path length, 123 m as opposed to 

71 m, the only other major difference was in the beam geometry. Using 

the section shown in Fig. 16, the 'beam volume may be calculated as 

follows. 

Let L be.the path length, D be the aperture, the same at ' 

transmitter and receiver, 0( and ~ be the semi-angles of divergence 

of the transmitted beam and the receiver field ofview respectively, 

and CD + 2t) be the maximum diameter of the sampled volume, as shown. 

Let VB be the volume of the cylindrical beam, and V C be that of the 

excess volume defined on the outside by the conical surfaces of the 

transmitted beam and receiver field of view.' Particles within 

volume VB contribute only to attenuation ~f the light; particles 

within volume Vc on the other hand are positioned such that scattering 

of light towards the receiver is possible, so that attenuation is 

diminished. 

It may be shown that 

VB + V C = J./3 rr/4 1/2 Cl/o< + 1/f3) [CD + 2t)3 - D
3J 

= 1/3 rr/4 1/2 (1!c< + l/~) 2tC3D2 + 6Dt + 4t2) 

and that 

,VB = rr/4 (1/.,... + 1/(3 ) tD2• 

Thus 

t is given by 

L = t (l/ex" + 1/{3 ) 
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and so VB and V C are c~lculated 'easily. 

o ~ 0 In Lillesaeter!scase L = 123 m, 0< = 0.05, ,..,. = 0.25 and 

D 10.4 cms. With t = 9~0 oms VB = 1.0 m3 and V C '"'" 2.8 rrP. 
In the present case L = 71 m, 0< = 0.37°, f3 = 0.190 and 

D 
3 ' 3 10.4 cms. With t = 15.5 oms VB ~ 0.6 m and Vc "-' 3.5 m • 

(Inth~ case of the transmissometer at Dorval, considered in 

Appendix 4, L = 185 m, 0<''''''' 45° Clic< rv 0), (3,..." 0.0650 and at the 

maximum D = 10.2 cm. This gi ves that V B "'" 1. 5 rrP', and V C "" 14 m3.) 

The chief difference between Lillesaeter!s and the present 
. , 

arrangementlay in the difference between the path lengths and thus 

VB• Scattering into the receiver from snow within the volumes Vc 
proh'9.bly was of similar magnitude in the two cases. The agr6em.ênt 

between the pres6nt transmissometer and that of Dorval was good (see 

Appendix .4) and the Dorval instrument sampling volume V B was larger 

than that of Lillesaeterls arrangement. Lillesaeter (1965a) reported 

an effe~t of thermal eddies on hisnarrow transmitted beam, amounting 

to a loss of the order,of 4 db km-l in the most ~avourable circum

stances (see bis Appendix Al), and this effect might have been 

responsible for the higher attenuations that he obtained on snoWstorm 

occasions. 

To examine the possibility of scattering oflight by snow into ' 

the'receiver, movies of the light source as seen from the receiver 

were made in various circumstances: in clear air, in smoggy air, and 

when light powder snow was falling at about 1 mmw hr -1. The camera. 

was held in the same position on each occasion within and near the 

periphery of the light beam. Several 3~ sec flashes were recorded on 

~-~-, -,-~'~~-.......,..---
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a number of fr.ames of the film. These f~~es did not differ signi-

ficantly in the distributions of recorded light intensity, and it is 

concluded tentatively that positive contributions of light scattered 

by snow are not important. 

Experimental errors in analysis of the transmissometer records 

The possible systematic error in positioning of the base line, 

or the zero error, considered in·the analysis of the storm period of 

24-25th December in chapter 4, may he. stated as approximately between 

-4·, and +2 db km-l, leading more probably to overestimation than under;': 

estimation. This error is poorly known and' may have varied systematically 

in many of the storms analysed. It was always zero at the beginriings 

and ends of storm periods. 

The process of calibration, of deriving and reading calibra

tion curves such as Fig. 22,led to uncertainties of approximately' 

±6% for aIl attenuations; the uncertainty of reading the recorded 

signal from the chart paper was about ±5%. (The inherent noise in the 

signal, with adjustment for the 71 m path length, amounted to approxi

mately ±a.3 db km-l in normal conditions). 

