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ABSTRACT

A transmissometer hés been used.to provide a continuous record
with good time resolution of falliﬁg snow., The pulsed light, of
wavelength 0.45 12 traversed a path 71 m long about 20 m above éround
level. A total snow amount of 160 millimeters oflwatér was recorded
from 18 storms through tﬁe 1966-67 winter season. Attenuation by snow
was found to be proportional %o rate of snowfall, with:the constant
of proportionality 11 (db kmfl)/(mmw hr_l); A ﬁreﬁious expefiment
by Lillesaeter yielded 18 for this constant. His higher value is

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

- his narrower transmitted beam.

- Snow amounts pef storm deduced from attenuation records agreed
with amounts measured by staﬁaard instruments to within a factor 2.
_When depths on the ground were compargd, agreement was within-a factor
1.5, |
Observations on the variation of 'clear air” attepuation with

humidity are included in an appendix.
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ABSTRACT

A transmissometer has been used to_provide a continuous record
with good time resolution of falling snow. The pulsed light, of
wavelength O.45 11 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 propcrtiénal to rate of snowfall, with the.consﬁant
of proportionality 11 (db kmfl)/(mmw hr~l). A prévious éxperiment
by Iillesaeter yieided 18 fér this constant. .His higher value is
probably due in large part to the effect of thermal fluctuations on
his narrower transmitted beam..

Snow amounts per storm deduced from attenuvation 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 oﬁ the variation of "clear air".attenuation with

humidity are included in an appendix.
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1. Introduction

Current standard methods of measuring snowfall quantifies :
leave something to be desired. McGill Observatory is equipped.witﬁ
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 fest above the ground surface,
protected'by a surrounding Nipher wind screen. There_are two
Department of Transport tipping bucket rain gauges, also mounted at a
height of 6 feet. Insulation and thermostat—bontrblled heaters haﬁe
béen added to both of these gauges to maintain the receiving fummel
surfaces a few degrees above zero Centigrade so as'to rendef them
capable of measuring snéwfall‘rates. Around each has been fitted an
Alter wind shield. From April 1966 a precipitation éensor also has
been in use at the Observatory, designed to register the beginnings and
endings'of periods of.precipitation. | |

Even with this relatively sophisticated equipment there has

" remained doubt after the passége 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 inch), and also the distris

bution over the time period of the storm of the rate of accumulaticn.

The doubt is due chiefly to the unknown effect of wind flow éround the
instruments even with the shielding, and to the occurrence of evapora-
tion from the warm receiving surfaée of the tipping bucket gauges.

‘In the process of evolving improved methods for measuring
snowféll, 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 study of attenuatioh of light in a
nearly parallel beam two winters ago (1illesaeter 1965)._ Héwever, the
equipment came into opération only towards the end of the snow season,
and a total of only 49 mmw was recorded. The work described here has
been an aﬁplification and extension of that of Lillesaeter. Thé whole
wintér snowfall of 1966-67 was recorded, amounting to abou£'180 mw,
of which about 160 mmw was used for analysis. |

In Liilesaeter’s:experiment the light beam waé kept sufficiently
narrow that the receiver intercepted nearly all the light transmitted
over the 123 m path. This required gréat stability in the mounting of
the equipment. The light beam was transmitted from a heated room into
the cold winter air; the turbulence at the boundary lgd to fluctuations
in the position of the beam and so in the recorded signai.

The principal differences betweén Iillesaeterls eguipment and

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

- and the use of a light beam that was considerably broader at the

" receiver so that slight disturbances to alignment would not affect the

recorded signal.
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2. Theory of Attenuabion of Iight

General atmospheric conditions
A flux per unit cross section F of light energy travelling
along a path a short distance dx will be diminished br.attenuaﬁed
by an amount givéh by
&F = Fodx @
Here o~ is the attenuation coefficient, or extinction coefficient,
appropriaﬁe to the medium through which the lightfpasses. It may

be divided into séatﬁering and absorption components; arifhmetipaily

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

gives
F=F, exp(-ox) S (@)

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

level at zero distance is given by
lO-logIO(F/FO) = 24.3L0%x ‘f(3>

If attenuation is reckoned from zero at distance zerd upwards tbwards‘

~a positive value at the receiver of a transmissometer, the sign may

"be changed, and for the total effeét the followihg relation'may“be

written:—

k = 4.3k o : (4)
where k is the atbenuation per unit path length. It is seen that

for a fixed path length k depends only upon the attenuation coefficiént

for the medium.



Atmospheric attenuators of‘visible light ‘are air molecules,
x gaseous and particulate pollutants‘,' haze anc\l fog droplets, rain énd
| snow, with total atténuation coefficient components of relative
importance given inversely by the stated order, except that a rain -.
shower generally will produce a. émaller attenuation than a heavy haze‘
: . or a fog. X ‘ | )
For scattering of light of wavelength (\) by small particlévs' -
of dimhetef (D), three regimes may’bebdistingﬁished.. Where D is less
than X, Rayleigh scattering occurs. This appiiés.tq haze in ﬁhe’  |
o T atxﬁosphere. As’D becomes eq_ﬁél to N the azﬁou.ntr of light scé.'htered per
. particle‘;f;g;eas'es markedly. Th:Ls/ is described by the Mie jbhéofy of
- ~ scattering. Where D is greébe'r than N\ the field of g:eometr’icaltb s
shaddvm‘.ng has been reavched. o ‘ L
The light sourcé used had its peak intensity near 0.45 p,
Stewart and Hopfield (1965), quoting Deirmendjian (1962), give theoretical
values of the attenuation 'coeffigient for light of ;ravelengbh.o.ld B
traversing two types of ordinary light haze, as follows:- v o

i . Continental haze (2300 particles em> ) o =0.12 km—l; k = 0.52 db ™

I

Maritime haze (100 particles em™) o =.0.11 ku ~; k = 0.48 db ku ~

,Vélues of k have been added, using equation (4). Attenuations :
commonly measured with snow falling over the 71-m path have béen of

L

the order of 10 db km ~. Thus in the observation of variations in

time of attenuation by snowfall, the effects of changes of air density
i - and light haze safely may be neglected,
| . ' It remains to examine the effects of heavier urban haze and

fog. For liguid droplets and dilute solution droplets involving
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hygroscopic materials of the urban atmosphere iﬁ is satisfactory to

assume that scattering is of much greater importanée for attenuation

of light than is absorption (see, for example, Fig. 14 of the article
of Stewart and Hopfield, 1965). . -

For light of wavelength 0.45 f1, a small haze droplet shows a

~marked increase of scattering cross section as its size i1s increased

through approximately 0.3 1. Stewart and Hopfield (1965), who quote

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

of Mie scattéring. General treatment of "clear air' attenuation
appears in Appendix 1. The important conciusion emerges that as the
relative humidity of the atmospheré increases, the transmission in an
urban atmospheré of light of wavelength 0.45 f will décrease, dand a
marked change is to re expected as the huﬁidity passes'ihe 80% ievel,
owing to the involvement of suddenly increased numbers of hygroscopic

nuclei. (The simplifying assumption is maderin this treatment that

_particulatesand inhomogeneities in droplets may be ignored.) The

possibility .of using light of higher wavelength is considered}iﬁ chapter 5.

