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RESUME

Ce rapport traite de l'analyse des données recueillies à la

tour météorologique de l'Etablissement de Recherches Nucléaires de

Whiteshell (ERNW) au cours de la période 1964-1976. On y décrit les

caractéristiques, par rapport au temps moyen, de la vitesse du vent, de

sa direction, ainsi que de la stabilité de la température et de l'atmos-

phère, et on y examine les implications de ces caractéristiques pour la

dispersion d'un produit de contamination libéré dans l'atmosphère en

provenance du site de l'ERNW. La comparaison des résultats actuels avec

ceux d'une analyse antérieure de deux ans des mesures de l'ERNW porte à

croire qu'une climatologie à court ternie représente assez fidèlement les

conditions à long terme pour servir de base fiable à des fins de prédic-

tion de dispersion.
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ABSTRACT

This report discusses the analysis of data collected on the

meteorological tower at the Whiteshell Nuclear Research Establishment

(WNRE) during the period 1964-1976. The time-averaged characteristics

of wind speed, wind direction, temperature and atmospheric stability are

described, and the implications vhich these characteristics have for the

dispersion of a contaminant released to the atmosphere from the WNRE

site are discussed. A comparison of the present results with those of

a previous two-year analysis of WNRE measurements suggests that a short-

term climatology is sufficiently representative of long-term conditions

to provide a reliable base for dispersion predictions.

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba ROE 1L0
1980 October

AECL-6793



CONTENTS

Page

1. INTRODUCTION 1

2. PHYSICAL SETTING 1

3. INSTRUMENTATION 2

4. WIND SPEED 3

5. WIND DIRECTION 6

6. TEMPERATURE 8

7. ATMOSPHERIC STABILITY 9

7.1 THE CONCEPTS OF MECHANICAL AND THERMAL TURBULENCE 9
7.2 TEMPERATURE GRADIENT ANALYSIS ' 10
7.3 PASQUILL-GIFFORD CLASSES 12
7.4 BROOKHAVEN CLASSES 16
7.5 VERTICAL VARIATION OF STABILITY 18
7.6 DYNAMICALLY UNSTABLE CASES 23

8. DIURNAL VARIATION AND THE PERSISTENCE-OF STABILITY 24

8.1 INVERSION BREAK-UP AND FORMATION 25

8.2 PERSISTENCE OF STABILITY 28

9. REPRESENTATIVENESS OF A SMALL DATA SET 30

10. SUMMARY AND CONCLUSIONS 33

ACKNOWLEDGEMENTS 36

REFERENCES 37

FIGURES 39



1. INTRODUCTION

Hourly meteorological data have been collected at the White-

shell Nuclear Research Establishment (WNRE) since the autumn of 1963.

This report will analyse these data to provide a coherent picture of the

average characteristics of both the mean and turbulent components of the

atmospheric flow at WNRE. This information becomes of major practical

importance in assessing the transport and diffusion of radionuclides

released from the WNRE site. In particular, the meteorological data are

necessary in assessing the impact of routine releases on the surrounding

environment, in timing the releases for the purpose of minimizing this

impact, and in evaluating the effects of possible accidental releases.

In addition, the meteorological data collected at WNRE are expected to

be reasonably representative of atmospheric conditions at other sites

with similar topography and climatology, and so can be used, as a first

approximation, to estimate the character of atmospheric transport and

diffusion in the vicinity of a nuclear fuel waste disposal site located

on the Canadian Shield. This 12-year study will be compared with a

previous two-year study by Reimer to assess the representativeness of

short-term findings for this application.

2. PHYSICAL SETTING

The WNRE site (Figure 1) is located in south-eastern Manitoba,

about 100 km east-north-east of Winnipeg {Figure 2). The Winnipeg River

flows from south to north through the western side of the site in a nar-

row cut about 12 m below the general terrain level of 267 metres above

sea level. Both site and river are located in a broad, shallow basin,

the walls of which rise to 300 m about 50 km to the east of WNRE, and to

280 m at the crest of Milner Ridge about 10 km to the west. A few kilo-

metres north of the plant site, the valley opens out onto the lowlands
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adjoining southern Lake Winnipeg and the Red River Valley, at an eleva-

tion of 217 m.

The WNRE site is located in the broad zone in which prairie

grassland to the south-west merges with the Boreal forest to the north-

east. The terrain to the south and west of the site is thus fairly flat

parkland, the vegetation consisting of agricultural crops interspersed

with mixed stands of deciduous and coniferous trees. To the north and

east, the land is more rolling and is covered by coniferous trees of the

Boreal forest averaging about 10 m in height, broken by an occasional

patch of farmland. The area is snow-covered during four to five months

of the year.

3. INSTRUMENTATION

The meteorological data to be discussed here were obtained

from instruments mounted on a 61-m triangular steel tower (Figure 3),

which is located in the clearing at the middle left of Figure 1. Since

September 1963, the tower has been instrumented at two levels, 6.6 and

60.4 m; a third observation level, 26.0 m, was added in December 1967.