Error due to .smoke plumes drift;ing acr?ss the path, and inter

mittent blowing snow, which pr9duced spikes of high attenuation on the 

recorded trace (see Appendix 3) were not thought to be significànt. 

Error due to an appreciable time constant of the response. of the. 

instrument will arise only if sharp pulses of increased or reduced 

snowfall rate, superimposed on a steady condition, occur with an 

assymetry between the rate of growth and the 'rate of decay. For 

instance snowfall occurring with pulses of high rate having a sharp 

---------_.-.--~.-._--------
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rise in time and a slow decay will be under-read by the optical 

apparatusif it has a slow response. On the other hand a very fast 

response would lead to a very noisy trace with a greater reading error. 

In this case error incurred as a result of the approximately 10-second 

response time constant was ignored. 

The possible random error thus amounted.to ±ll%. This means 

that the scatter LD plots such as Fig. 4 of attenuation against rate 

is due not only to errors in measuring attenuations. The scatter 

should be attributed chiefly to the tipping bucketgauge operation. 

A time interval was necessary for melting incoming snow, leading to a 

(variable) time lag of the gauge!s operation; this was almost certainly 

important, though a simple correction for the effect did not reduce the 

scat ter. A part of the scatter must be due to variations in the nature 

of the snow. 
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5. Conclusions 

Attenuation of a beam of light can provide a useful contL~uous 

record of falling snOlv-, with much better time resolution tha..~ is 

available with any standard snowfall measuring device such as a 

tipping bucket gauge. It can provide data on rates even when the 

wind is such as to make surface measurements unreliable. 

Attenuation appears to be proportional to sno1'lfall rate though 

the scatter in the rates used for calibration .. 1v1Îich came from a heated 

tipping bucket gauge, was such that a departure from proportionality. 

could not have been detected. 

The constant of proportionality was found' to be 11 so that 

the attenuation in db/km was gi ven by k = 11 Rl. 0 1vhere R is in mm1v br -1. 

Lillesaeter (1965) found a value 18rather than 11 for this consta..~t. 

His higher value can be explained in large part by·the effect of 

thermal fluctuations on his narrow transmitted beam. 

The relation k = 11 Rl •O provides good esti~ates of the total 

depth per storm' of snow on the grolmd. For ,12 storms comprising 130 cms 

of snow, the estimated depths all lay ~Qtpifr'± a factor 1.5 of the 

measured depth. 

The choice of a path length of 71 m yie1ded a maxLùum attenua-

tion due to snowfa11 of 8.5 db on Ilth February 1967: tlüs was equiva-

-1 . -1 
lent to 120 db km or nearly 11 mmw hr occurring over a period of 

less than a minute. A greater path length ,,'Ould have mea..'1t. greater 

attenuation for a given snowfall rate, and an u .. :.satisfacto!'""j" i.~preci-

sion in measuring high rates, with the exLstL~g dyna...~c ra..~ge. The 

calibration characteristic was such ê.S to give increasing2-y better 

-----------:;",. ~,,,..; -------
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resolution at the lower rates, which predom:Lnate: 50% of aIl hours of 

snol'lfall at Montreal involve rates less than 0.38 mmw hr-l (equivalent 

to about 4.2 db km-l ) and 20% of aIl hours involve rates less than 0.1 

mmw hr -1 (1.1 db km -1) (Gtinn" 1965). Half of the total snow am01..Ll1t 

appears at rates less than 1.2 IDmw hr-l (13.2 db km-l ). 

There was a disturbing effect of the flow of wind around the 

tippLng bucket gauges and the Nipher gauge on the groQl1d. The Nipher 

gauge consistent~ recorded greater accumulations, than the bucket 

gauges. This can be accoQnted for by the evaporation from' the receivi.-ng 

surfaces of the latter, were heated to melt the incom:Ll1g snow. 'The 

rates of evaporation, indirect~ estimated to·be of the order of 0.3 

mmw hr-l , probab~ were as inconsistent as the wind. In addition to 

this, probably there was an effect of the flow of wind around the 

structures of the gauges on the areal distribution of the snowfall 

aroQl1d the gauge apertures. Th~'Nipher shield was thought to be 

Ll1ferior to the slat (Alter) shielding around the bucket gauges (Fig. 1). 