The atmdspheric effect described cénstitutéd the source of

greatest uncertainty in interpretation of the expérimental results with

snowfall, and probably is an inherent limitation in the measurement of

snowfall by a transmisscmeter.

In fog, typical drop-size spectra overlap the size range of the
transitional Mie scattering regime for visible light. Furthermbre;
fogs exhibit processes of evolution. Authoritatiﬁe treatments of the
resulting complexities of attenuation of light in fog are given by
Arndlf et al (1957) and by Eldridge (1966). Since in general fog and snow

do not occur simultaneously, no further discussion is attempted here,



Attenuation by falling snow

Snow particles have dimensions generally measurable in
millimetres; they are large compared with a wavelength = O0.45 1.
For such particles, if effects of'difﬁraction are ignored, the ratio
of the area of the wavefront acted upon by the particlenté 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 o = (2aN). For the attenuation per.unit

path length due to falliﬁg snow we obtain from equation (4) the relation
k, = 434 (2aN) .

The attenuation due to snowfall depeﬁds only on the product (aN).
[With a number (q) of different types of snow crystals this product
is rewritten in the form g‘ a; ,N;]

The nature of the relationship between the attenuation per unit
path lehgth‘(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 . . . .

Particle mass. « . « o« «

e o o e o s s s s+ s e'e s s e o oI

Droplet diameter to which particle willmelt . . . . . . . . D

Particle fall velocity . . . . .

P

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

Using the double hyphen to indicate a proportionality rela—
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tionship, then with oc and 3 as unknown indices, assumptions as

follows may be made:

k —_— —-—- ﬁ:a. N, da
.;R —_ | —_ j‘fm VN, da
m —_— — a®
v —_— — mB;
also m —_— —_— D3

These may be reduced to give:-

C G:)
k‘ _— La Na da
: @, oX(BH
and | R - — —_ J-oa( )Na da

It is seen that if there is an ind.ependen'b relationship between

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

< (B +1)=1

*This condition is satisfied if o = 1 and B = 0; bthat, is if the

" particle mass is proporﬁional to the projected cross section,,’an'd if

the fall velocity is constant.
Langleben (1954) found that for aggregate flakes

D0.33.. )

v —_— S
From above,

L3P

v - S

[y

Thus for aggregate flakes [3;\/ 0.1, and (B + 1)~.. TFor perfectiy
spherical particles o = 3/2;' for irregularly shaped crystals fzlling-

with their largest dimensions on the average lying more nearly in a’
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horizontal than in a vertical plane, it mezy be expectéd that e<3/2,
and perhaps that o<~1. Thus forva number of storms takeﬁ indiviaually,’
involving dry snow of various‘cnystal types, it may be that k and R

aré 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. . _

Iillesaeter (1965), wofking from results obtained by Gumn and
Marshall (1958) who measured diameters D to which aggregate showflakes
melted (and thus their masses), obtained a set of theoretical values,
his Table 2, relating attenuation per unit path lenéth (k), with various

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

R mmw hr T 0.31 0.70 1.10  2.50

k db ku - g 13 18 23
-1 - . '

k db km - :

e - 26 19 16 9

R mmw hr~L

The omission of diffraction effects from his considerations,
Lillesaeter indicates, may have led to overestimation of the:rratio k/R.

When these four pairs-of values of k and R are plotted on

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

That is the attenuation per unit path length is proportional to RO'5
This theoretical conclusion differs from the abové, and further experi-
mental work as outlined in chapter 5 should be performed.

For wet or rimed snow, the ratio of projected croés section
to mass is much smaller than for dry unrimed snow, and the particle

fall velocities are higher by a factor of about 2 (Fletcher, 1962,
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page 276). Thus the ratio k/R is greatly reduced for wet or rimed
snow, and measurements by Lillesaeter and also by the author have

confirmed this.

Atbenuation by rain
Middletqn (1952), on.page 122, shows that for rain the
extinction coefficient, depending only upon the number (X) of drops

falling on 1 cm? each second,‘is giveﬁ by

% (x) et

C.
R 5.2 10

0.52 (%) T

This is valid where the particle isjof size sufficiently‘large for
the particle scattering area ratio to take the conétant value 2.
This criterion is satisfied for rain.

Taking X = 1 ™2 sec™t for'typical rain, k = 4;3& x 0.52
or about 2 db kmfl. Lillesaeter (1965) found attenuations of about
0.25 (db ki Y)/(mmw hr™L), confirmed by the present author. This
value is much smaller tﬁan 11 (db kmfl)/(mmm hr_l), the attenuation

encountered in snowfall durihg the course of this work.



3. Experimental Arrangements

i The transmissometer

The transmissometer was set up on the campus Qf ‘MeGil1l
University, between the Otto Maass Chemistry Building and the
Macdonald Pl'wsic.; Building ‘(sc.ae Fig. 1). The optical path measured
71 # 0.5 m in length, was about 20 m above the ground and was inclined
'; downwaz"dé from the transmitter at 3053’. The. light t_ravelled from
SE to NW approximately. 'The path was high enough to be free of snow
drifting from the ground. Snow drifting from the 'building roofs, andA
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 easil,y recognized and ignored in the
analyses. Posit.ve identification of occasions 6f each type are
illustrated in Appendix 3.v |
\ . ~ The optical system. is sﬁown in Fig, 2 and is similér to that
! : " oused by Lillesaeter (1965). Tﬁe light source was.a stroboscope
'i (General Re;dio Type 1531-A) — fed *;hrough a constant voltage;trénSfomex; -

with a xenon arc discharge of dimensions approximately 8 mm x 3 mm.

The spectrum covered the visible with a broad maximum centred at about
" 0.47 p (see Fig, 20, Appendix 2) ‘The flash duréifbion was 3 psec and

the stroboscope was set to flash at 3.8 cycles sec:-'l (ra’oher than

exactly 4 cycles sec_l, a sub;multiple of the AC mains frequency). .

A pulsed light source was chosen to eliminate thé variable effect of

daylight that would have been encountered with the ﬁse of an other~

wise similar steady light source.
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The transmitter consisted of the stroboscdpe source and a
reflecting telescope of mirror aperture 10.4 cm and focal length

1.4 m. (For simplicity a refracting telescope is shown in Fig. 2.)

