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Tetroon Studies of Diffusion Potential in the Airshed
Surrounding the Crowsnest Pass Area

D.M. Leahey and H.S. Hicklin
Western Research & Development Ltd., Calgary, Alberta
[Manuscript received 3 March 1973; in revised form 28 May 1973]

ABSTRACT

A series of constant-level balloon
flights was made in the Crowsnest
Pass area under westerly wind condi-
tions, for the purpose of investigating
the diffusion properties of the sur-

moderately strong wind speeds, they
appear to have been insensitive to the
vertical temperature gradients which
were measured within the first 31 m
of the ground.

Diffusion coefficients were calcu-
lated from the tetroon data. They
were usually found to be about twice
as large as the comparable data pre-
sented by Pasquill.

rounding airshed. The balloon trajec-
tories showed the existence of large
sustained velocities over the moun-
tainous region. The magnitudes of the
vertical motions were found to be
dependent on wind direction. Under

1 Infroduction

Western Research & Development Ltd. was retained by Westcoast Transmission
Co. Ltd. to investigate the diffusion potential of the airshed surrounding its
Saratoga Processing Limited plant near Coleman, Alberta. The topography
of the region is irregular (sce Fig. 2). To the west of the plant, there is a
narrow pass (Crowsnest Pass), flanked on either side by mountain ridges
which rise almost 1200 m (4000 ft) above the valley floor. This pass opens to
the east into a small valley which contains the Saratoga Plant. Steep ridges
enclose the valley about 212 km east of the plant; a narrow gap leads through
them into the town of Coleman.

2 Method

Ordinarily, the diffusion properties of an airshed are evaluated with fixed
continuous sampling stations and perhaps by surveys in instrumented heli-
copters. Neither approach is applicable, however, in the rugged terrain which
surrounds the Saratoga Processing Plant. The mountain ridges are too steep
and inaccessible to allow the use of normal stationary sampling devices; these
require shelter, power and convenient access. The winds in the pass are usually
very strong and would make a helicopter survey hazardous, especially near the
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points of interest, which, in this case, lie against the mountain slopes. Western
Research & Development Ltd., therefore, chose to study the wind flow by
observing the flights of constant-level balloons (tetroons).

A constant-level balloon is made of a relatively inelastic material (usually
DuPont Mylar), so that its volume is essentially constant under super pressure
(excess internal pressure). The helium-filled balloon seeks a density level at
which air displaced by the balloon is exactly equal to the weight of the balloon
plus any attachments. The balloon’s height is changed from its equilibrium
density level by air motion in the vertical plane, or by a change in the volume
or mass of the balloon itself. If the balloon retains its mass, it can be expected
to follow the trajectory of air originating at a given density level for an
indefinite period of time. Ideally, the principle of super-pressure balloons
implies a constant volume. In reality, however, every material (including
DuPont Mylar) stretches a measurable amount under super pressure (Booker
and Cooper, 1965). A certain amount of stretch, however, is desirable if the
balloon is to follow the air motions: the effect of elastic stretch and shrinkage
reduces the tendency of the balloon to return to its original equilibrium level.

It should be noted that tetroons will not give a perfect description of air
flow. Like other measuring devices, they are hindered in their performance
by inertial and frictional forces. Reynolds (1973) deduced from observations
made at the White Sands Missile Range that, under wave conditions, constant-
level balloons with volumes of about 1 m?® over-estimate isopynic crests and
troughs by an average of 6 per cent. Such accuracy is easily tolerable within
the context of the present studies. Further questions may arise about the
behaviour of tetroons under steady vertical-velocity air motions. Under these
conditions, constant-volume balloons could theoretically reach an equilibrium
level where the restoring force is balanced by the static drag force. The import-
ance of this objection has never been fully evaluated.

Constant-level balloons have been used for several years to provide estimates
of mean air trajectories in a variety of conditions encountered in urban areas
(Druyan, 1968), in the stratosphere (Lally, 1970) and over the oceans (Angell
and Pack, 1962). Because these balloons tend to follow three-dimensional air
trajectories, the information supplied by tracking the divergence of several
balloons released at equally spaced time intervals can also be helpful in
estimating diffusion statistics (Angell et al., 1971).

The authors launched tetroons in the Saratoga Plant region and followed
their trajectories with the aid of double theodolites. The information derived
from these flights has been used in estimating ground-level concentrations of
SO, which might result from the plant effluent.

3 Theoretical considerations

Initially, it is necessary to calculate the elevation at which a constant-level
balloon will float. This is the level at which the net upward lift of the balloon is
zero. The following equations express Archimedes’ principle for conditions at
ground level and at the level at which the balloon will float:
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poV =W+ L (1)

pV=w 2)
where

¥V = volume of the constant-level balloon (m?3)
W = weight of the balloon, helium and attachments (kg)
L = net upward lift of the balloon (kg)
Po, P1 = air density (kg/m?). The subscripts “0’* and “1”" refer to the density at
the ground surface and at the floating level, respectively.

Subtracting Eq. (2) from Eq. (1), and making use of the ideal gas law, we have:

A=z =2 )
where

P,, P, = atmospheric pressure (mb) at the respective levels
Ty, T, = atmospheric temperature (°K)
R = proportionality constant for dry air (287 J/kg °K).
It was assumed for convenience that the atmosphere is characterized by a
constant temperature gradient. Thus:
_L-T
h = Y C))
where

h = level above the ground at which the balloon will float (m)
vy = temperature gradient (°K/m).
It can now be shown through use of the hydrostatic assumption that:
Ry/s

7, - 7, (3) )
where g is the acceleration due to gravity (9.8 m/s?). Equations (3) and (5) can
be solved for T, providing Py, T, L and ¥V are known. With the value of T}, it is
then possible to solve for 4 in Eq. (4).