At each level, Bendix-Friez aerovanes measure wind speed and direction,

and platinum resistance thermometers in aspirated radiation shields

measure air temperature. Signals from each instrument are passed via

underground cable to continuous analogue recorders located in the Health

and Safety building about 200 m from the tower. Values for each hour of

the day are extracted from these records by determining the 10-minute

means over the period five minutes before to five minutes after the

hour. During the period covered in this report, the means were deter-

mined visually, and the information transferred to punched cards and

read onto magnetic tape by the Atmospheric Environment Service (AES) of

Canada.
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Although measurements have been collected since September

1963, only the period August 1, 1964 to July 31, 1976 will be analysed

here. The data collected after July 1976 have not yet been transferred

to magnetic tape by AES, and so could not easily be included, while the

data collected prior to August 1964 were discarded in order that the

data set contain an integral number of years. Similarly, although the

26-m measurement level was installed in December, 1967, information from

this level was analysed for the period August 1, 1968 to July 31, 1976

only. Equipment servicing has resulted in the loss of about 5% of the

data from any one sensor. It is assumed that these missing data are

randomly distributed in time and do not lend any systematic bias to the

findings. Although the results are presented in the S.I. system of

units, the original parameters were measured in the British system.

The tower meteorology program at WNRE is supplemented by a

variety of supporting measurements, including maximum and minimum tem-

peratures, precipitation, net radiation, soil temperature and moisture,

and hours of bright sunshine. These measurements will not be discussed

in any detail here.

4. WIND SPEED

Mean 6.6-m wind speeds are shown as a function of time of day

and time of year in the contour plot of Figure 4. For a given month,

the wind speed is seen to achieve a well defined maximum in the early

afternoon and a broader minimum shortly after midnight, with rapid

changes occurring near sunrise and sunset. The highest wind speeds oc-

cur near mid-day in spring and fall, while the lowest speeds occur dur-

ing the summer night.

(find speeds for each hour and each measurement level, averaged

over the entire 12-year period, are examined in more detail in Figure 5.



- 4 -

Both the 6.6-and 26-m winds undergo relatively straightforward diurnal

variations, with pronounced daytime maxima and flat night-time minima.

The amplitude of the 6.6-m oscillation (1.65 ms~ ) is significantly

greater than that of the 26-m level (1.2 ms~ ). The 60.4-m winds differ

from those of the lower levels in that the night-time values between

2100 and 0500 hours are elevated and thus give rise to minima which

occur near sunrise and sunset. The features of all three curves can be

explained in terms of the coupling which occurs between the upper and

lower levels of the atmosphere during the day due to turbulent mixing

and the decoupling which results from the cessation of this mixing at
(2)

sunset . During the night, the flows at upper and lower levels are

essentially independent since stable stratification near the ground pre-

vents any interaction between the two. As the sun rises and convection

begins, turbulent processes begin to connect the upptj and lower levels.

Since the wind speed generally increases with height in the lower atmos-

phere, momentum is transported from upper to lower levels, resulting in

an increase in the 6.6-and 26-m winds, and a decrease in the 60.4-m

wind. However, when convection reaches levels above 60.4 m, the down-

ward transport of momentum enhances the wind speeds at all levels in-

cluding the 60.4-m level, and the early afternoon maximum is approached

at each level. As the sun passes its zenith, the turbulent coupling

lessens and the wind speed at all three levels begins to decrease. This

decrease continues uniformly at 6.6 and 26 m, but when the decoupling is

complete and there is no further drain on the momentum at the 60.4-m

level, the wind speed at this level undergoes a small increase. The

greater amplitude of the 6.6-m wind oscillation is due. to the fact that

the 6.6-m level is more frequently and more effectively decoupled from

the upper levels during the night and so the nocturnal wind speeds at

this level decrease to a greater extent than do the 26-m winds.

Average wind speeds for each month are shown in Figure 6. At

each measurement level, the speed peaks during the spring and autumn

months and is relatively light during the summer and winter. The spring
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and fall maxima are associated with the higher frequency of synoptic-

scale storms at WNRE during these seasons.

Annual average wind speeds for each year of the study period

are shown in Figure 7. The variations in wind speeds at the different

measurement levels are fairly well correlated, with the highest level

showing the largest amplitude of variation. Two scales of fluctuation

are evident at each level: a relatively high-frequency oscillation de-

scribing the variation in mean wind speed from year to year and a larger

amplitude, longer period fluctuation describing a general trend to lower

mean wind speeds. The year-to-year variation can reach 10% and is sur-

prisingly large considering the long time period over which the average

is taken. This suggests that spatial averages on a similar scale must

also be considered before invariant means can be expected. The average

wind speeds at WNRE over the entire period of the study were 2.72, 3.78

and 5.32 ms at 6.6, 26 and 60.4 m respectively.

Annual average wind speed fluctuations at WNRE (6.6 m) and at

Winnipeg International Airport (10 m) are generally in phase, as

shown in Figure 7. However, the magnitude of the WNRE wind speed is

significantly less than the Winnipeg wind speed, even when the differ-

ence in measuring height is taken into account. The lighter wind at

WNRE is likely caused by the difference in ground cover at the two sta-

tions ; WNRE is situated in the Boreal forest, while the Winnipeg Air-

port is surrounded by grassland. Since the upper-level wind speeds may

have approximately the same magnitudes at the two sites, the vertical

wind shear at upper levels at WNRE will be relatively large. This ver-

tical wind shear is analysed in greater detail in Figure 8, in which

wind profiles are shown for selected hours of the day and months of the

year. For each month, the vertical shear is greater at night than dur-

ing the day, a result of the low night-time wind speeds which occur at

low levels as the upper and lower levels become decoupled. The shear is

strongest near the ground in all months and is greatest during the sum-

mer and least in winter. The shear attains its greatest magnitude
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(0.08 s~ ) at OOh in July, a magnitude which is relatively large consid-

ering that it represents average conditions. The relationship between

these large shears and atmospheric stability will be discussed in Sec-

tion 7.