. /
A field lens of aperture 14.5 mm and focal length 30 mm imagéd the

small dimension (3 mm) of the source near the objeéctive. The geometry
~ was such as to produce a neariy parallel transmitped‘beam. The

location ofllh.5,mm diameter field lens established the semi-angle of

divergence of the beam at O.3h°. Thus the receivér, of aperture iO.A cm,
Intercepted only. a small fraction of thé tfansmitéed light at the
centre of the bea@. "This arrangémen£ was made so;fhat the signal
would not be sensitive to small deflections origiﬁatiﬁg nearvér at
the transmitter, as had beenAthe_caée with Iillesaeter!s expefiment
where the image of the transmiéter field lens neaély matched the
receiver aperture. |

The receiver, sbmilar to the transmitter, coﬂsisted/gf a
reflecting felescope that concentrated the»incoming light on to the’
cathode surface of a vécuum ﬁhototube (R.C.A. type 1P39, with S
response illusfrated in Fig. 20). The optical system was such that

about 16 mm® of the 150 i semi-cylindrical surface of the photo-

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

lens resulted in a field of view with semi-angle 0.19°. At the
transmitter this corresponded to a circle of diameter 50 cm, about

{ 5 times the transmitter aperture. The front surface of the wooden

o

transmitter telescope box was painted flat black to minimize scatter

< of daylight into the receiver.
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Filters were inserted a‘b. the receiver field lens, a Kodak

Wratten Gelatin filter No. 47 with a peak of transmission at 0O.4L p,
(Fig. 20), and aléo Kodak Wratten neutral density filters that were
used to adjust the signal level and for calibration purposes (see
Appendix 2). ;; | ‘

| The output from the pﬁotoca‘bhode was amplified and smoot.hed R
%' and the signal recorded on two Esterline Angus Model vastrip chart

; . * recorders, run normally at 3 in nr™l, On occasions during one or two
of.the storms they were run at .3 i_n min—l i"or periods of 24 mins_ (see
Appendix 3). The circuit (Fig. 21) and fﬁrther'experimental details

are described in Appendix 2.

The instruments of McGill Observatory

There were two'tipping—bucket gauges, calied .fof com}enience
"BEast" and "West" (Department of Transport standard M.S.C. pattern)..
Insulation and themostat—cor;frolled heaters had. been added. The
, . ' v heating differed for the two gauges, but was designed to maintain the
‘receiving funnel surfaces ét' a temperature a .degree or two above 0°C
so0 as to melt incident snow.. The .g.auges’ performance was variable in
| that the snow accumulations recorded by each différed (see Table 1,
| : éha.pter 4). . This was. chiefly because adjustmenté‘_towards optimum
thermostat settings were being made during the Mter. That the
adjustment was not ideal was evident on at least '6ne occasion when
steam was seen rising from a receiving fumel. The heating undoubtedly

i

| : led to evaporation losses, which were important at low rates of snowfall.
i . .

1

{
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The effects of Wind‘ flow on the records of the tipping :
bucket gauges and -'bh'e Nipher gauge ére not known. As j.s seen from
Fig. 1, the wind shielding was different for the ﬁwo instruments.

The Nipher shield was a solid curved shape, and an Alter shield.
consisting of a system of slats mounted on a circular frame protecfed
each of the bucket gaggesl.

~ From April 1966 , a precipitation sensor (No. 598-2, Science
Associates Inc.) has been in use at Mcdill. ‘This. was of great value
in detezmining times at which snowfall bega.h. Its performance .wés
rather insensitive to times .of éessaﬁion owing to residual quantities
and blowing snow, and it did not give precise indications of.sté.rt

and finish times in co‘ndition‘s of very light intermittent snowfall.
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J., Results and Discussion

The storm of 25th December 1966

Among the snowstorms of the winter of 1966—7, that of 24th —-

26th December 1966 has been ahalysed in detail. This storm deposited

‘at Montreal a total of about 33 mmw over 303 hours.*.Moving eastwards

.slowly the low centre passed close to the.city. Storms of such

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

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

‘ﬁbrth—eastwards‘of the precipitation zone, with the'WésterliQs displaced

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

Rouﬁine observations of éécumulated preciéitation at McGill
Observatory are made twice dally at 0900 and l7OO hours. The storm
was analysed in three components as fOllOWS‘ 2100 2hth Dec -

0900 25th Dec; 0900-1700 25th Dec, and 1700—0330 26th Dec. Thé chart
recorder trace for the first half of the storm, 2100 24th Dec -~ |
0900 25th Dec, in which fell about 23 mmw, is shown in Fig..B.:
Attenuation was measured upwards on the paper from‘tﬂe "hase line™,
which represented the signal level for zero snowfall density. It is
seen that the attenuaﬁion varies markedly during this period, and that
a useful comparison may bé made between attenuatipn and rate of snow-
fali, as indicated by the time separation of tips"of the buckef’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-

poﬁded.well with the accumulation 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 representative of the snowfall, and only the total accumulation
of snow during the second half of the storm was considered. The
division at 0900 25th December was convenient froﬁ a meteorological'
point of view, because at that time a minimum of ' snowfall raﬁe
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 énalysis was to dr;w in the base line.
of assisténce here was the reéord of the precipitétion sensor, indi~
cating the times of .the start and finish of the sﬁorm: As discussed
in Chapter 2 and Appendix 1, the position of this’ line is depéndent
on relative humidity. At the beginning of the storm the relative
humidity was 68%, and after an hour of snowfall it was 85%. A%t the
end of the storm it was 85%. The b;se line was drawn in as a straight
line from its position at the ehd of.the storm (90 divisioné) back-
wards in time to 2200 24th December, an hour after the beginning of
the storm., The ends at 2100 and 2200 of tﬁe-base‘line wére then
jbined together in accordance with the growth of relative humidity
between these times from 68% to 85%. Thié general procedure was
followed for all the.storms anaiysed. |

Next, the mean attenuations for each consecutive five minute
interval were tabulated, using a calibration curve such aé that shown
in Fig. 22, Appendix 2. From these, the mean attenuatioﬁs over

consecutive half-hour periods were calculated. Correspondingly, the
Y X Y LY s

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

s . -1 o . o
and rates of precipitation in mmw hr — obtained. After conversion of
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the attenuations from db (71m) % t6 db km © the 24 pairs of values-
thus obtained were plotted on logarithmic paper (Fig. 4).

This diagraﬁ shows a considerable scatter of the points. In
examination of this scatter, new diagrams were produced using quarter-—
hour réthér than.half-hour intervals, and also,aliowing for a 10-
miﬁute lag in the performance of the tipping bucket gauge. No-
reduction in the scatter was obtained. Further, a 91 point at£énuationi
rate scattergram was made for the 91 tips - each representing : mmw —‘
of the East gauge over the periéd. 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 kmfl) over consecutive 5 min
intervals were added up to give a running total at any tﬁne‘of
accumlated (b kmfl) 5 mins., The running totél 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 convenient ordinate scale, the final accumulation -

or total area under the atbenuation curve — being represented as the

) ~1
final value of accumulated (db ¥m ) hr. The slope of the curve thus

drawn is at any 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 % mmw
accumulated by the East tipping bucket gauge, and each tip number and
tip time were used to obtain an accumulatién curve of the precipitation

recorded by the gauge. The.slope at any time of the second curve giﬁes
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.

the rate of precipitation at thaf time. With perfebt correspondencé
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 periocd, and that there are
anomalies at 0645 and 0730. These two occasions are shown up on Fig. L

by the wide separation of tﬂe points designated 0645 and 0745,

The scatter of the points on Fig. 4 is sﬁéh thét it is not
justifiabié to assign an index other than one to;fhé relation between
atfenuation and rate. Then assuming linearity thé acéﬁmulatéd