The tetroons released as part of the Saratoga experiment, made of 2-mil
mylar, had free lifts at the ground equal to 5 g and volumes of 1 m?* when
inflated. Fig. 1 shows the theoretical heights to which such tetroons should rise
in the absence of vertical air currents, when there is an adiabatic lapse rate, for
various ground-level values of temperature and pressure. As may be seen, the
maximum elevation gain of the balloon is relatively insensitive to variations in
ground-level pressure and temperature. The ground-level pressure during the
trials was about 882 mb and the ground-level temperature was approximately
18.0°C, so that the balloons should rise to a height of about 59 m (175 feet).

Fig. 1 was drawn under the assumption that the temperature lapse rate was
adiabatic. Calculations showed the equilibrium height to be strongly dependent
on the environmental lapse rate. Thus, for twice the adiabatic lapse rate, the
floating level is at 90 m (300 feet), while for three times this lapse rate, it is
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Fig. 1 Height above ground at which 1-m3 tetroons will float in relation to ground level
atmospheric pressure, given an adiabatic lapse rate. Balloon lift 5 g. Values have
been plotted for ground level temperatures of 0 and 15°C.

near 180 m (600 feet). It is evident that under the influence of large lapse rates,
tetroon elevation gain might be considerable.

During the days on which the balloon trials were conducted, the lapse rate
should have been close to adiabatic, because wind speeds on these days were
quite high (11 m/s) and there was partial or full cloud cover. In the absence
of strong solar heating, mechanical turbulence generated by such winds will
maintain a near adiabatic lapse rate (Munn, 1966). With strong solar heating,
the lapse rate near the ground may be quite large, but will quickly approach the
adiabatic value within a few tens of metres above the ground (Webb, 1958;
Deardorff and Willis, 1967).

4 Procedures for launching and tracking

Care was taken in determining the free lift of the tetroons. The balloons were
fully inflated and then were balanced on a scale to determine their lift capacity.
The weighing procedure was conducted inside an unheated van, to avoid any
errors created by wind currents. After the initial lift was determined, ballast
was added to the balloon in order to attain a controlled free lift of 5 g.

Air temperatures within the van were not recorded. They should, however,
have been properly representative of atmospheric conditions. Ventilation was
provided by frequently opening the van to the air except for the few minutes
surrounding the actual weighing. Solar heating effects on the air temperature
within the van should have been minimized by the van’s aluminum exterior and
wooden paneled interior. The cloudy and occasionally overcast skies combined
with the high wind speeds which characterized the trial periods, also would have
tended to reduce these solar effects.
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Double theodolites, set 1,400 m apart, were used to track the tetroons.
Ideally, the method should be very accurate; however, human errors can invali-
date the data. Typical errors include failure of the two trackers to take simul-
taneous readings, or the misreading of the azimuth dial. Errors may be partially
assessed by comparing the calculated heights of the tetroon above each ob-
serving station. If there are no mistakes, the two heights should be in agreement.
For the individual tetroon flights described in this report, the differences between
these heights seldom amounted to more than ten per cent of their absolute
values.

The tetroons were released about 112 km to the west of the Saratoga Plant,
at one of the two theodolite stations. The observers (who were synchronized
by radio contact) took readings every 30 s until a tetroon moved out of tracking
range, was obscured by cloud, or was lost against a disorienting background.

5 Description of flights

The tetroon flights were made on both 13 and 14 of September, 1972. During
these days, there was a large anti-cyclonic pressure area over southern Alberta,
with an accompanying weak gradient wind. There were four trials, each of
which lasted for about an hour and a quarter, and consisted of four tetroon
flights. The starting and ending times of each trial, together with the average
wind, temperature, and temperature-gradient data recorded during the trial
period, are given in Table 1. The wind data given in this table were obtained
from an aerovane located atop a 91.5-m radio tower which was situated near
the plant site. The wind speeds obtained from this instrument were slightly less
in magnitude than those indicated by the tetroon flights. The temperature gra-
dient data were obtained from two aspirated temperature sensors positioned
30.5 m apart on the same radio tower. The lower of these two sensors was 4 m
above the ground.

TABLE 1. Average atmospheric conditions in the Crowsnest Pass area during tetroon flights.

Time of Trial

(MDT)
Trial B — Wind Wind Temper- Lapse
Number Start End Direction Speed (m/s) ature (°C) (°C/100 m)
13 Sept. 1972
1 1100 1230 WSwW 10.7 16.5 3.00
2 1530 1640 SwW 12.5 19.5 2.70
3 1820 1930 Sw 11.2 18.3 0.85
14 Sept. 1972
4 0940 1100 w 10.7 18.3 1.65

The ground-level wind during the trials was west or southwesterly at about
11 m/s, the atmospheric temperature was about 18.0°C and the temperature
lapse near the ground varied from highly superadiabatic (3°C/100 m) to near
neutral (1°C/100 m). It will be demonstrated that, at the high wind velocities
which characterized the trial periods, air flow is insensitive to the measured
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Fig. 2 Horizontal trajectories of balloons released near the Saratoga Plant. Locations of
the plant, theodolite stations and the town of Coleman, are shown.

temperature gradients. This was expected in view of the discussion in Section
4, which indicates that under high wind speed conditions, the temperature
lapse rate should always be nearly adiabatic, except near the ground. Fig. 2
shows the average horizontal trajectories of the four tetroons which comprised
each trial run. The trajectories of Trial 1 balloons fell due east through the
mountain gap which leads to Coleman. The tetroons in Trials 2 and 3 went in a
northeast direction towards the ridge which flanks the northern side of this
gap. The average trajectory for the balloons of Trial 4 was in a southeast
direction.