A histogram showing the frequency of occurrence of various

60.4-m wind speed classes is shown in Figure 9. The class limits have

somewhat awkward values since the conversion to metres per second was

done only after the original analysis had been carried out in miles per

hour, in order that no wind speed be assigned to the wrong class. The

distribution is approximately Gaussian, apart from a relatively high

number of cases in the first wind-speed class, and the relatively long

tail at higher wind speeds.

5. WIND DIRECTION

Wind direction at WNRE is recorded to the nearest multiple of

10°. Eighteen 20° wind-direction sectors were defined by combining ob-

servations at 10° with those at 20°, observations at 30° with those at

40°, and so on. Thus sector 1 has a mean orientation of 15°, and con-

tains all those winds blowing from directions between 5° and 25° east of

north. The distribution of 60.4-m wind direction for all data collected

over the study period is shown in the wind rose of Figure 10(a). Also

shown in this figure is a rough indication of the distribution of wind

speed within each sector. All observations in which the wind speed lay

below the threshold sensitivity (0.7 ms ) of the anemometer were clas-

sified as calm. Directions for these cases were interpolated from the

directions of the above-threshold winds occurring Immediately before and

after the period of calm.

Figure 10(a) shows that the annual distribution of 60.4-m

wind direction at WNRE is bimodal, the preferred directions being NNW
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and SSE. It Is likely that this bi-directional character is imposed by

a channelling effect brought about by local topography. Both the Winni-

peg River, which drains the area locally, and the regional drainage sys-

tem of the Red River and Lake Winnipeg, are oriented south to north.

North-west winds are also fairly common, while cross-valley flows, from

both the WSW and ENE, occur least frequently. The distribution of wind

speed within each sector is very similar.

The annual wind rose is shown broken down into daytime and

night-time categories in Figures .10(b) and 10(c). For present purposes,

a given observational hour is considered to occur in daytime if it oc-

curs after sunrise and before sunset on the given day. No pronounced

departures from the annual wind rose were found in this diurnal break-

down. North and north-west winds are somewhat more likely to occur dur-

ing the day than during the night, and east and north-east winds are a

little more frequent during the night. Calms are relatively rare at

night as a result of the nocturnal maximum in wind speed at 60.4 m.

Seasonal wind roses (Figures 10(d)-10(g)) again show only

minor departures from the annual wind rose. Spring (here defined as the

months of March, April and May) sees an increase in frequency of winds

with an easterly component, perhaps associated with the increase in the

number of synoptic scale storms which pass over WNRE at this time of

year. Summer (June, July and August) brings more south-west and fewer

north-east and north-west winds. South and west winds are relatively

more common in autumn (September, October and November) and north and

east winds less common. Along-valley winds increase in frequency in

winter (December, January and February), while cross-valley winds de-

crease. Calms are relatively infrequent in spring and more common in

winter. The winter wind rose is also notable for the relative absence

in some sectors of cases in the high wind-speed class.
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6. TEMPERATURE

Temperatures for each hour averaged over the entire study pe-

riod are shown in Figure 11. At each measurement level temperatures

increase at sunrise, reach a maximum in the early afternoon and drop

steadily thereafter until sunrise on the following day. The phases of

the curves lag increasingly with height since the temperature at lower

levels is able to respond more rapidly to heating and cooling of the

earth's surface. The relative magnitudes of the temperatures at the

three levels will be discussed in the following section.

Mean monthly tower temperatures at the 6.6-m level for WNRE

are shown in Figure 12, together with the 1.5-m Stevenson screen temper-

atures recorded at Winnipeg^ ' for the period 1941-1970. In spite of

the quite different measurement methods agreement is good. This suggests

that temperatures at WNRE during the study period may be quite represen-

tative of the longer term average. The Winnipeg temperatures generally

exceed those at WNRE, primarily because of regional climate differences

(McKay ). The 26- and 60.4-m mean monthly temperatures at WNRE (not

shown) are generally slightly higher than the 6.6-m temperatures; the

significance of this result will bo discussed in the following section.