; ' | 22.75 mmw may be divided into fhe accumulated 2917 (db kmfl) hr o
| obtain 12,8 (db lrY)/(mmw hrT), or k = 12.8 RO, This Llinear
relationship is drawn as a line of slope 1 in Fig. L. -
Noting the discrepancy at iow rates, it ié reasonable to make

a correction based on an_assumptién ﬁhat loss by evaporatioﬁ occurs from

the receiving'surfade of the tipping bucket gauge. To make a correc-—

tion, the ratio of (k/R) was tabulated for each half-hour intefval,
and the minimum value was divided into the maximum value of this

ratio to obtain a numerical measure of thé extreme of scatter about a

linear regression 1ine. 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 optimﬁm.value of

‘ E for a minimum of the extreme of scatter about a linear.regression
line. This simple process yielded 0,38 mmW'hr_l as the evaporation

; rate. Figs. 5 and 7 show the result of this corfection, corresponding

with Figs. 4 and 6. Tt 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

1.0

yield the linear relationship k = 10.6 R
It is redsqnable to question the validity of taking the eva~-
poration as constant. To examine the effect of variabie evaporation
rate, proportionality was assﬁmed between evaporation rate and the
product of the mean wind speed over hourly intervals and the vapour
density difference between saturation at 273°K and the émbient condi-
tions. The latter quantity (Z) is plotted in convenient wnits againét
time in Fig. é. Denoting the evaporation E mmw h:r'—'l as equal to
(x 2), with X a constant,; the tabulation proceduré aé outlinea above
to obtain the minimum extreme of scatﬁer gbout a linear regyession
line was again performed, this time using (k)/(R + ij to obfain an
optimum value of x. This procedure y;elded.Fiés. 9 and 11, with a

mean evaporation rate for the storm period of 0.49 mmw'hr—l, reaching
1 .

. a maximum at 2245 of 0.63 mmw hr—+. . Tt is seen thab the scatter of

points in Fig. 9 shows no improvement, and the accumulation curves

show a poorer correspondence than does Fig. 7. The linear relation

for this case was k = 10.1 Rl‘o, The lack of improvement in the accumulation

diagram, bogether with the high evaporation rétes.obtained, suggested

that perhaps the assumption of a constant»evaporaﬁion rate was best.
Similar analysis of the two other major storms of the season, those
of 29 December and 27th - 28th Janvary confirmed this conclusion.

The evaporation correction made a small difference to the
slope of the lines of best fit fhrough the points in Figs. 4, 5 and 9;

With no evaporation this line had slope slightly less than 1; with
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the evaporation correction the slope became slightly greater than 1.
However, the differences from slope 1 in all cases were small.

| Finally it was necessary to examine the effect bf possible
changes in position of the base 1ine as this depended gﬁon the
presence of a haze generated by the énéwféll. As a first approxima-
tion the component of the attenuation of the light due to this haze
was modelled on the basis of relative humidity meésurements made with
the instruments of'the MéGillvaservatory. Fig. 19, Appendix 1. page 51,
répresents typical changes of attenuation in "clear air" with changéé |
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 kmfl. This adjustment was zero at 85% relative humidity, and
the amount to be subtracted rose as:.the relative humidity rose above

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

* humidity at half-hour intervals a set of adjusted values of k was

obtained. A scattergram and an accumulation diagram were obtained
for which an optimum constant evapbration rate was found to be 0.33

mmw he L. These are Figs. 10 and 12. The accumulation diagram

- showed poor correspondence between the two curves; and yielded for a

linear relationship k = 10.1 Rl'o.‘ From the scattergram it iz seen

that the line of best f£il 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 analys1s of the storm of 25th December it is p0531ble
to say only that the relation between attenuation (k db km l) and
rate (R mmw hr T ) 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 criginal data, to 10.6.

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

all the winters! storms the valﬁe of 11.0 was chosen ae being reasonable
gnd representative, and the relation k = 11.0 Rl'o was used te calculate
aecumulations of W for most of the storms whichﬂwere compared with
the raw data taken at McGill Observatory.. These ?esults are presented
in the next section, and the good agreements obtdined give confidence

that k = 11.0 Rl'o is a reasonable average relation to use throughout

a season,
‘ Regarding scatter of the peints on the plots of k égainst R
for 25th December, it is notable that the seatter remained but. little
effected by the evaporation correction, and that the degree of ecatter
was not sensitive to small chéhgee in the value assumed for the
evaporation rate. The rather crude method used to determine the
optimum was dominatea by the three points representing 0745, 0645 and
0515, which gave the extremes of scatter.. .

Figure 13 is to show how the scatter of peints obtained from
the storm of 25th December (Fig. L) corresponds with that of points
similarly obtained from the other major storms of the season. The

data are unmodified; there is no evaporation correctlon 1nvolved in

‘this diagram. Six storms are represented, which dep051ted aboub 83 mmw
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over about 50 hours. The scatter is similar for all the days, and the
points are grouped about a:line of slope 1. All but 3 of the
approximately 100 points lie within a factor 2 of the relation

1.0

k = 11.0 B9, and about 75 of the hundred lie within a factor *1.5.

The snowfall of the winter 1966-67

Table 1 displays information on most of the winter!s.snowfall,
160 mmw which fell over a total period of 200 hours. The remaining
36 mmw, which fell over iEl hours, are not treated, principally
because of the low fates, very small attenuations; in&olved; there
was one occasion involving 5.75 mw falling over a 10-hour peribd on
which the transmissometer was malfunctioning. It.was difficult to
obtain valuable results on snow falling at low rates of accumnlétion
because of the sensitivity of the‘measured attenuations to positioning
of the base line.

Column 3 of Table 1 shows the calculated:values of accumulated.
(db ('ZJ_m)"l 5 mins) over each ‘storm of date shown in.column 1. JWith

x = 11 g4-0

it is possible ﬁo célculate amounts of accumulated water.
In units of inches of melted-water these amounts appear in column 4.

The conversion factor was 0.00420. The units (inches of melted water)

" are used for direct comparison with the values read at MeGill

Observatory from the gauges, colums 5 to 9. Colums 6 and & refer
to the numbers of tips of fespectively the "East"‘and "West!" tipping
bucket gauges, and columns 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 can. ZEach

-



) Accumtd Amount : McGill Observatory : - -
Date Duration db(71m)—l» i‘romlka- Ecan E tips Wecan W tips Nipher New Snow  Wind Notes
hours 5 mins 11 R Tnches Maxima
i Inches of water 1
1.12 7.75 39.5 .17 .10 .07 .09 .07 11 C1.7 W 6
25,12 12 252 1.08 : .91 .91 .63 .95 10 NE 15
8 125 .53 J11 .12 2L . L5 W 20
10.58 83 35 _ 12 .13 .9 W 20
29.12 15,83 211 490 .92 .89 .88. 1.05 10 S 10
6.75 31 .13 o .03 .03 .08 1 1)
7.1 3.75 36 .15 .16 .18 L1 W21 1.5 NE 9 Some ice or
' . rain
12.1 10.5  51.5 S22 .13 - W12 .20 3.2 SW 10
17.1 ¢ 3,17 14.5 .06 - Ok .07 oA .06 7 SW 7
27.1 . 18.17 182 .78 .75 13 8L 97 1.09 - 5,5 _ . NE 13 Some ice
: - . : : o ) ' + drizzle
28.1 6.33 37 .29 - .38 7. NE 14
L.2 8.5 .49 .21 .08 .07 Jd1 .12 .16 1.8 SW7
11.2 3.33 26 1 .03 .02 05 SW 14 and NW 14
15.2 16,67 75 .32 A2 A .40 AT .69 2.5 NE 13 Mixed pptn.
20,2 14.33 61 .26 .21 - .20 .22 .25 .38 - 3,0 NE 11
27.2 21 128 .55 .21 .23 .27 .28 A2 3.8 SW 7 and NW 10
5.3 8 11 - .05 .02 .03 03 . .03 .07 ' NE 6 A
13.3 9.5 75 .32 C.167 .17 J55 0 s16 0 e300 " SW 5 Mixed pptn.
19.3 6.33 i .05 , N . .,03 o W 10
21.3° 11.33 57 2k .05 .05 .06 - .05 15 2.0 S 11
7.k L.58 1 .06 0L .03 .06 .06 .07 NE 10