There has been some controversy as to the flow of air with respect to terrain.
There have been arguments presented which indicate that the air flow should
be parallel to the terrain. The assumption is often employed, for example, in
numerical weather forecasting (e.g., Thompson, 1961). On the other hand,
calculations of ground-level concentrations of a given pollutant resulting from
a point source often use a procedure which effectively assumes that air pene-
trates the terrain. Because of these controversies, it is of interest to consider
what the actual variation of tetroon heights was with respect to terrain. The
average longitudinal profiles of the tetroon flights launched for Trials 1 — 4 are
displayed in Fig. 3.

The tetroons of Trial 1 travelled east through Crowsnest Pass over relatively
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Fig. 3 Variations in height of the average tetroon trajectories.

flat terrain. Within a distance of 1,850 m (6,000 ft) from the launch site they
usually rose to a height of at least 305 m (1,000 ft) above the ground. Strong
vertical currents must have been present to cause the flights to lie much higher
than the theoretical equilibrium level.

The tetroons of Trial 2 rose to average heights above the terrain of over
760 m (2,500 ft). This is more than 10 times the height that would be expected
in the absence of updrafts. The average horizontal and vertical variations of
the balloons during Trial 3 were similar to those of Trial 2. It is noteworthy
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that the temperature lapse rate shown in Table 1 was much greater during
Trial 2 than during Trial 3 when it was essentially adiabatic. If the attained
heights of the balloons were sensitive to near-ground temperature gradients,
then tetroons of Trial 2 should have risen higher than those of Trial 3. The fact
that this was not the case may be explained in accordance with the theory that
under moderate to strong wind conditions, lapse rates quickly change to
adiabatic within a short distance above the ground.

The tetroons of Trial 4 tended to remain much closer to the ground than
those of previous trials. Up to 2 distance of 1,850 m from the launch site, the
average elevation above the ground did not exceed 100 m (330 ft). As they
approached the mountains at downwind distances in excess of 1,850 m, the
tetroons tended to rise to greater heights with respect to the terrain.

As mentioned in Section 2, constant-level balloons under steady vertical
velocity air motions could theoretically achieve an equilibrium level where the
restoring force is balanced by a static drag force. They could thus float at a
constant level and yet be in a region of steady upward motion. There is no
evidence in Fig. 3 that such a level was attained. Balloons of Trial 3 continued
to rise after reaching heights above ground level of 900 m.

6 Calculated diffusion coeflicients

The observations presented in the previous section show the presence of strong
upward currents in the mean air flow over the mountainous terrain east of the
Saratoga Plant. In addition to determining mean air-flow patterns, tetroons can
also be used to determine the diffusion properties of the atmosphere (Angell
and Pack, 1965).

Gaussian models are usually applied in atmospheric diffusion studies because
of the random nature of turbulent motions. Such models require a knowledge
of diffusion coefficients; these, in turn, give a measurement of the plume spread.
Horizontal and vertical dispersion coefficients were calculated from the tetroon
data by determining the mean trajectory direction for each trial and then
evaluating the root mean square of the lateral and vertical distances between
individual trajectories and the mean trajectory at various downwind distances.
The mathematical relation by which the horizontal standard deviation was
calculated is thus:

™=

Y (%)

1

cy2 (X) =i -

where:

o,(x) = horizontal dispersion coefficient at x,

x = downwind distance from the release point measured along the mean
trajectory,
lateral distance of the individual trajectory from the mean trajectory,
number of trajectories used in the calculation (never less than 3).

Yi(x)
n
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Distance downwind from source (km}

Fig. 4 Median values of R, and R, as a function of downwind distance from the release
point. The number of observations in each class is shown within the circle.

An equation similar to the above was also used to calculate the vertical dis-
persion coefficient o.

Usually the coefficients of Pasquill (1961) which were derived from observa-
tion made over flat terrain, are used in diffusion calculations. It is therefore of
considerable interest to compare the derived coefficients with Pasquill’s. For
this reason, the following ratio was calculated:

_ 0y(x) as derived from tetroon data

R, = o,(x) as given by Pasquill

A similar ratio, R., was calculated for the vertical dispersion coefficients.

Values for R,, and R, were obtained for each trial at about every 300 m
downwind of the launch site. An examination of the data indicated that there
were no pronounced differences among the diffusion statistics for the trials.
Therefore, the values of R, and R, from all trials were grouped together and
medians then determined. This grouping means that the median R,, R, values
were determined from data obtained from all 16 balloon trajectories.

Fig. 4 shows the median values for R, and R, as a function of downwind
distance from the release point. As indicated in the upper portion of this figure,
the derived values of o, are about twice as large as Pasquill’s, up to a down-
wind distance of 3 km. Beyond this distance, the derived o, values were essen-
tially equal to Pasquill’s. It may be significant that the foot of the mountain
ridges is at a distance of about 3 km from the release point. The Figure also
shows that the derived values of o, were usually about twice as great as those
suggested by Pasquill.

It should be stressed that the fact that the calculated diffusion coefficients are
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different from Pasquill’s may not be entirely due to terrain influences. A portion
of the difference between the statistics is doubtlessly accounted for by the
different averaging times. The derived coefficients were obtained from
observing tetroons which were launched over a time period of about 1¥4 h.
Pasquill’s coefficients on the other hand, are applicable to about a three-minute
time average. Mean wind fields, which may remain essentially constant over a
three-minute period, can vary over periods of the order of an hour. Any such
unsteadiness in the wind field will be reflected in larger observed diffusion
coeflicients.