It is poss:i,blethat correlations could be found betl-reen for 

instance noise on the recorded trace and mean wind speeds and bet'\-reen 

'the variability of rate in time and the prevailing vrind vector, 

a~ong other possibilities, but such effects have not been investigated. 

Greatest difficUlty in the al1alyses arose from variations of 

the signal with relative humidity. Besides the like~ ~~precision in 

measuring attenuation, it was necessar,i to wait Qntil snowing stopped 

before measurements could be made, so that a base line, or zero 

attenuation datU,ln, could be drmm in. Perhaps a rearral1gement tO"!Jards 

a dominant wavelength of 0.75 1-1- corresponding' to the SI response 



o 

-43-

characteristic of a photo-emissive tube would reduce these problems. 

It is at radii of about 0.5 ~ and greater that solution droplets would 

begin to scatter strongly at this wavelength. As the ,relative humidity 

passes the critical 80% level the jl~crease in the n~~ber of droplets 

present in the air at this size, and thus the increase in light scatter-

ing, might not be very great. Among the hygroscopie nuclei, only 

those of masses of the order of 10~12.7 grams could be involved, (see 

Fig. 17, Appendix 1) and. such large nuclei probably are relatively 

rare. The emission of the General Radio stroboscope intermittent 

light source (see Fig. 20) used in the present work might be sufficient 

at 0.75 ~ for operation with the existing optical arrangement. With 

a tungsten lamp and a dominant wavelength in the infra-red, which 

would be best, probably there would be problems duetto heating. The 

latter possibility was rejected in the present work, when the tr~~s-

mitter design was under consideration; on the grounds of difficulty 

in obtaining a nearly parallel beam without gross heating effects. 

Authoritative work on attenuation of light in haze and fogs 

is discussed by Arnulf et al (1957) and Eldridge (1966), as mentioneQ 

in chapter 2. Eldridge quotes an empirical formula relatL~g visual 

range (V) km and liquid .rater content (w) gm in-3; the latter computed 

from the drop-size distribution L~ the radius range 0.3 to 10 ~. 

This relation is V = 0.024 ,,,-0.65. If a simple method could be 

dev:l .. sed for obtaining values of w during the course of a snowstorm it 

might be possible to introduce a useful method of correctL~g for 

snow-L~duc.ed haze. 

(} 
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With the optical instrument described in this report, an 

evaluation of a critical sampling volume might be obtained by varying 

the transmitter and receiver apertures. The time constant of the 

response could be'adjusted also,though thi:s was thought to be weIl 

chosen from the ~oint of view of signal noise during the season of 

measurement. 

It is conceivable that valuable information could be derived 

from adjustment of the ppsition and orientation of the receiver. 

The time involved in maintaini.1J.g the transmssometer in con-

tinuous operation amounted to several hours per week. This was spent 

chiefly in weekly calibrations and, in testing and replacing electronic 

components when the trace exhibited excessive noise or other peculiari-

ties. The stroboscope bulb was changed three times dùring the season 
"j-

of measurement, with accompanying changes{permanent filters au the 

receiver. The optical alignment remained satisfactory throughout the 

period of measurement, no change being detected. It was necessary 

to recharge the chart recorders with paper and ink at intervals of 

about ten days. 

One final suggestion is made towards a more sophisticated system: 

a comparative method might be used, in which the photocell would IfseeTt 

light coming alternately from the source dire'ctly, and from the path. The 

transmitter and receiver would be one unit, and the remote end of the path 

would be defined by a three-cornered mirror. The effects of browning over 

of the stroboscope bulb, and more i.'1lporte.nt the change in characteristics 

of the amplifier tubes, then \.;ould be eli.rn:L1J.ated. The problem of attenue.-

tion due to haze would be une.ffected by such redesign, however, and the 

greater complexity probably would introduce new disadvantages. 

·~~--·-··_····-·,----:---c--------------
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Apuendix 1. Attenuat-i on -in ITclear "air!! 