. 6,91 . 6.
TABIE 1 - o |

~Tg~
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colum shows accumulations reported to the nearest hundredth of an
inch, With the instruments performing perfectly, all t.:e values of
colums 5 to 9 would read the same gmount on any one occasion. It is
seen that the instrumentation is not perfect, that there must be con-
siderable‘doubt~§s to total accumulations. The Nipher gauge éccumu—
lation is in nearly all cases greater than the other amounts_reﬁo}ted;
Column 10 is a record of new snow that acdumulated onal0onx 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 logariihmic plots of values §f calculated
amounts per stérm using k = 11.0 Rl'o (colum L) versus amounts in the
Nipher gauge (columm 9), and new snow depth (colﬁmn 10) respectively.

These figures give an indication of how useful the transmissometer may .

_be in evaluating total snowfalliquantities. In general, the analyses

followed the pfocedure outlined in the descriptibn for the storm of
25th December - the second and third periods of this'storm as wéll as

the first being here included;

Fig. 14, a comparison of values calculated aécording to the

relation k = 11 Rl’O with Nipher gauge accumuwlations represeﬁts‘lSO 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 giﬁing values that were too high, or that the Nipher
gauge tended to collect too little. The first part of the 25th
December storm yielded the largest calculated accumulation and the

point representing it lies close to the one to one line. The‘second
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and third parts of the 25th Deéember storm yielded points ocutside a
factor two limit, and so did the storm of 1lth February. In the
former case the wind was very strong.(18 mph) and from the west. In
all other cases the wind was either from the east or northeast, or
was ligﬁt if frog the west or southwest. It is reasoned that the
ancmalous points from 25th.December result either from a reduced
catch in the gauges, 5; to re-circﬁlating snow from ground or roof
surfaces resulting in anomalously high attenuations. The chart
recorder trace showed considerable high frequency variatibns in the
later periods of the 25th December storm; this lends suéport to the
latter conclusion., The storm of 1lth February was especially short
and intermittent, with a narrow peak of attenuation reaching a
maxdimum of 8.5 db occurring over a perioa of about ten minutes, The
calculated accumulation probably is not more than iS% in error;
perhaps the different locations of the optical path and the gauges ﬁere
of importance here, though the horizontal distance was only abogf 50 m,
| Fig. 15 is the,comparison betﬁeen accumulati;ns calcula%ed on
the basis of k = 11 Rl'o and the estimates of new snOW'measuredEfrom
the plastic marker (expresseé in em). The depth estiﬁates were;available
for only 15 of the 20 storm pericds, those shown Ey solid symbois on

Fig. 14. 130 cm or 4 feet of snow are represented. ;
i
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 third part of the 25th December storm is probably in error aue to

I
i
i
i

snow being blown away from the measuring marker.
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Involved in four of the storms weré small quantities of ice
pellets or freezing drizzle. These storms are repreéented by trianglés.
The ice of rain had little effect on -the attenuation and the depth of
snow on the ground, but did contribute significaétly to the total
accumilated in the Nipher gauge. : | |

It is interesting to note that the correspoﬁdence beﬁween the

caleulated accumilations and the depths of new snow islsignificantly

better than when the Nipher gauge accumulation ofimelted water is'
cpmpared.. Here is evidence of the importanbe of.crystal type. .It may.
be concluded that there is reépbnse in the optical link both.to the
quantity of water that a snowfail‘represents, and to the crystél type
of the-snow. The greater degree of scatter in Fig. 14 as oppésed to
Fig. 15 can be attributed to Variations in deﬁsity from storm to storm,A
the storms with snow of lower than évérage density tending to lie
above this line, and of higher than average density below. ”Large
aggregate crystals which pack on the ground at a ;ow.density gi&e
relatively large attenﬁation per wnit mass compared with small éingle

crystals which pack withAhigher densities,

Beam Geometry

. As described in the;previous section, an gﬁerage reiétion
between attenuation and snowfall rate was found fg be k = 11.0 Rl'o.v
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 mmw. Fig, 1, is based on 20 storm periocds involving about

160 mmw as accumulated 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 geometxy. Uéing’

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

Let L be.the path length, D be the aperﬁure, the same at
transmitter and receiver, o and B be the semi~angles of divergence
of the transmitted beam and the receiver field of?view réspectively,
and (D + 2t) be the maximum diameter of the sampléd volume, as_éhown.
Let VB be the volume of the cylindrical beam, and{VC be that of the
excess volume defined on the outside by the conical surfaces of the
transmitted beamkand recelver field of view. Particles within -
vélume VB contribute only to attenuation pf the light; particles
within volume VC on the other hand are positioned such that écattering
of light towards the receiver is possible, so that attenuation is
diminished. | |

It may be shown that

<
+
<t
1]

LT =13t 1 Uk 1p) [0+ 20 -],

=1/3 .1/ . 1/2 (Lfe + :L/,_s, ) 26(3D° + 6Dt + LtR) ;

and that
Vg = /h (e + 1/p ) D2,
Thus '
v : '
L _ -k Lety2
VB - 2(D> + B(D) .

t 1s given by

L=t (Lx+ 1/ )
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and so VB and VC are calculated easily.

In Lillesaeter!s case L = 123 m, o¢ = 0.050, B = 0.250 and

D = 10.4 oms. With t = 9.0 cms Uy = 1,0 m* and Vy ~2.8 r.

Tn the present case L = 71l m, o = 0.37°, B = 0.19° and

]
]

10.4 ecms., With t = 15.5 cms.lVB = 0,6 m3 and V, ~ 3.5 m3.

(In the case of the transmissometer at Doi'val, considered in
Appendix 4, L = 185 m, or ~45° (1~ 0), B~ 0.065° and at the
maxcimm D = 10.2 om. This gives that Vg~ 1.5 1m0 and Vg ~ 14 m0.)