7 Conclusions

The average tetroon flights discussed in this paper show that large upward
velocities are associated with moderate westerly winds in the Crowsnest Pass
area. These winds are funneled towards the narrow pass which leads into the
town of Coleman. Cliffs on either side of this pass effectively act as a block to
horizontal air currents causing them to rise abruptly and flow over the terrain.

The strength of the vertical wind is shown to be strongly dependent on wind
direction. Tetroons which moved in a northeasterly wind direction (Trials 2
and 3) rose to heights twice as great as those that moved in an easterly direction
(Trial 1) and over three times as high as tetroons which went in a southeast
direction (Trial 4). This apparent dependence of the vertical velocity on
horizontal wind direction was unexpected and remains unexplained.

The heights attained by the tetroons appeared to be insensitive to vertical
temperature gradients measured near the ground. This was expected since undet
moderately strong wind conditions temperature lapses at short distances above
the ground should be adiabatic.

Diffusion coefficients were estimated from the tetroon data. These are shown
to be generally larger than the well known Pasquill coefficients. Their greater
values may be explained as a combination of terrain factors and of factors due
to unsteadiness in the wind field.

If the restoring forces on the constant-level balloons were significant, the
vertical air motions in the Crowsnest region would be underestimated by the
tetroon data. The horizontal diffusion coefficients derived from the trajectory
data should continue to be acceptable. The vertical diffusion coefficients, how-
ever, may not be representative of the vertical turbulence.
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Snow Accretion on Power Lines

D. Bauer?
Atmospheric Environment Service, Environment Canada
[Manuscript received 13 July 1973]

ABSTRACT

The results obtained from an investi-
gation into two damaging snowstorms
in the Saskatoon area and the findings
of Higuchi indicate that the hazard to

accompany the snowfall. Since the
incidence of freezing precipitation is
low on the Prairies, damage from
snow accretion may be of more sig-

power lines from wet snow can be nificance than that from ice accretion.

significant even when strong winds

1 Introduction

Accretion of wet snow has not generally been considered a significant hazard
affecting power and communication lines except when the snowfall occurs with
light winds. Kuroiwa (1965) investigated icing and snow accretion on electric
wires and found that almost all accretion of wet snow in Japan occurred when
the wind was less than 3 m/s and the air temperature —1 to +1°C. McKay and
Thompson (1969) in a discussion of ice accretion in Canada noted that wet
snow is not very adhesive and is easily removed from wires by strong winds.
Boyd (1970) reported that, in the protected valleys of British Columbia, winds
are particularly light and wet snow frequently accumulates on wires. Elsewhere
in the country snow is usually accompanied by winds strong enough to blow
any substantial accumulation of snow off the wires. More recently, however,
Higuchi (1973) has indicated that on the Island of Hokkaido in Japan accre-
tion of wet snow, frequently accompanied by strong winds, is a much more
serious hazard to power lines than is icing from freezing precipitation.

2 Case studies

Investigation of two specific snowstorms which caused significant damage
to lines and structures in the Saskatoon area suggests that under certain condi-
tions wet snow accompanied by strong winds, greater than 15 mph, can be a
serious hazard to power and communication lines.

A storm on May 3 and 4, 1955, caused severe damage to power, telephone
and telegraph lines in Saskatoon and immediate vicinity. Precipitation began as
rain, changed to a mixture of rain and snow and finally to snow. Temperatures
dropped from the mid-forties to 32°F and remained within a degree of freezing
throughout the remainder of the storm. Winds were generally greater than 20

10n education leave with the Division of Hydrology, College of Engineering, University
of Saskatchewan, Saskatoon.
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Fig. 1 Low Centre, ), frontal wave and precipitation area, April 29, 1971, 0600 CST. XE —
Saskatoon; Qw — North Battleford; pPa — Prince Albert.

mph and gusted as high as 54 at the height of the storm. According to news-
paper reports, damage to power and communication lines and poles was so
extensive that for a time much of the city was without power and all communi-
cation with the rest of the Province, except via ham radio, was lost.

The second storm, which took place while the author was employed at the
Saskatoon Weather Office, was investigated in greater detail. On the night of
April 28-29, 1971, a storm centre moved across central Saskatchewan deposit-
ing nearly a foot of wet snow in areas northwest and northeast of Saskatoon.
Fig. 1 shows the advance of the filling low centre and the associated frontal
wave. The precipitation began in the evening as rain, and through the night
changed first to a mixture of rain and snow and then to wet snow. By early
morning accumulations of snow up to four inches in diameter had built up on
the cables of the 138-kV transmission line (Fig. 2) between Saskatoon and
North Battleford, in spite of the fact that the winds were relatively strong
throughout the night. Reported wind speeds at North Battleford ranged from
15 to 20 mph with a peak gust of 26 while at Saskatoon the speeds ranged
between 20 and 30 mph with gusts as high as 37.