Annual average temperatures at the 6.6-m level are given in

Figure 13. Results for two years, 1966 and 1967, are not shown since in

both of these years a large number of observations were missing and the

results may have been biased. Fairly large fluctuations occur from year

to year and there is a slight long-term trend to higher average tempera-

tures. The WNRE temperatures are fairly well correlated with tempera-
(3)tures measured at 1.5 m at Winnipeg , although local conditions and

measurement hardware are clearly important in establishing which of the

two locations will show a higher value in a given year. The average

6.6-m temperature at WNRE over the entire 12-year study period was
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Some information on the nature of the fluctuations in atmos-

pheric parameters is contained in Figure 14, which shows the standard

deviation of 6.6-m temperature for each hour in the month of July. Two

curves are shown, one for the individual year 1969 (which is fairly re-

presentative of other individual years in this regard), and the other

for the 12 July months covered during the study. Note that there is no

obvious difference in the magnitudes of the standard deviations of the

two curves in spite of the fact that each point of the 12-year curve is

based on 12 times as many observations as the corresponding point of the

1969 curve. This is a fairly common result for atmospheric variables

and arises from the fact that long-term trends are often present in the

data. Annual means may then differ significantly from long-term means,

with the result that the expected reduction in the standard deviation

due to the increased number of data points is offset by an increased

scatter about the mean as the record length is expanded.

Mean minimum and maximum temperatures for each month at the

6.6-m level at WHRE are shown in Figure 15, together with the extreme

minimum and maximum temperatures observed in each month over the entire

study period.

7. ATMOSPHERIC STABILITY

7.1 THE CONCEPTS OF MECHANICAL AND THERMAL TURBULENCE

The diffusive power of the atmosphere is directly related to

the intensity of eddy turbulence which exists within it. Turbulence in

the surface layer can be generated either mechanically, as a result of

the disruption of the flow field by surface topography, vegetation or

buildings, or thermally, as a result of the buoyancy forces which occur

in conjunction with certain vertical temperature profiles. For a given

site, mechanical turbulence will generally increase with wind speed.
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Thermal turbulence, a more complex phenomenon, depends upon the relative

strengths of the ambient vertical temperature gradient and the adiabatic

lapse rate (- 0.98°C/100 m for unsaturated air). If the temperature de-

creases with height at a rate greater than the adiabatic lapse rate, the

atmosphere is said to be superadiabatic, or statically unstable, and

vertical motions will occur spontaneously as a result of buoyancy forces.

These vertical motions in turn will generate three-dimensional turbulent

eddies. If the ambient lapse rate equals the adiabatic lapse rate, the

atmosphere, if dry, is said to be neutral and vertical motions are nei-

ther enhanced nor suppressed. If the temperature decreases less rapidly

with height than the adiabatic lapse rate, the atmosphere is said to be

statically stable and buoyancy forces will tend to suppress vertical

motions (except in the conditionally unstable region when the air is

saturated). If temperatures actually increase with height, an inversion

is said to exist. The intensity of thermally driven turbulence generally

decreases as stability increases. It should be noted that, in a real

atmosphere, static and dynamic forces tend to interact with each other

and it is not always possible to make a clear distinction between me-

chanically and thermally generated turbulence. In this section we shall

examine the climatology of atmospheric stability (and thus the diffusion

climatology) of the WNRE site.

7.2 TEMPERATURE GRADIENT ANALYSIS

Temperature differences AT = T,fl , - T, , are shown as a func-

tion of month and hour in the contour plot of Figure 16. Inversions are

seen to form near sunset as the ground cools and to persist until surface

heating is re-established an hour or two after sunrise. This results in

superadiabatic conditions near mid-day in spring, summer and early autumn,

when surface heating is fairly intense, and weakly stable gradients

throughout the day in winter when surface heating is less intense. The

magnitude of AT for a given month stays approximately constant through-

out the day and throughout the night, but undergoes rapid changes near
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sunrise and sunset. The strongest inversions form prior to sunrise in

late winter and just after midnight in summer.

The average temperature gradient, shown in Figure 16, is not

a good indicator of the frequency of occurrence of stable and unstable

conditions. The magnitudes of gradients under inversion conditions are

typically much larger than magnitudes under unstable conditions, so that

a single hour with a strong inversion will outweigh several hours of

lapse conditions in the calculation of mean gradients. Actual frequen-

cies of occurrence of lapse rates greater than various magnitudes are

shown in Figure 17(a)-17(f) as a function of hour of the day for selected

months for the 6.6 to 60.4-m layer. The ordinate at a particular hour

along any of the curves in these figures gives the frequency of occur-

rence of a lapse rate less than or equal to Cleft scale) or greater than

(right scale) the value of the lapse rate marked on the curve. For in-

stance, at hours 13 and 14 in January, the frequency of occurrence of a

lapse rate greater than - l°C/100 m is 40%. The 0° curve in these fig-

ures separates inversion from less stable conditions, while the - 1°

curve very closely approximates the division between stable and unstable

conditions (for dry air).

Figure 17 shows that stable conditions typically occur about

90% of the time during the night, although this frequency is reduced

somewhat in early winter. Note that stable conditions are also found

about 40% of the time during daylight hours in most months, although

this value is reduced to about 20% during the summer. Thus there is a

finite chance that unstable conditions will occur during the night and

that an inversion will exist at midday in summer. Superadiabatic lapse

rates as strong as - 3°C/100 m occur with significant frequency at mid-

day in July, while inversions stronger than 16°C/100 m occur during the

night in all months of the year except November.
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7.3 PASQUILL-GIFFORD CLASSES

It is common practice in diffusion work to assume that it is

possible to break up the continuous range of atmospheric dispersive pow-

er into several categories, each of which is characterized by a distinct

state of atmospheric turbulence. Such a classification scheme limits

the dispersion parameters required for modelling purposes to a relative-

ly small set, and leads to particularly simple dispersion calculations.