The chief difference between Lillesaeter"s and the preéent
arrangement lay in the diffei'encé between the pa‘bh lengths é,nd thus
VB' Scattering into the receiver from snow w:.thln the volumes VC
probably was of similar ma.ghitﬁde in the two cases. The agreemént
between the present transmissomefer and that of Dorval was good (seé |
Appendix /) and the Dorval instrument sampling volume VB was larger
than that of Lillesaeter!s arrangemeht. Lillesaeter (1965a) .reported
an effect of thermal eddies on his 'nérrow transmitted beam, amounting -
to a loss of the order of 4 db km__l in the most unfavourable circum-
stances (see his Appendix Al), and this effect might have been |
responsible for thé higher attenuations that he obtained on snoWsi';om
occasions, | |

To examine the possibil:it& of scattering of light By snow into -
the receiver, movies of the light source as seen from the receiver
were made in various clrcumstances: in clear air, in smbggy air, 'and
when light powder snow was falling at about 1 mmw hr—l. The camera

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

periphery of the light beam. Several 3-p sec flashés were recorded on
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a number of frames of the £film., These frames did not differ signi-
ficantly in the dlstrlbutlons of recorded light intensity, and it is
concluded tentatlvely that positive contributions of light scattered

by snow are not important. ‘ /

BExperimental errors in analysis of the transmissometer records

The possible systematic error in p051t10n1ng of the base llne,;
or the zero error, considered in the analysis of the storm perlod of
24-25th Deqember in chapter 4, may be stated as approximately between _
~Jp.and +2 db km_l, leading more probably to everestimation than under= :
estimation. This error is poerly known andtmay have variea syetemeticaliy,u
in many of the storms analysed. It was aiways zere atvthe beginnings
and ends of storm perioder L : E VA _ .t

The process of calibration; of deriving and reading calibra-
tion curves such as Fig. 22, led to uncertainties of approximetely‘
6% for all attenuations; the uneertainty of reading the recerded
signai from the chart paper was about 5%, (The inherent noise'in the
signal, with adJustment for the 71 m path length amounted to approx1—'
mately £0.3 db km ' in normal conditions). ‘

Error due to.smoke plumes»drlft;ng across the path, and inter-

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

recorded trace (see Agpendix 3) were not thought to be significant.

Error due to an appre01able time constant of the response of the_

\ instrument will arise only if sharp pulses of increased or reduced
5 3 snowfall rate, superimposed on a steady condition, occur with an
assymetry between the rate of growth'and the 'rate of decay. For i ‘?

instance snowfall occurring with pulses of high rate having a sharp

il
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rise in time and a slow decay will be under-read by the optical . ™
apparatus .if 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 1O-second
response time constant was ignored.

The possible random error thué amoﬁﬁted.to £11%, This means
that the scatﬁer in plots such as Fig. 4 of attenuétion against rate
is due not only to errors. in measuring attenuationé. The scatter
should be attributed chieflylto the tipping bucket gauge 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 thg

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

of the snow.




5. Conclusions

Attenuation of a beam of light can provide a useful continuous
record of falling snow, with much better time resolution than 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 maké surface’measurements unreliable.

Attenuation appears to be proportional o snowfall rate though
the scatter in the rates used for calibration, wﬁich came from a heated
tipping bucket gauge, was such that a departure from‘proportionality.
céuld not have been detected.

The constant of proportionality was found to be 11 so that
the attenuation in db/km was given by k = 11 Rl'o where R is in mmw hr~l.
Lillesaeter (1965) found a value 18 rather than 11 for this constant.

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

© ~thermal fluctuations on his narrow tfansmitted beam.

The relation k = 11 Rl’o provides good estimates of the total

depth per storm of snow on the ground. For .12 storms comprising 130 cms
of snow, the estimated depths all lay within-t a factor 1.5 of the
measured depth.

The choice éf a path length of 71 m yielded a meximum attenua-
tion due to snowfall of 8.5 db on 1llth February 1967: +this was equiva-
lent to 120 db kT or nearly 11 T occurring over a period of
less than a minute. A greater path length would have meant_éreater
attenuation for a given snowfall rate, and an unsatisfactory impréci—
sion in measuring high rates, with the existing dynamic range, The

calibration characteristic was such as to give increasingly better
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resolution at the lower rates, which predominate: 50% of all hours of
snowfall at Montreal involve rates less than 0.38 mmw hr_l (equivalent
to about 4.2 db kﬁfl) and 20% of all hours involve rates less than 0.1
mmw he" (L1 db ki T) (Gumn, 1965). Helf of the total smow smount
appears at rates less than l.2>mmw et (13.2 db kmfl).

Tﬁere was a disturbing effect of the flow of wind aroﬁnd the
tipping bucket gauges and the Nipher gauge on the ground., The Nipher
gauge cbnsistently recorded gfeater accumulstions~than the bucket
gauges. This can be accounted for by the evaporation from the receiving
sﬁrfaces of the latter, were heated to melt the incominé snow. The
rates of evaporatioﬁ, indirectly estimated ts-ﬁe of the order of 0.3

mmw hr—l, probably 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

around the gauge apertures. Ths‘Nipher shield was thought to be

inferior to the slat (Alter) shielding around the bucket gauges (Fig. 1).
It is possible -that corfelations covld be found between for

instance noise on the recorded trace and mean wind speeds and between

"the variability of rate in time and the prevailing wind vector,i

among othef possibilities, but such effects have not been investigated.
Greatest difficulty in the analyses arose from variations of
the signal with relative humidity. Besides the likely imprecision in
5
measuring attenuation, it was necessary to wait until snswing stopped
before measurements could be made, so thet a base line, or zero

attenuation datum, could be drawn in. Perhaps a rearrangement towards

a dominant wavelength of 0.75 {1 corresponding to the S1 response




O |

L3~

characteristic of a photo-emissive tube w&uld reduce these problems,

It is at radil of about 0.5 {1 and greater that solution droplets would

begin to scatter strongly at this wa&elength. As the,;elaﬁive hﬁmidity

passes the critical 80% level the increase in the number of dropleté

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

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

those of massés of the order of 10712'7 grams couid be involved, (see

Fig. 17, Appendix 1) and. such large nuclei probab;y are relatively

rare., The emission of the General Radio stroboscope invermittent

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

at 0.75 p,fdr 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 p?oblems due' to héating. The

latter possibility was rejected in the present work, when the trans-

mitter design was under consideration, on the grounds of difficulty

in obtaining a nearly parallel beam without gross heating effec%s.
Authoritative work on attenuation of.lighﬁ iﬁ haze and fogs

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

in chapter 2. Eldridge quotes an empirical formula relating visual

range (V) km and liquid water content (w) gm m733rthe latter computed

from the drop-size distribution in the radius range 0.3 to 10 p.

This relation is V = 0.024 w0*%5,

If a simple method could be
devised for obtaining values of w during the course of a snowstorm it
might be possible to introduce a useful method of correcting for

snow-induced haze.