At 7:50 cstT on the morning of the 29th, a section of the 138-kV line
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Fig. 2 Snow accumulation on conductor. Cable has a diameter of 0.858 in. Photograph
was taken several hours after collapse of the power line and some melting had
taken place.

between Saskatoon and the Borden River Crossing went down under the force
of the wind and snow causing widespread power failures. Fig. 3 shows the
location of this section and a second section farther west which collapsed later
in the morning. In all, 96 towers were either damaged or destroyed. In addition,
considerable damage to north-south oriented telephone and telegraph lines took
place. The main damage area is outlined in Fig. 3. The most extensive damage
occurred between Saskatoon and North Battleford. Damage resulted mainly
from structural failure in the transmission line towers and the breaking of tele-
phone and telegraph line poles and crossarms. There were numerous breaks in
telephone and telegraph lines, but according to Thiele (1971) there was only
one break in the 138-kV conductor and that appeared to have been caused by
crushing at the time of the tower failure. There was little damage to trees in
the area which were not yet in leaf.

3 Data analysis

An analysis of the storm was undertaken in an attempt to determine the
meteorological conditions which prevailed during the storm. Since virtually all
the damage occurred between the weather reporting stations at North Battle-
ford, Prince Albert and Saskatoon, much of the information had to be obtained
from residents of the damage area, power, telephone and telegraph company
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Fig. 3 Area of major damage is shaded. xxx indicates damaged sections of transmis-
sion line.

employees and media personnel. Ten residents of the most heavily damaged
area were interviewed to obtain information regarding depth of snow on the
ground, the amount of accretion on wires and the texture of the deposit. At
least six power company employees, one of which was out in the damage area
during the storm, provided further information on the texture of the snow, the
diameter of the accretion and the nature and extent of the damage. A photogra-
pher from the local newspaper and a cameraman from one of the television
stations were in the area shortly after the collapse of the first section of trans-
mission line and provided valuable information on the nature and amount of
the snow on the line. Regular climatological reports of maximum and minimum
temperatures and precipitation were obtained from 4 climatological stations
in and near the damage area. In addition to these, detailed descriptions of local
damage, snowfall amounts, wind speed estimates, and occurrences of freezing
precipitation were received. The Saskatchewan Research Council, Geology
Division, maintains an observation well at Duck Lake just north of the damage
area. The records of temperature and cumulative precipitation during the storm
were made available to the author (Fig. 4).

Data from interviews, climatological stations and regular weather observing
stations have been combined in an attempt to outline the areal distribution of
the snowfall, Fig. 5. It is interesting to note that some sections northeast and
east of Saskatoon received up to 8 inches of snow, but were outside the damage
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Fig. 4 Temperature and precipitation record from the Saskatchewan Research Council’s
Duck Lake Observation Well, April 29, 1971. The discontinuity in the precipitation
trace at 10:00 cst likely resulted from snow accumulating on the rim of the
collector and falling into the weighing bucket.
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Fig. 5 Storm snowfall (inches).

area, The bulk of the snowfall in these areas appears to have occurred at tem-
peratures slightly above freezing.

As far as could be determined, precipitation throughout the storm was in the
form of rain, wet snow or a mixture of the two. The possibility that some freez-
ing rain did occur in the damage area has not been discounted although it
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Fig. 6 Minimum temperatures during the storm (°F).

appears unlikely and if it did occur was of short duration. Only one of the
persons interviewed mentioned the possibility of freezing rain. Linemen and
others who were out in the storm referred to the precipitation as wet snow or a
mixture of rain and wet snow. A photographer who examined the accretion on
the line shortly after the first section failed, reported it to be packed snow with
the consistency of a snowball. He also noted that there appeared to be a thin
coating of ice next to the conductor.

Temperatures during the storm were within a few degrees of freezing. Fig. 6
is an isothermal analysis of the minimum temperature distribution on the morn-
ing of the 29th. Although the minimum temperature at Saskatoon did get as
low as 31 degrees it must have done so only briefly since the lowest hourly
temperature reported was 33°F. With low cloud and brisk surface winds it is
likely that isothermal conditions existed between ground level and the tops of
the towers. As indicated earlier, winds were strong throughout the night. The
direction of the wind in the Saskatoon area was east to northeast and nearly
perpendicular to the damaged section of power line between Saskatoon and
the river crossing.

4 Discussion

Analysis of these two storms has led the author to conclude that under certain
conditions wet snow driven by strong winds can be a significant hazard to
transmission and communication lines. Table 1 summarizes the weather condi-
tions during the two storms. It is interesting to note the similarity. In both cases
the precipitation began as rain, changed to a mixture of rain and snow and
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TABLE 1.

power line damage.

Weather conditions observed in Saskatoon during two severe storms causing

Time Temperature
Date (cst)  Precipitation (°F) Wind Speed and Direction
Gusts to
May 1955 03 11:30 R- 38 NNE 32 41
12:30 R-, S- 36 NNE 36 48
13:30 S+ 32 NNE 40 54
14:30 S+ 32 NNE 25 30
15:30 S+ 32 NNE 24 30
Power failures% 16:30 S+ 32 NNE 22 30
began 17:30 S-, SG- 32 N 18 25
18:30 SG- 32 N 24 32
19:30 SG- 32 NNW 25 30
20:30 SG- 32 NNW 25 30
21:30 SG- 32 N 25 30
22:30 SG- 32 NNW 26 33
23:30 SG- 32 N 25 30
04 00:30 SG- 33 NNW 24 35
01:30 S- 33 NW 15
02:30 S- 33 NW 19
03:30 S- 34 NW 17
April 1971 28 20:00 RW- 41 ESE 16
21:00 R- 38 E 20 26
22:00 R-, S-- 37 E 21 27
23:00 R-, S- 35 E 21
29 00:00 R-, S- 34 E 20
01:00 S- 33 E 20
02:00 S- 33 E 18 24
03:00 S- 33 E 20 30
04:00 S- 34 E 26 36
05:00 34 ESE 20 30
06:00 34 E 18 26
07:00 R-, S- 34 ENE 15
Collapse of % 08:00 SP- 33 NE 20
first section} 09:00 S- 34 NE 24 31

R: Rain SG: Snow Grains Intensity: -- very light
RW: Rain Shower SP: Snow Pellets - light
S:  Snow + heavy

finally just snow. During both storms temperatures fell to near freezing then
remained steady and the winds were strong.