Theor,v of atmospheric solution droplets 

Mason (1962), P20, Eq. 2.2, quotes a formula for the descrip

tion of equilibrium conditions for a solution droplet of radius (r) 

involving a nucl~us mass (m) of dissolved salt of molecular weight 

(Ml)' With an atmosphere of relative humidity (R H)%, assuming 

validity of Raoultls Law, the condition for equilibrium of the 

droplet is given by:-

x 
( 

8.6 m) 
1- -3-

Mlr 
(5) 

where M is the molecular weight of water, PL is the densityofwater, 

"" 0 t is the surface tension at temperature T K and R is the universal 

gas constant. Taking T = 273 0 K, and expressing m logarithmically as 

10-n grams, equation (5) may be reduced to 

R H = 100 x 

1'l"here Cr) is in microns. 

8.6 

M ,..3 
r 

(6) 

The limiting nucleus mass (n') of salt of solubility Cp) gra~s 

per 100 cc. of water at T = 273°K, capable of forming at saturation a 

solution droplet of radius (r)1l, is given by:-

------------ = ---- (7) 
3 100 p 

or 

(14-n/) loglO 4.2p + J loglO r 
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Fig. 17 illustrates the equilibrium conditions for solution 

droplets at radius values of O.l~, 0.3~ and 0.5~, in the area of 

transition from Rayleigh to Mie for scattering cross-section. Three 

groups of curves are shown for the following hygroscopie nucleus 

substances which may be expected in an urban atmosphere:-

Substance Molecular Weight (Ml) Solubility (p) at 273°K 

HCl 36.47 82.3 grs per 100 cc of water 

NH
4
Cl 53.50 29.4 

NaCl 58.45 35.7 

HN0
3 

63.02 Unspecified 

H2S0
4 

98.08 Unspecified 

(NH4)2S04 132.15 70.6 

The specifications quoted may be found in the H~~dbook of Chemistry 

and Physics (43rd edition). The curves are derived from equation (6), 

with extents limited by the solubility consideration described by 

equation (7). 

From these curves it is clear that the nucleus. subst~~ces 

NaCl, (NH4)2S04 and ~H4Cl are not effective in the production of solu

tion droplets of radius about 0.3~ until the relative humidity of the 

atmosphere has risen to above about 80%. 

Further, it may be seen that a given hygroscopie nucleus, that 

is, a certain mass of a certain substance, will tend to come to equili-

brium as a solution droplet at a radius 'l'J'hich increases as the atmos-

pheric relative humidity increases. 

This presentation is merely an eÀ~ension of work discussed by 

Mason (1957 and 1962), Robinson (1962) ~~d others. 

= 
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Fig. 17 Equilibrillffi oi' solution drop1ets at radii 0.1 .• 0.3 and 0.5 ').1. 
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Variations of attenuation with relative humidity 

Fig. 18 represents about a weekls summer data on the effect 

of changes of relative humidity. Each po'int represents an hourly 

measurement so that each day is represented by 24 points. (A few 

anomalous points have been omitted.)· To produce Fig. 18, the sets of 

24 points for individual days first were plotted separately; t.hen these 

plots were superimposed, with displacement relative to one another 

along the abscissa attenuation scale to give the least scatter (by eye) 

of the points along this scale. This latter process is justified on 

the grounds that an· average bulb decay effect of about 0.05 db (7lm)-1 

per day was occurring (see Appendix 2). Further, the wat.er quantity 

present in the urban atmosphere and ·l".he dropl&t population varies from 

day to day. 

Around 80% relative humidity attenuation increases rapidly with 

increasing humidity (compare Mason, 1957, Fig. 22, which applies to a 

site on the coast of Ireland). The change is not sudden, as the 

deductions .of the previous sect,ion would imply. However, in sU-'mner-

time there is no heating of houses in the city and so the quantity of 

smoke in the atmosphere is relatively small (Summers, 1964); in these 

circumstances only small nu.rnbers of hygroscopic nuclei are to be expected. 