Because of the widespread use of these classes, it is worthwhile to de-

termine their climatology for WNRE. Of the several classification schemes

in present use, it is convenient from the point of view of the measure-

ments readily available at WNRE to base this climatology on the so called

Pasquill-Gifford (P-G) and Brookhaven classification schemes^ ' ' '.

The Brookhaven method will be described in the next section. The P-G

scheme originally used insolation and wind speed to characterize the

state of atmospheric turbulence, but the classes have since been defined

in terms of a variety of meteorological parameters. Here the classes

will be determined using the magnitude of the vertical temperature gra-

dient , a method which is known to give poor results under some cir-

cumstances ' ' , but which is the only method which can be readily

implemented with the data available. A further difficulty lies in the

fact that, since temperatures at WNRE have been measured in °F to an

accuracy of + 0.1°F, there cannot be an exact correspondence between the

P-G classes as defined in the literature (which are based on a tempera-

ture gradient expressed in units of °C/100 m) and those derived here

from observation. Table 1 contains the standard definitions of the P-G

classes, the definitions converted to 6F/180 ft and the actual defini-

tions used here.

The frequency of occurrence of the various P-G classes in the

6.6 to 60.4-m layer is shown as a function of month and hour in the con-

tour plots of Figure 18(a)-18(g). The unstable classes A, B and C have

significant frequencies of occurrence during daylight hours in spring,

summer and fall only. Classes A and B have never been observed for a



TABLE 1

DEFINTION OF THE PASQUILL-GIFFORD STABILITY CLASSES

L IS THE TEMPERATURE GRADIENT

Pasquill
Class

A

B

C

D

E

F

G

Stability

Very unstable

Moderately unstable

Weakly unstable

Neutral

Weakly stable

Moderately stable

Very stable

Definition
(°C/100 m)

L < - 1.9

- 1.9 < L < - 1.7

- 1.7 < L < - 1.5

- 1.5 < L < - 0.5

- 0.5 < L < 1.5

1.5 < L < 4

4 < L

Definition
(eF/180 ft)

L < - 1.88

- 1.88 < L < - 1.68

- 1.68 < L < - 1.48

- 1.48 < L < - 0.49

- 0.49 < L < 1.48

1.48 < L < 3.95

3.95 < L

Definition used
here ("F/180 ft)

L < - 1.85

- 1.85 < L < - 1.65

- 1.65 < L < - 1.45

- 1.45 < L < - 0.55

- 0.55 < L < 1.45

1.45 < L < 3.95

3.95 < L
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large number of night-time hours, particularly during the winter and

spring. The frequency of occurrence of neutral conditions (class D) is

more evenly distributed in time with a minimum occurrence during the

summer night, a maximum just prior to sunset, and a secondary maximum

just after sunrise in all seasons except summer. The stable classes E,

F and G all show the same pattern of occurrence, with minima during the

day and maxima near sunset. Cases of progressively stronger stability

become less and less probable during the day; in fact, G stability was

never observed for many daylight hours during the entire study.

The information contained in Figure 18 is shown in a different

form in Figure 19 to bring out more clearly the diurnal variation in

stability class for selected months. The inversion which typically

forms at night begins to break up at sunrise, to be replaced as the day

progresses by successively more unstable classes, which in turn are suc-

ceeded by more stable classes in the late afternoon. This process ex-

plains why the contours of constant frequency of occurrence are approxi-

mately parallel to the sunrise and sunset curves for all stabilities and

why each stability class undergoes a rapid change in its frequency of

occurrence near sunrise and sunset. Since the stronger inversions re-

quire more time to decay, the change in frequency near sunrise occurs

progressively later as the stability increases; similarly, the change

near sunset occurs later if a very unstable gradient has been established

during the day. The maxima in classes D and E near sunrise and sunset

result from the fact that the atmosphere must pass through these classes

whenever nocturnal inversions follow unstable daytime conditions.

The average percent frequency of occurrence of the P-G classes

over the entire 12-year study period was 5.44, 2.57, 5.74, 35.67, 30.20,

10.21 and 10.17 for classes A through G respectively.

The wind roses for the seven P-G classes, shown in Figure 20,

indicate a strong correlation between wind direction and stability. The

unstable classes A, B and C occur most frequently with north and north-
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west winds, when relatively cold air is advected over a warmer ground

surface. There are correspondingly few unstable cases associated with

south winds and with winds having ah easterly component. The wind rose

for class D is very similar to that for all data (Figure 10(a)), partly

because of the large number of observations in this class and partly be-

cause strong winds and cloudy skies (which are the factors which produce

class D stability) are not highly correlated with wind direction. Class

E stability is again distributed in much the same way as all the data,

but occurs relatively more frequently for winds having a southerly com-

ponent, when warm air is advected over a relatively cold surface. Simi-

larly, the wind roses for classes F and G show that strongly stable

cases occur relatively infrequently with a north or north-west wind, but

relatively often with south-west, east or north-east winds.