Higuchi (1973) has found that when there is sufficient moisture in the snow,
accumulations of snow tend to slide around the conductor, as shown in Fig. 7,
eventually forming a cylinder around the cable. Examination of the photographs
of the snow-covered conductor in the April, 1971 storm shows evidence of a
similar process. It is likely that the conductor was at a temperature near 32°F
when the snow began. As the snow, or rain and snow mixed, impinged on the
conductor it slid around the cable and pushed by the strong wind eventually
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Fig. 7 Snow sliding in the direction of the strand twist (after Higuchi, 1973).

Fig. 8 Photograph of the fallen conductors showing cylindrical accretion of snow.
(Courtesy of the Saskatoon Star Phoenix.)

formed an insulating coating of snow around the conductor. Slight heating of
the conductor inside this cylinder of snow could have caused some melting
resulting in what appeared to be a thin layer of ice next to the conductor as
noted by one of the photographers. As the wind-driven snow continued to
accumulate on the outside of the cylinder it rotated thus allowing for a more
or less uniform accumulation. One may observe in Fig. 8 that the snow around
the conductor is not attached to it but rather that it has formed a loose fitting
cylinder around the conductor which would be free to rotate as the snow
accumulated on the windward side. Strong winds would have a tendency to
pack snow against this so it would not dislodge easily.

It is likely that on the Prairies, where the incidence of freezing precipitation
is low, damage to lines from the accretion of wet snow is as great or greater than
that from freezing precipitation. Examining precipitation that occurred while
the air temperature was within the 30 to 35 degree range, Bergsteinsson and
Maybank (1973) found that in the 18-year period, 1953 to 1970, during the
months of October through March the number of hours with wet snow was
nearly ten times as great as the hours with freezing precipitation. Snow was
reported on 1,004 hours while freezing rain and/or freezing drizzle were
reported on only 108 hours.
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ABSTRACT

The laser radar (lidar) is capable of
detecting weak concentrations of par-
ticulate in the lower atmosphere at
ranges up to several kilometres.
Through this technique, models of
thermal convection and theories of
particulate diffusion may be studied
by observing the spatial and temporal
changes in particulate concentration.
A pulsed ruby lidar has been assem-

bled at this University, with scanning
optics located at an elevated position
overlooking the city. Criteria have
been evolved here for deriving profiles
of extinction coefficient, and particu-
late number and mass concentration
from the lidar signatures. Sample pro-
files of particulate concentrations are
given for comparison with the design
prediction of lidar sensitivity.

1 Introduction

Transfer by thermal convection in the lower atmosphere is the subject of this
research project. This may involve the natural transfer of heat and water vapour
between the ground and the air up to a few hundred metres above ground, or
the transfer of particulate from stacks and other man-made sources. There is
growing acceptance of the thermal plume as the physical model in natural
transfer (see, for example, Fanaki 1971). This model in turn has been inspired
by the visible plume commonly observed in the effluent from stacks.

Current theories on thermal plumes are either in the elementary formative
stage or are applicable in the relatively simple environment of the open coun-
tryside. Examples of the natural plume are discussed by Kaimal and Businger
(1970), while Turner (1970) and Briggs (1969) refer to the visible plumes
from stacks and similar sources. The urban area introduces new boundary con-
ditions into the plume model. Pasquill (1972), Egan and Mahoney (1972)
and others discuss some of the analytical problems of diffusion prediction in the
urban environment.

One method of studying thermal diffusion in the lower atmosphere uses the
laser radar (lidar). In principle, the lidar is similar to the weather radar that
is familiar to radar meteorologists. In essence, an outward travelling pulse of
energy from a transmitter irradiates the atmosphere, while an adjacent receiver
detects scattering of this radiation by components of the atmosphere. The lidar
may operate at wavelengths in the ultraviolet, visible or infrared region, where
scattering is due mainly to atmospheric molecules and particulate matter. In
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particular, Raman scatter and scatter by resonance re-radiation permit identifi-
cation of the scattering molecules, but the laser power currently available for
these applications is relatively small and a very high degree of frequency
selectivity is necessary in the receiver. On the other hand, elastic Rayleigh and
Mie scattering do not provide for identification of the scattering molecules, but
high laser power is available and the requirement for frequency selectivity in
the receiver is modest. At the present time, lidars observing Raman scatter and
resonance re-radiation are limited in practice to ranges of a few hundred metres.
Lidars observing Mie and Rayleigh scattering, however, may probe the atmos-
phere horizontally at ranges up to about 10 km. Comprehensive discussions on
these lidar principles are presented by Derr and Little (1970) and by Kildal
and Byer (1971).

The present project uses a lidar operating in the visible region to observe Mie
scattering by atmospheric particulate. The lidar, located on the U.w.0. campus,
is equipped with special optics that permit scanning in the horizontal over the
City of London. The next section will describe the physical arrangement of
this lidar and its design sensitivity. This will be followed by a discussion on the
technique of analysis, including improvements developed by the writers.
Finally, some preliminary results of these observations will be presented to
illustrate the sensitivity of the lidar in detecting atmospheric particulate.