Below about 60% relative humidity an average curve for Fig. 18 

begins to take a negative slope~ This effect is encountered often in 

the summer. The low hu.rnidities generally are associated with sunshine 

in the middle hours of the day. It is likely that the recux'vature 

phenomenon is an effect of photochemical activity tending to increase 

the numbers of dilute acid solution droplets by processes of oxidation. 
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Fig. 17 indicates that such droplets can exist at low relative 

humidities. This conclusion finds support in work reported by 

Ahlquist and Charlson (1966). Th~ used an integrating nephelometer 

to measure hourly values of the scattering coefficient for light in a 

wavelength range from 0.41 ,to 0.56~' of small sample volumes of air 

taken on the campus of the University of WashL~gton, Seattle. Their 

curve representing the mean diurnal variation of the scattering 

coefficient for the period 19 July to 18 August 1966 shows a maximum 

of scattering at around 1100 P.DoT. The~r worst day for smog showed 

a ver-;l pronounced :maximum of scattering at 1100, accompa.~ied by a' 

peak N02 concentration of 0.16 ppm measured at the sa.~esite, and a 

concentration of, oxidant in downtown Seattle of 0.15 ppm. This is 

symptomatic of marked photochemical activity. Los Angeles is famous 

for this type of smog, and there is an implication here that summer

time Montreal smog is similar. ' The matter seems to merit further 

inquiry. 

Fig. 19 is a s~~thesis of representative data on the effect 

of relative humidity. The zones for the days ,in April 1967 were made 

up in a manner similar to that for August' 1966 (Fig. 18). The relative 

humidity scale has here been contracted so that the August data zone 

(horizontal hatching) appears more compressed thah in Fig. 18. The 

full circle points representindividual observations at several hours 

both before and after the snowstorm ,of 29 December 1966; these points 

are typical of most of the 'Irinter 1 s storms, though during the course 

of à storm'the relative humidity coœmonly rose towards 95%. The 

crosses and open circles app1y to the periods respectively before a.~d 

-----,,-. -.-_.-.,,~.,----~~---~------~----~------
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after the storm of 25th December. Again for this figure there has 

been sliding along the abscissa scale to fit together the data from 

the different times. 

There is evident a more marked increase of attenuation.with 

humidity·above about $0% than below this level, and it seems appro

priate to deduce from the material presented in the previous section 

that increased numbers of hygroscopic nuclei come into action when 

the humidity has passed ·the $0% leveI. 

The solid line has been drawn in on Fig. 19 to model approxi-

mately the behaviour of "clear air" attenuation during the Christmas 

storm, considered in chapter 4, and the abscissa scale in db km-l 

has been drawn to correspond with this work. In reality attenuation 

is likely to vary in time in a manner dependent upon the stateof 

evolution of the haze produced by the snowfall. The points on Fig. 19 

for 25th December show a wide dispersion between the situations before 

and after the storm. This might be explained by a cha~~e of air mass 

over the 30 hours of this storm, in which the ~-nd changed from 

North-east to West and was exceptibnally strong. 
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Appendix 2. Details of the experiment 

Fig. 20 illustrates the spectral correspondence between the 

light source, the photocathode and a filter placed in front of the 

photocathode. as a precautionary measure. 

For the purpose of reducing noise in the signal, after early 

trial experiments, the photoemissive cell was painted with electri-

cally conducting copper p~t (Walsco Electronics No. 37~02) so as to 

provide an electrostatic shield, which was earthed. A small apert'lU'e 

was left unpainted to allow ingress of the light. The use of a 

Co~netic magnetic shield was found.to be not of v~lue in reducing 

noise. 

The photoemissive .tube was operated at about 150 volts with a 

load resistance of l megohm so as to yield an approximately linear 

output. at lower attenuations. 

The output from the phototube unit was in the form of positive. 

pulses of about 4 volts generated at the cathode of one half of a 12 

AT 7 tube,.chosen for its comparatively low output impedance. This 

choice and the use of coaxial cable over the 2' distance between the 

phototube unit and the amplifier unit overcame capacitance shunting 

in the output cable • 

The pulses were passed through a variable gain voltage 

amplification stage, then a two-stage peak detector before the final 

peak reading circuit. 

The voltage at the cathode of the triode tube determined the 

DC current through both of the lk, lm.a. chart recorders. 

---_._ ......... _ .. 
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This system was found to operate well over long periods of 

time, the only difficulties arising from leaks developing in the 

tubes, and poor electrical contact developin.g wher~ the leads to the 

recorders were inserted in soc~ets in the amplifier chassis. 