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 well
chosen froﬁ the point of view of signal noise during the season of
measurement.
It is conceivable that valuable information could be derived
from adjustment of the position and orientation of the receiver.
The time involved in maintaining the transmissometer in con-
tinuous operation amounted to several hours per'week. This was spent
1 chiefly in w%ekly calibrations and in testing and replacing electronic
| | components when the trace exhibited excessive noise or other peculiari-
ties; The stroboscope bulb was changed 5h§¢e times during the season
? of measurement, with accompanying changeq?permanent filters at the
receiver. The optical alignment remained satisfactory throughout the
period of measurement, no chénge being detected, It was necessary
to recharge the chart recorders with paper and ink aﬁ intervals of
about ten days.
One final suggestion;is made towards a more sophisticated sysiem:
- a comparative method might be used, in which ‘the photocell'woﬁld NseeM
| light coming alternately from the source directly, 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 strobescope bulb, and.more importent the change in characteristics
of the amplifier tubes, then would be eliminated. The problem of avienua-
tion due to haze would be unaffected by such redesign, however, and the

<:>1 o greater complexity probzbly would introduce new disadvantages.
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Appvendix 1. Attenuation in "clear air®

Theory of atmospheric solution droplets

Mason (1962), P20, Eg. 2.2, quotes a formula for the descrip-
tion of equilibrium conditions for a solution droplet of radius (r)
involviné a nucleus mass (m) of dissolved salt of molecular weight
(Ml). With an atmosphere of relative humidity (R H)%, assuming
velidity of Raoult's Law, the condition for equilibrium of the

droplet is given by:-

RHE  [2yM . 8.6 m

100 ARTr M

where M is the molecular weight of water, p, is the density of water,
Y is the éurface tension at température T°K and R is'the universal
gas constant. Taking T = 273°K, and expressing m logarithmically as
107 grams, equation (5) may be reduced to
[1.20 207 8.6 .
R H = 100 expj————— ] x 1- —5 107°7° (6)
\’ r : M r3 '
where (r) is in microns.
The limiting nucleus mass (n”) of salt of solubility (p) grams
per 100 cc. of water at T = 273°K, capablebof forming at saturation a
solution droplet of radius (r)p¢bis given by:~

/

Ly | 1072 1078

= ' (7)
3 . 100 D

or

(1, - n') = lOglo_A'ZP + 2 logy v




Fig. 17 illustrates ﬁhé eéuilibrimn conditions for solution
droplets at fadius values of O.1lp, 0.3} and 0.5y, in the area of
; transition from Rayleigh to Mie for scattering cross—section. Three
| groups of curves are shown for the following hygroscopilc nucleus |

substances which may be expected in an urban atmosphere:—

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

g HC1 . . 36,47 82.3 grs per 100 cc of water
NHCL 53.50 29.4

! NaCl 58,45 35,7 -

HNO, S s3.02 Unspecified

| HS0, , 98,08 - Unspecified

g (NHLL)2SOZ+ o 132.15‘ - 70.6

The specifications qﬁoted may be found in the Handbook 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 ié clear that the nucleus substances
NaCl, (NHA)QSOLL and NH, C1 are not effective in the production o_'f.'. solu~
tion droplets of radius about 0.311 until the relative humidity of the
atmosphere has risen to above about 80%.

Further, it may be seen that a given hygroscopic nucleus, that
is, a certain mass of a certain substance, will tend to come to equili-
brium as a solution droplet at & radius which increases as the atmos—v
pheric relative humidity increases.

This presentaﬂion is merély an extension of work discussed by

<i>; ' Mason (1957 and 1962), Robinson (1962) and others.
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Variations.of attenuation with relative humiditv’

.Fig. 18 represents abqut a weekl!s summer data on the eifect
of changes of relative humidity. Each point 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
2/ points for individual days first were plotted separately; then these
plots were suﬁerimposed,‘with displacement relative to one éhother
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 (’7:I_m)_:L
per day was occurring (see Appendix 2). Further, the water quantity
present in the wban atmosphere and the droplet population variés 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 section would imply. However, in summer-
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 numbers of hygroscopic nuclei are to be expected,

Below about 60% relative humidity an average cﬁrve for Fig. 18
begins to take a negative slope. This effect is encountered often in
the summer. The low humidities generally are associated with sunshine
in the middle hours of the day. It is likely that the recurvature
phenomenon is an effect of photochemical activity tending to increasé

the numbers of dilute acid solution droplets by processes of oxidation.
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Fig. 17 indicates that such droplets can exist at loﬁ relative
humidities. This §onclusion finds support in work reported by
Ahlquist and Charlson (1966). They used an integrating nephelometer
to measure hourly ﬁalues of the scattering coefficient for light in a
wavelength range from O.41 to 0.56y of small sample volumes of air
taken on the campus bf the University of Washington, Seatfle. Their
" curve representing the mean diurnél variation of the scattering
coefficient for the period 19 July to 18 August 1966 shows a masximum
Qi scattefing at aroundllloo P.D.,T, Thelr worst'day'for smog showed
anvery pronounced maximum of scattering at llOO,_accompaniéd b& a-
peak NQé concentration of 0.16 ppm measured at the sane.site, and a
concentration of oxidant in downtown Seattle of 0.15 ppm. This is
symptomatic of marked photochemical activity. Los Angeles is fémous
for this type of smog, and there islan implication here that summer-
time Montreal smog is similar. . The matter seems to merit furthér )
inquiry. |

Fig. 19 is a synthesis of representative data on the effect
of relative humidiﬁy. Thg zonesvfor the days in April 1967 were made
up in a manner similar to that for August 1966 (Fig. 18). The relative
' humidity scale has ﬂere been contracted so that the August data zone
(horizontal hatching) appears ﬁore compressed than in Fig. 18. The
full circle points represeht_individugl observations at several hours
both before and after the snowstorﬁ.of 29 December 1966;'these points
are typical of most of the winter'!s storms, though during the course
of a storm the relative humidity commonly rose towards 95%. The

crosses and open cilrcles apply to the periods respectively before and

2]
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North-east to West and was exceptibnally strong.
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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. |

Thgre is evident a more'marked increase of attenuation with
hunidity above about 80% than below this level, énd 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 80% level.

The solid line has been drawn in on Fig. 19 to model approxi-
mately the behaviour of M"clear air" attgnﬁation‘during the Christmas
storm, considered in chapter 4, ahd‘the abscissa scale in db kmfl
has been drawn to correspond with this work. In reality attenuation
is likely to vary in time in a mammer dependent upon the state of
evolution of the haze produced by the snowfall. The points én Fig. 19
for 25th December show a wide dispersion between the situations before
and after the storm. This might be explained by a chaﬁge of air mass

over the 30 hours of this storm, in which the wind changed from
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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 precautionéxy measure,.

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

‘trial experiments, the photoemissive cell was paintéd with electri-

cally conducting copper pamint (Walsco Electronics No. 37-02) so as to

provide an electrostatic shield, which was earthed. A small aperture

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

Co-netic magnetic shield was found to be not of value in reducing

noise.

The photoemissive.ﬁube was operated at about 150 volbs with a
load resistance of 1 megohm so as to yieid 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 ﬁube,Achosen for its comparatively low output bﬁpedance. This

choice and the use of coaxial cablé 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.volﬁage
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 1k, 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 deveioping in the
tubés, and poor electficalvcbnfact developing whére.the'leads'to the
recorders were inserted in sockéts in the amplifier chassis.