2 The lidar and field of view

a Location

The roof-top position of the scanning optics provides a wide field of view over
the city. This includes not only the city proper but also the northern suburbs
and rural area. Only a 90-degree sector to the west is excluded by local build-
ings. From this observing point, the whole of the city lies within a radius of 10
km. With its population of 223,200, the city possesses many of the characteris-
tics of urban areas frequently mentioned in diffusion studies elsewhere, includ-
ing multiple heat islands and katabatic flow along the river valleys (Thomas,
1967). Although the city’s air quality generally is acceptable, London never-
theless has many point sources of industrial stack effluent and line sources
along traffic arteries and the river. Upwind rural areas apparently also con-
tribute to the general particulate concentration in the urban air.

b Lidar

Fig. 1 shows a block diagram of the lidar. The components in the lower half
are located in the laboratory, while the optics in the upper half are on the
laboratory roof. The transmitter signal originates from a pulsed ruby laser at
wavelength 0.6943 um. This signal is conditioned and re-directed to the trans-
mitter optics by a beam expander telescope. A precision turntable! controls

1Alignment of this turntable requires critical adjustment, through a technique involving
optical reflection from the surface of an oil pool (Hay ef al. 1973).
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Fig.1 Basic components of the research lidar.

the transmitting mirror and the receiving telescope, whose axes intersect along
the observing path. A photomultiplier at the receiving telescope responds to
the scattered signal, and transmits this information to a recording receiver in
the laboratory. At a range of 3 km, the spatial resolution of the lidar is a
cylindrical volume approximately 10 m in length and 5 m in diameter. Addi-
tional details on the lidar are found in Hay et al. (1973).

¢ Reference Aerosol

We now define a “reference aerosol” as a means of assessing the lidar sensitivity.
In general, suspended particulates in the air have chemical compositions that
depend upon their sources, the history of the conveying air mass, and upon
ambient humidity. Through a study of numerous air samples, Barrett and Ben-
Dov (1967) and Bethke et al. (1970) have described a representative particu-
late. Its density is 1.8 g cm—3, refractive index is 1.5, diameter has a Junge-type
number/size distribution of exponent —4 within the range 0.04 to 10 um, and
mean particle mass is 8 X 10—% ug. The mean back-scattering cross-section
(or) for this representative particulate at the lidar wavelength is 3.9 X 1016
m? sr—! (McCormick et al. 1968). The “reference aerosol”, then, is a unit
volume of dry air containing the number concentration p of particles with these
characteristics.

These characteristics of the reference aerosol may be related to the calibra-
tion of the lidar through two parameters of the basic lidar equation. One is the
volume back-scattering coefficient of the reference aerosol, 8z. Assuming single
scattering by each particle, this is defined by Egs. (1) and (2):
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Bz = p(particles m~3) og(m? sr~ 1) a

-3
= B ) oam? 57 @
where m is the mass concentration of the aerosol particulate.

The second parameter is the extinction coefficient, ag, of the reference
aerosol. This describes the depletion of energy from the progressing lidar wave
through scatter in all directions by the suspended particulate. There is no
simple, theoretical relationship between Bz and ay for aerosol particles, but
in the mean they may be related semi-empirically through the form of Eq. (3)
(Collis, 1969)

B = (4%.) . 3

The constant k, is 0.485 according to Mie scattering theory for the reference
aerosol at the lidar wavelength (McCormick et al., 1968). On the other hand,
ko appears to depend upon system variables in a manner that has not yet been
fully explored. Numerous experimental trials in the writers’ laboratory suggest
that k2 = 1.0 is acceptable for a limited range of lidar observations (Houston
1971; Hay et al., 1973).

d Visibility

One method of describing the atmospheric environment in which lidar obser-
vations are made is through reference to the optical visibility. Here, visibility
(V) is defined in the conventional meteorological sense as the maximum range
at which a dark target may be discerned against the horizon sky by a trained
observer. Horvath (1971) has demonstrated that the Koschmieder formula

3.91
V=27 @

(where a is the extinction coefficient of the atmosphere?) is valid within close
tolerances for specified conditions on the type of target and the sky illumination
of the observing path. In addition, « is interpreted as the mean value over the
length of the observing path. Thus, if the particulate loading of the air is uni-
form along a path observed by the lidar, the environmental extinction coeffi-
cient of Eq. (3) may be assigned a value through an auxiliary estimate of
visibility and Eq. (4).

e Maximum Range

We next enquire about the ability of the lidar to observe a local concentration
of particulate within an otherwise homogeneous environment. This is the

For the present study, particulate loading of the air is interpreted relative to the reference
aerosol. Hence o in Eq. (4) becomes og.
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Fig. 2 Range dependence of minimum detectable concentration of particulate in the lower
atmosphere, for various horizontal visibilities at the lidar.

idealized case of a plume from a point source rising in well-mixed air. For this
purpose, we specify the environmental background through its visibility (V),
and assume that V' is not affected by the superimposed local plume.

The maximum range at which a plume of given concentration may be de-
tected is found by combining Eqs. (1), (2) and (4) with the lidar equation.
Details on the latter may be found elsewhere (see, for example, Collis (1969)
and Hay et al. (1973)). The spectral radiance of the sky in the lidar field-of-view
presents the minimum-signal limit at the lidar. Fig. 2 illustrates the minimum
concentration of reference particles that may be detected at various ranges for
visibilities from 1000 m to 50,000 m. In each case, the lidar signal scattered
by aerosol particles must exceed that scattered from air molecules. In addition,
the particle concentration within a localized plume must be greater than that of
the environment in which it is embedded. For reference, the particle concentra-
tions in representative clouds and hazes are noted on the ordinate scale. Meas-
urements reported below indicate particle number concentrations within plumes
in the range 5 X 10%° to 5 X 10! m—2 (“light haze” to “light water cloud”).
Fig. 2 shows that these will be detectable by the lidar at ranges 6—12 km when
the environmental visibility is 20 km.