After 5th January 1967 the llumber two re~orde~ (labelled 

.. "POLLUTION" on the circuit diagram, Fig. 21) was arranged to read 

attenuations greater than 3 db so that ~~gh attenuations could be 

read with greater accuracy. Prior to that date from 5th August 1966 

when recording began, this recorder was set up té read the low 

attenuations with high resolution, 1.0 db attenuation being sufficient 

to give a full scale deflection. This was for measurements of 

atmospheric pollution. Fig. 22 is a typical calibration curve. SI' 

refers to the number one recorder, labelled "SNOW" on Fig. 21, and 

S2 to the number two. The ordinate is scale divisions of the chart 

recorder paper and the abscissa is attenuation as introduced by 

placing Kodak Wratten neutral density filters L~tO the system at the 

receiver f~eld lens. These filters give attenuations within ±5% of 

their nominal values, according to·the manufacturer, and smooth 

curves were dra"WI1 through calibration points, sho"WI1 as cross es .' 

Infinite attenuation to give the asymptotes.wasobtained by covering 

the receiver aperture. It is seen that the SI curv~' shows high 

sensitivity at low attenuations, decreasing as the attenuation increases; 

and that the S2 curve gives a greater slope and thus higher sensiti

vit y at the high attenuations. lri practice the S2 signal was of 

value only in determining a peak rate on Ilth February 1967, of 

8.5 db (7lm)-1, or approximately Il mmw hr-l , occurring over afew 
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minutes. Such calibration operations were carried out at appro:x:i.mately 

weekly intervals during the season to guard against errors due to 

changes in the performance c.haracteristics of the instrument components. 

The bulb of the Stroboscope light source was found to brown 

over gradually, leading to a steady reduction of the signal of 1. Sdb 

-1 ~l month ,or 0.05 db day • In examination of the records of indivi-

dual storms, this effect was ignored. It was compensated by occasional 

alterations of the amplifier gain setting. The Stroboscope bulb was 

replaced 3 times during the season, and at these times the perwznent 

filters at the receiver field lens were adjusted. 

B,y inclusion in the receiver box of anjindependent Stroboscope 

source, it was possible to make tests of. the operation of the instru

ment with the effect of atmospheric changes excluded by blockirig the 

receiver aperture! These tests showed that in normal conditions the 

. trace remained steady within -:1::0.02 db. 

The effect of changes of temperature on operationat the 

receiver was tested by opening upboth end lids of the receiver box 

for a period of 10 minutes at night when the air temperature was. 

-14 oC. No discernible effe'ct was seen on the Sl recorder trace. 

Earlier lab?ratory tests of the equipment showed that it was insensi-

tive to temperature changes of a few degrees Centigrade. 

The speed of response of the chart recorder pens, after 
r 

instantaneous changes of theattenuation produced by insertion and 

removal of filters and blocking off of the receiver apert~e, is 

illustrated in Fig. 23 (Appendix 3). An approxiwate time constant of 

the instru!nent of 10 seconds was obt.ained. This was felt to be 

adequate time resolution for the snowfall observations. 
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Appendix 3. Effects on the recorded trace of smoke plumes and, 
drifting snow. 

Fig. 23 shows the 1ast 89 seconds of a 24-minute run made at 

3 ins min-1 on 15th Februar,y 1967. At the time the attenuation was 

about 9.3 db km -1 and snow was falling at about 1 mmw hr -1. On the 

right is the continuation at 3 in hr-l of normal recording. Over 

the 15 seconds around 2314 there is a conspicuous peak of attenuation, 

whichcorresponds with the numerous spikes seen at· 3 in hr-l • During 

the course of the 24 miÙute run, the times were recorded of when snow 

was blown from the roof of the,Physics Building across the optica1 

path, and when smoke (or steam) from the chimney of the otto Maass 

Chemistry Building dri~ted across' in the north-east wind. Fig. 24 

shows the environment.of the path. Examination of the recorded trace 

at 3 in min-l showed that the peaks of attenuation such as that of 

2314 could be attributed·to either type of obstruction. Thus the 

blowing snow and steam produced sharp spikes of high attenuation on 

the trace rather than a steady over-reading. In mea,suring attenua-

tions, therefore, the effect of these hazards was considered 

unimportant, as the ~piking .was easily re~ognizable and was ignored. 