The correlation of stability class with wind speed is shown in

Table 2, in which the total number of cases in a given stability class

TABLE 2

CORRELATION OF PASQUILL-GIFFORD STABILITY CLASS WITH WIND SPEED

Stability
Class

A

B

C

D

E

F

G

All Data

Calm

1.12

1.40

1.63

2.15

2.95

3.33

5.54

2.76

Wind Speed
0.7-4.2 m/s

28.42

30.98

31.44

30.24

30.45

33.57

47.71

32.39

Class
4.3-6.4 m/s

35.65

32.54

32.19

32.40

36.79

43.88

34.97

35.37

> 6.

34

35

34

35

29

19

11

29

5 m/s

.81

.08

.74

.21

.81

.22

.78

.48
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is broken down into the number of cases, on a percentage basis, which

occur during each of four wind speed classes. Classes A, B, C and D all

have the same pattern of occurrence with wind speed, each showing a dis-

tribution which is weighted toward higher wind speeds when reference is

made to the distribution for all the data (given in the last line of

Table 2). On the other hand, the stable classes F and G occur relatively

infrequently in strong wind conditions. The incidence of calms increases

uniformly with increasing stability.

7.4 BROOKHAVEN CLASSES

The original Brookhaven (BNL) scheme devised by Singer and

Smith/ » ' has five classes (A, B2, B ^ C, D) based on the wind direc-

tion traces of a Bendix-Friez Aerovane anemometer. The WNRE(BNL) classes

are somewhat different in terms of class boundaries and other character-

istics. The definition of the WNRE(BNL) classes is as follows:

A - direction fluctuation exceeding 90°

B - fluctuations ranging from 30 to 90°

B - fluctuations ranging from 10 to 30°

W - "solid core" for one hour with fluctuations > 15°

D - straight or meandering line with fluctuations < 10°

A typical trace for each class is shown in Figure 21.

The WNRE(BNL) scheme is based on three years of data from June

1963 to June 1966. A , B , B , and D are essentially equivalent to the

Brookhaven classes except for slight differences in the boundaries of

B , B , and D. The "solid core" or strong wind trace at WNRE has fre-
x y

quent small open spaces and so is named W since it appears to be charac-

teristic of the Whiteshell site. WNRE(BNL) classes are based on meas-

urements at 60.4 metres above ground whereas Brookhaven measurements are
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at 107 metres. Classes A and D are subscripted to distinguish them

from the WNRE Pasquill-Gifford classes in the preceding section.

The frequencies of WNRE(BNL) classes are shown in Figures 22

and 23 as a function of hour and month respectively. Class A has a

sharp peak at mid-day which is expected, but A can also occur at any

hour of the night. Class B has a flat maximum in daytime which is

about double the night-time frequency. Classes B , W and D all have
y w

minima in daytime and flat maximima at night.

Figure 24 gives the wind-speed frequency for each of the

WNRE(BNL) classes as well as the total number of occurrences of each

class. The frequency of vertical temperature difference (by l°C/100 m

divisions) for each class is given in Figure 25. A further hourly dis-

tribution subdivided by season is shown in Figure 26 (a) - (e) for each

class.

From Figures 22 to 26, it is clear that A represents unstable

conditions which includes superadiabatic to adiabatic lapse rates for

light wind conditions and so is quite similar to P-G A. Class B con-

tains unstable and neutral cases and so is parallel to cases in P-G B.

Class B represents neutral and slightly stable cases and so is similar

to P-G D and E. More stable cases are represented by Class D and so

this is similar to P-G F and G. This leaves the strong wind class W to

which there is no direct equivalent in the P-G method; however, strong

wind cases are usually neutral and thus would most often fall into P-G

D or possibly C.

The total frequency of both WNRE(P-G) and WNRE(BNL) classes

are presented in Table 3. They are arranged so that the relationships

between types are as clear as possible.

Wind direction frequency for the WNRECBNL) data is presented

in Figures 27 (a) - (e). A and P-G A (Figure 20(a)) are generally sim-
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TABLE 3

TOTAL FREQUENCY OF WNRE(P-G), WNRE(BML)

WNRE(P-G)

A

B

C

D

E

F

6

Frequency
(%)

5.44

2.57

5.74

34.67

30.20

10.21

10.17

WNRE(BNL)

A
w

B
X
W

B
y

D
w

Frequency
(%)

3.5

46

5

27

9

ilar with respect to direction frequency. P-G D and B are quite sim-

ilar and they contain 35% and 46% respectively of all the data. P-G B

and C are somewhat unsymmetrical in that the northerly peaks are consid-

erably greater than the southerly peaks but, since they represent 2.5

and 5.7% of the data, this disparity is not important. P-G G and D are

also quite similar. Since there is no strong wind class in the P-G

scheme, a direct comparison is not possible. It is noteworthy, however,

that P-G E contains a strong southerly peak similar to W, and P-G E

contains 29% of winds > 6.5 m/s (W has a mean of 9 m/s).