3 Initial observations on particulate concentration

A lidar “signature” is recorded photographically for each transmitted laser
pulse. This signature is essentially a graph indicating the change in atmospheric
scattering of the laser pulse with distance from the lidar. The analysis of a
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Fig. 3 Concentration profile through a well-mixed atmosphere. (3 Jan. 1973, 1300 h.

Visibility 10 mi., temperature 34°F, humidity 82%, wind E 15-20 mph, area of
low pressure approaching.)

signature follows in three steps: manual tracing of the photographic record
onto a standard format, photoelectric scaling of this tracing to digitize its
coordinates, and computer analysis of the scaled coordinates to derive the pro-
file of extinction coefficient or reference particle concentration from the lidar
equation,

Several aspects of the analysis have been examined by the writers during the
development of the computing procedure. These include the accuracy of hand
tracing of the lidar signature, and the evaluation of the atmospheric extinction
coefficient at a nearby reference range. Hitschfeld and Bordan (1954) have
pointed out the need for accuracy in the latter, for the analogous case of
weather radar observations on rainfall. For example, a 2-km error in estimating
visibility at 16 km yields a 10 percent error in derived particle number con-
centration; the latter increases to 30 percent for the same error in visibility at
4 km, The application of Eq. (4) near the lidar with the aid of an optical
visibility meter provides a means of reducing this error to an acceptable level.
Other reports on this project give details of this analysis.

Lidar observations over the city were initiated in the Fall of 1972. A first
analysis of these has demonstrated some noteworthy features of the concentra-
tion profiles. Fig. 3 shows an approximately uniform concentration of particu-
late during an interval of good visibility and mixing by moderately strong winds
over the city. A rapid change in concentration profile is illustrated in Fig. 4,
where the two soundings were taken about one minute apart as a front with
snow squalls approached the city. An invisible plume as detected by the lidar
is shown in Fig. 5; this apparently is associated with the river in the city, since
no other sources could be identified in the upwind direction. Fig. 6 indicates
the extreme sensitivity of the lidar to particulate in visible plumes. Here, the
source is a stack whose effluent concentration is of a magnitude seen commonly
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Fig. 4 Two profiles of particulate concentration along the same radial from the lidar, as
observed one minute apart. (11 Jan. 1973, 1800 h. Visibility 2—4 mi., temperature
14°F, humidity 72%, wind W 15 mph, local snow squalls.)
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Fig. 5 Invisible plume as detected by the lidar. (27 Oct. 1972, 1605 h. Visibility 10 mi.,
temperature 57°F, humidity 50%, wind SE 8 mph, altocumulus cloud at 14,000 ft.)
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Fig. 6 Particulate concentration at the plume of an incinerator stack. (12 Jan. 1973,

1050 h. Visibility 10 mi., temperature 20°F, humidity 73%, wind WSW 20 mph,
thin cirrus cloud cover.)

over the city. Comparison between Fig. 6 and Fig. 2 suggests that this plume
could be detected at a range of 10 km when atmospheric visibility is 20 km.

4 Conclusions

It is clear from these preliminary soundings that the lidar is capable of observ-
ing ambient particulate concentrations and localized plumes over much of the
city. These will support a study of thermal convection involving natural aerosol
at closer ranges, and of particulate diffusion from point or extended sources at
larger ranges.
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CALL FOR PAPERS - EIGHTH ANNUAL CONGRESS

The Eighth Annual Congress and Annual General Meeting of the Canadian
Meteorological Society will be held at York University, Toronto, Ontario,
May 29-31, 1974. The theme of the Congress will be Meteorology and the
Community and it is intended to emphasize the interface between meteorologists
and the general public. Papers on weathercasting, urban meteorology and other
aspects of the theme topic are particularly invited. Other sessions on cloud
physics, dynamic meteorology, micrometeorology and atmospheric electricity
are expected.

Members and others wishing to present papers at this meeting should send
titles and definitive abstracts (preferably less than 300 words) to the Program
Chairman, Dr. G.A. McBean, Atmospheric Environment Service, 4905 Dufferin
Street, Downsview, Ontario, M3H 5T4, no later than March 1, 1974.

Information on registration, accommodation, etc. will be provided in due
course. R.A. Miller of the Atmospheric Environment Service is Local Arrange-
ments Chairman for the Congress.

CALL FOR NOMINATIONS - 1973 AWARDS

Nominations are requested from members and Centres for the 1973 Society
Awards to be presented at the 1974 Annual Meeting. Four awards are open for
competition: 1) the President’s Prize for an outstanding contribution in the
field of meteorology by a member of the Society; 2) the Prize in Applied
Meteorology for an outstanding contribution in the field of applied meteorology
by a member; 3) the Graduate Student Prize for a contribution of special merit
by a graduate student; and 4) the Dr. Andrew Thomson Undergraduate Student
Prize for a contribution of special merit by an undergraduate student. The
awards will be made on the basis of contributions during the 1973 calendar
year. Nominations should reach the Corresponding Secretary not later than
March 1, 1974.

NEW EDITORIAL ADDRESS

Editorial correspondence and manuscripts for Atmosphere should be sent to
the following address:

Dr. 1.D. Rutherford

Editor, Afmosphere

Dynamic Prediction Research Division
5th Floor, West Isle Office Tower
2121 Trans-Canada Highway

Dorval, P.Q. H4Y 1AS8
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