After 5th Jamvary 1967 the swumber two reéordef (labelled

_MPOLLUTION" on the circuit diagram, Fig. 21) was arranged to fead

attenuations greater than 3 db so that high attenuations could be
read with greater accuracy. Prior to that date from 5th August l966
when recording began, this recorder was éet up to read the low
attenuations with high resblutiqn, 1.0 db attenuation being sufficient
to give a full scale deflection., This was for measurements'of‘
atmosphsrig pollution. Fig. 22 is a typilcal calibration cur&e; Sl'
refers to the number one recorder, 1abelied "SNOW" on Fig. 21, and
82 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 into the system ét the
réceiver field lens. These filters give attenuationé within %5% of

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

curves were drawn through calibration points, shown as crosses.

Infinite attenuation to give the asymptotes was obtained by covering

the feéeiver aperture, It is seen that the Sl curvéJshows high
sensitivity at low attenuations, decreasing as the attenuation iﬁcreases;
and that the Sé curve gives a greatef slope and thus higher seﬁsiti—
vity at the high attenuations. In practice the 52 signal was of

value only in determining a peak rate on 1llth February 1967, of

-1 - ,
8.5 db (71m) ~, or approximately 11 mmw hr l, occurring over a few
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minutes. Such calibration operations wére cérried out at approximaﬁely
| weekly intervals during the season to guard against errors dﬁe to
changes in the performance'Qharacteristicé of the instrument éomponents.
The bulb of the Stroboscbpe light‘scurce was found to brown
over gra&ually, leadihg to a $teady reduction of the signal df l.8”d5
month—l, or 0.05 db dayél. In éxaminationlof the records of indivi-~
dual storms, this effect was ignored.  It was compensated by occasional

alterations of the amplifier gain sebting. The Stroboscope bulb was

| . replaced 3 tiﬁes during the season, and at these.times the permanent
filters at the receiver field lens wefe adjusted.

By inclusion iq 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 blocld_n%g the
receiver aperture, These tests showed that in normal conditions the

- trace remained steady within *0.02 db.
The effect of changes of témperature on operation at tﬁe
receiver was tested by‘opening up'botﬁ end lids of the receive# box
; for a period of 10 minutes at nighf when the'air_temperature_was
| —lAOC. No discernible eff«ct was seen on the Sl recorder trécé.
. EBarlier laboratory tests of the equipment shéwed that it was insensi-
tive to temperature changes of a féw degrees Centigrade.
The speed of response of the chart recorder pens, after
instantanéﬁus changes of the attenuation produced by insertion and
i . : removal of filters and blocking off of the receiver aperture, is
| illuéfrated in Fig. 23 (Appendix 3). An approximate time constant Af
the instrument of 10 seconds was obtained. This was felt to bé

(:)E - 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 last 89 seconds of a 24-minute run made at
3 ins min™* on 15th February 1967. At the time the attenuation was

1 and snow was falling at about 1 mmuy nrl. On the

about 9.3 db km
right is.the continuation at 3 in hr'-:L of normal recording. .Over

the 15 seconds arocund 2314 there is a conspicucus peak of a'btenu.ation,
which .corresponds with the numerous spikes seen at 3 in hr"l. During
the course of the éh minute run, the times were recorded of when snow'_
was blown from the roof of the Physic;s Bullding across the optical
path, and when smoke (or steém)_ from the chimney of the Otto Maass
Chemistry Building drifted a‘cross' :Ln the north-east wind. Fig. 24
shows the environment of the path. Examination of the recorded trace

at 3 in m:i_n—:L showed that the peaks of attenuation such as that of

2314 could be atiributed to elther 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 measuring atbenuva-

tions, therefore, the effect of these Ihaza.rds was considered
wnimportant, as the spiking was eé.sily refc\:ognizab‘le and was ignored.

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

instrument from zero to infinity db ('7II.m)_l and from five "bp infinity

db (7]_m)—l. It is notable that where the attenuation is increasing
sharply the shape of the trace follows that of the response curve.
Thus the nolse on the trace was determined by the time constant of

response .of the instrument, which was of the order of 10 seconds.
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Appendix 4. Comparison with the Department of Transport transmlsso—
meter at Dorval Airport .

The D.O.T. transmissometer was manufactured by the Crouse- -
Hinds Company, Syracuse 1, N.Y. Mounted on concrete bases sbout 5 m
4

above ground level, the transmitter aﬁd recelver were separated by a

185-m path. The transmitted llght came from a tungsten fllament sealed

. reflector lamp having a wide angle beam, and a refractlng telescope

was used to focus this steady l;ght-onvto the cathode surface of.a
photoemissive cell (Cetron Electronic Corporatibh.type CE 75 Vj hAv-:'
1ng an S1 response with a peak of senszt1v1ty in the 1nfra—red The o
recelver aperture was varied upwards towards a maximum of 10. 2 em
accordlng to the light output The receiver fleld of view was O. 13
and the transmitter was s1tuated_North of the receiver, 50 that the
current due to skylight was negligible. The steady eﬁrrent through
the phototube charged a capac1tor untll the voltage across 1ts plates
was sufficiently great to trlgger a thyratron tube, whereupon the '
proeess repeated. The rate of flrlng of the thyratron tube ylelded

a measure of the amoﬁnt of light‘transmitted. The principle of °

- operation involved thus differed from that of measurement of voltage

pulses used in the work reported here.
The results obtalned by the two systems wvre 51m11ar during
the 1966—67 snowfall season. Calibration was based on the assumption

that the transm1551on of the atmosphere varied linearly with the signal

-on the D,0.T, transmissometer trace. On this basis it was possible to
_compare attenuations recorded by each transmissometer at the same

.time.. Fig. 25 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 smaller dynamic range of that instrument., Over the. Christmas
storm the Dorval instrument showed saturation with the snowfall rate

above about 3 mmw hr—l. Here the mean rate was 1.6 mmw hr—l.. The

larger fluctuations on the McGill trace probably ﬁere dué to a shorter

time constént.

~Comparison of maxiﬁa and minima shéws»tﬁat the Dorval record
lagé the McGill recordJon the average gy 7 minutes. Taking acCountﬁéf
this, half hour mean attenuations were compared, and 29 points for
the interval 0100 to 1530.were plotted to producé Fig. 26¢‘ The sepéra-‘
tion of the two instruments was‘abéut 9 miles, and the site locétions
were of different character; the McGill transmissometer path was aboﬁt
20 m above ground level in an urbén envi£ohment, énd the Dorvaliinstru—
ment path was a few metres above the surface of the airfield., The
beam volume of the McGill instrument was about 4 m? and thét of:the-
Dorval instrument about 15 m? (with the feceiver éperture‘at 1032 cm).

i
|

In view of these differences, it is seen that there is good agréement‘

between the two systems.

The dominant wavelength for the Dorwval instrument was anut

0.75n (given by the Sl response curve), and it is to be_expecﬁed that

at this wavelength the efféct of relative humidity wili not be of as
great impqrtance as it is for thé McGiil instrument (see chapter 5).
On Fig. 25 it is apparent that there is unexpectédly a ldwer atﬁenua—
tion level at the end of the storm than at the begimnning, aboutb2.0
b kT 1éss; this contrasts with an increase of about 2.4 db T on
the McGill record, If is thought‘that differences in light smog are

responsible for this discrepancy.'
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