7.5 VERTICAL VARIATION OF STABILITY

Diffusion in the atmosphere proceeds according to local con-

ditions of turbulence, so that mean stability conditions, such as those

discussed above for the entire 6.6 to 60.4-m layer, may not provide a

reliable indication of the true rate of diffusion at all levels. Stab-
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llity can vary rapidly with height and time in the atmosphere , as

can be seen in Figure 28, which shows vertical temperature profiles for

selected hours of the day and months of the year. In this figure, the

6.6-m temperature has been arbitrarily set to zero. The intensities of

both the nocturnal inversions and the daytime superadiabatic gradients

decrease with height as the influence of surface heating and cooling be-

comes less important. The nocturnal inversion is significantly weaker

in November than in any other month, since temperatures near the ground

are kept relatively high through the 'release of heat stored in the

ground and in open bodies of water. A superadiabatic gradient exists in

the lowest layer at midday for each month examined, but this gradient

extends to 60.4 m from May to September only, the months when convection

is most vigorous.

There are two situations in particular in which the vertical

variation of stability can strongly influence the character of diffusion:

1. Elevated stable layers, in which a stable layer overlies an

unstable layer. A pollutant injected into the unstable layer

will be trapped beneath the stable layer and relatively high

concentrations may occur near the ground. Alternately, if the

pollutant is released into the stable layer, little diffusion

will occur and ground concentrations will remain low unless

the pollutant becomes entrained in the underlying unstable air

Ca process called fumigation).

2. Low-level stable layers, in which a ground-based stable layer

is overlain by an unstable layer. A pollutant injected into

the stable layer will undergo little diffusion and ground-

level concentrations will be high for a ground-level release.

If the pollutant is released into the unstable layer, dispersal

upward will be rapid and very small amounts will reach the

ground.
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The climatology of these two situations will be discussed in

this section. By necessity the lower layer will be defined by the 6.6-

and 26-m observation levels, and the upper by the 26- and 60.4-m levels.

Adiabatic gradients will be included with the stable cases in these dis-

cussions.

The frequency of occurrence of elevated stable layers is ex-

pected to be quite high at WNSE. The atmosphere tends to prefer weakly

stable lapse rates away from the ground * , so that elevated stable

layers will usually form whenever the layer near the ground is convec-

ti rely unstable. This expectation is borne out in the contour plot of

Figure 29, which shows the frequency of occurrence of elevated stable

layers as a function of month and hour. Maximum frequencies occur dur-

ing the day in winter, when surface heating is sufficient to establish

an unstable layer at relatively low levels only. In fact, we Lave seen

in Figure 28 that elevated stable layers occur in the mean at noon from

November through March. The frequency drops during the summer day since

surface heating is now vigorous enough to extend the unstable regime to

the 60.4-m level. However, it is likely that a stable layer exists

somewhere above 60.4 m, so that this drop in frequency is simply an ar-

tifact of the fixed height of the WNRE tower. In fact the frequency of

occurrence of elevated stable layers would be expected to increase dur-

ing the summer when convectively unstable layers at the ground are most

frequent. The frequency is a minimum during the summer night when un-

stable layers near the ground are uncommon. However, the frequency of

occurrence is quite high during the winter night, a somewhat surprising

result in that Figure 28 indicates that the mean strength of the stable

layer in the lower levels during this period exceeds that in the upper.

It appears that the strength of those inversions which do form at low

levels overcomes their relatively low frequency of occurrence when an

average is taken, a consequence of the asymmetry of AT in stable and un-

stable conditions. Upper-level stable layers tend to be rather weak, so

that although they occur more frequently, they produce low average values.
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The wind rose for cases of elevated stable layers (Jigure 30)

shows a slight preference for north and north-west winds, and a slight

reduction in south and south-west winds when compared with the annual

wind rose (Figure 10(a)). This is not unexpected since we have seen

that unstable conditions occur most frequently with northerly winds.

Figure 31 shows that the frequency of occurrence of low-level

stable layers is generally low, a result which follows from the fact,

established in Figure 28, that the upper atmosphere is only rarely un-

stable. The frequency shows little correlation with season or time of

day, apart from a weak maximum in early morning at mid-summer. This

maximum may occur as a result of the stabilization of the lower levels

following cumulus development and ground-based cooling brought about by

vigorous convection just after sunrise, convection which would initially

have established an unstable layer throughout the entire 6.6 to 60.4-m

depth. This supposition is supported by the shape of the wind rose of

Figure 32, which shows that low-level stable cases are correlated with

north-west winds, which in turn tend to occur with unstable conditions.

As in the case of elevated stable layers, the mean gradients in both the

stable and unstable layers during low-level stable cases are close to

adiabatic.

The low frequency of occurrence of both elevated and low-level

stable layers during the summer night suggests that if an inversion

forms during this period, it will extend throughout the entire 60.4-m

measurement depth.

Table 4 contains information on the association between the

Pasquill-Gifford stability class evaluated over the 6.6 to 60.4-m layer

as a whole and the classes determined for the 2 sublayers. For the pur-

poses of this table, we define three broad stability categories: unsta-

ble (consisting of P-G classes A, B and C); neutral (P-G class D); and

stable (P-G classes E, F and G). Column 2 of Table 4 lists the amount

of the time (as a percentage) that both the upper and lower layers have
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TABLE 4