Also plotted out on Fig. 23 are curves of response of the 

instrument from zero to :L.'"lfinity db (7lm)-1 ~d from fiveto infinity 

db (7lm)-1. It is notable that where the attenuation is increasing 

sharply the shape of the trace fol1ows that of the response curve. 

Thus the noise on the trace was dete!'l!D.ned by the time constant of 

response of the instrument, which was of the order of 10 seconds. 
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Fig. 23 Trace recording at 3 iil min~l on 15th February-1967 
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Fig. 24 The envirorilllent of the optica1 path 
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Fig. 24 The enviromnent of the optica1 path 
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Appendix 4. Comparison with the Department of Transport transmisso
meter at Dorval Airport 

The D.O.T. transmissometer was manufactured by the Crouse- . 

Hinds Company~ Syracuse l~ N.Y. Mounted on concrete bases about 5 m 

above ground level~ the transmitter and receiver were seI?arated by a 

185-m path. The transmitted light came from a tungsten.filamènt.sealed 
. . 

reflector lamp hav:Lng a wide angle beam~ and a refracting telescope 

was used to focus this steady light on to the' cathode surface of a .' '. 

photoemissive cell (Cetron Electronic Corporation type CE 75 V) hav

ing an Sl response with a peak of sensitivity in the.inf~a-red. The 

receiver aperture was varied upwards towards a maximum of 10.2 cm 

according to the light output. The receiver field of view was 0.130 

and the transmitter was situated North of the receiver~ so that the 

current due to skylight was negligible. The steady current through 

the phototube charged a capacitor until the voltage across its plates 

was sufficiently great to, trigger a thyratron tube~ whereupon the 

process repeated. The rate of fi:dng of the thyratron tube yielded 

a measure of the amoUL~t of light't~ansmitted. The principle of' 

operation involved thus differed from that of measurement of voltage 

pulses used in the ,work reported here. 

that the transmission of the atmosphere varied linearly with the signal 

. on the D.O. T. transmissometer trace. On this basis it was 'Oossible to , ~ 

compare attenuations recorded by each transmissometer at the sarne 

.time •. Fig. 28 shows corresponding recorded traces from Dorval and 

McGill for the 16 hours of the storm of 29th December,1966. The 
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.' variations on the trace are more prominent on the Dorval record because 

of the slIl8:11er dynamic range of that instrument. Over the, Christmas 

storm the Dorval instrument showed saturation with the snowfall rate 

-1 above about 3 mmw hr • 6 -1 Here the mean rate was 1. mmw hr • The 

larger fluctuations on the McGill trace probably were due to a shorter 

time const·ant. 

, Comparison of maxima and minima shows that the Dorval record 

lags the Mc Gill record on the average by 7 minutes. Taking account of 

this, half hour mean attenuations were compared, and ~9 points for 

the interval 0100 to 1530 were plotted to produce Fig. 2$". The separa

tion of the two instruments was about 9 miles, and the site locations 

were of different character; the McGill transmissometer path was about 

20 m above ground level in an urban environment, and the Dorval, instru-

ment path was a few metres above the surface of the airfield. The 

beam volume of the McGill instrument was about 4 ~ and that of the 

Dor'val instrument about 15 m3 (with the ~eceiver aperture at 10~2 cm). 

In view of ,these diffe~ences, it is seen that there is good agr~ement 

be.tween the two systems. 

The dominant wavelength for the Dorval instrument was about 

0.75~ (given by the Sl response curve), and it is to be expected that 

at this wavelength the effect of relative humidity will not be of as 

great importance as it is for th~ Mc Gill instrument (see chapter 5). 

On Fig. ,25 it is apparent that there is unexpectedly a lower attenua-

tion level at the end of the storm than at the beginning, about 2.0 

-1 -1 db km less; this contrasts with an increase of about 2.4 db km on 

the McGill record. It is thought that differences in light smog are 

responsible for this discrepancy. 
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