ASSOCIATION BETWEEN PASQUILL-GIFFORD STABILITY CLASSES EVALUATED OVER

THE 6,6 TO 60.4 m-LAYER AND THE CLASSES DETERMINED FOR THE UPPER

(J6 TO 60.4-m) LAYER AND LOWER (6.6 TO 26-m) LAYER

Stability of
6.6 to 60.4-m

Layer

A

B

C

D

E

F

G

Amount of Time

Identical
Stability
Class

12.4

2.7

10.1

21.9

37.9

-

(%) that Upper

Identical
General
Stability

52.1

31.35

15.6

21.9

48.8

94.0

99.0

and Lower

Elevated
Stable
Layer

2.0

6.1

9.7

24.2

9.8

2.0

0.4

Layers Exhibit

Low-Level
Stable
Layer

1.3

6.3

2.8

5.0

1.2

0.3

0.1

the same P-G stability class as the entire 6.6 to 60.4-m layer Cwhich is

specified in column 1). Column 3 contains the amount of the time that

both the upper and lower layers have the same general stability charac-

teristics (unstable, neutral or stable) as the overall layer. Column 4

contains the amount of the time that an elevated stable layer exists

when a given P-G stability class is characteristic of the entire layer,

while column 5 lists the amount of the time that a low-level stable

layer exists.

Table 4 shows that only rarely is the P-G stability class ap-

propriate to the overall layer the same as the classes appropriate to

the two sublayers. This is particularly true when the overall profile

is unstable. Even when the broad stability groups (unstable, neutral or

stable) are considered, only under very stable conditions do the local
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and overall stability classes agree to better than 50%. During a sig-

nificant proportion of the time that the overall stability falls into

classes B, C, D and E, elevated or low-level stable layers will in fact

exist. These observations point out the dangers in using stability cri-

teria evaluated over a deep layer to specify the local diffusion of a

pollutant.

7.6 DYNAMICALLY UNSTABLE CASES

To this point we have based our assessment of the stability of

the atmosphere on the existence of turbulence generated by mechanical or

thermal processes only. However, turbulence can be generated by a third

mechanism if the vertical shear of the horizontal wind is sufficiently

large. To discuss this mechanism, we introduce the Richardson number

Ri, a non-dimensional number defined by

m - 2. PT/az + P)
T 9

(3V/9z)

where g is the gravitational acceleration, T is the temperature, z is

the vertical height, P is the dry adiabatic lapse rate, and V is the

horizontal wind speed. Ri describes the balance between the stabilizing

effects of buoyancy and the de-stabilizing effects of wind shear. If

the wind shear is sufficiently large that Ri < Jj, a type of instability

called dynamic instability may occur. The instability will manifest it-

self as a secondary motion which can be either local in nature or capa-

ble of propagating to distant parts of the atmosphere . The insta-

bility will initially have an organized form but, in its later stages,

will decay into turbulence. Thus, under conditions of dynamic instabil-

ity, the atmosphere would be potentially more turbulent Cat least lo-

cally) than would be indicated by its temperature gradient and wind

speed alone, and diffusion would proceed at a correspondingly higher

rate.
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These remarks are particularly significant when applied to the

climatology of the WNRE site, which is characterized by a high frequency

of convectively stable conditions. The atmosphere is, in fact, often

dynamically unstable at WNRE. Figure 33 shows the diurnal variation of

the frequency of occurrence of dynamically unstable conditions (condi-

tions for which 0 < Ri < %) for the overall layer and for the two sub-

layers for selected months. Dynamically unstable conditions occur fully

half the time during the night and 10-20% of the time during the day.

This high frequency of occurrence arises partly because convectively

stable gradients tend to be rather weak at WNRE, and partly because of

the high wind shears at WNRE. Note that the Richardson numbers calcu-

lated here were by necessity evaluated over quite deep layers; calcula-

tions based upon more detailed profiles would possibly show more fre-

quent or more intense cases of dynamic instability. It should be noted

here that Ri determined from the ratio of two gradients Cone squared)

can contain a large measure of uncertainty.

The wind rose of Figure 34 shows that dynamically unstable

cases occur relatively more frequently (when compared with the annual

wind rose) in conjunction with winds having a southerly component and

less frequently with winds having a northerly component. This is to be

expected since statically stable conditions occur preferentially with

southerly winds.

8. DIURNAL VARIATION AND THE PERSISTENCE OF STABILITY

A visual inspection of Figures 16, 17, 18 and 19 reveals a

more or less regular variation in the stability of the atmosphere

throughout the day. Typically, the inversion which forms at night be-

gins to break up at sunrise, to be replaced by a convectively unstable

temperature gradient by mid-day. The nocturnal inversion begins to re-

form not at sunset., but following the time of maximum surface tempera-
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ture, which generally precedes sunset by one to three hours depending on

the season. In this section we shall examine in detail the climatology

of inversion formation and break-up at WNRE. In addition, the mean per-

sistence of the F-G stability classes will be calculated for each month

and hour, and the probability of a pre-existing inversion persisting for

a given period of time will be determined.

8.1 INVERSION BREAK-UP AMD FORMATION

The analysis of the diurnal variation in stability will be

carried out in terms of solar time to avoid the seasonal variation of

sunrise and sunset with local time which would tend to obscure the re-

sults. The mean time of sunrise (SR) was determined for each month and

the measurements for each day in that month identified as occurring so

many hours before or after SR. Averages over the 12 months were then

obtained in the normalized time frame in which SR represented the ori-

gin. Similarly, the mean time of occurrence of maximum surface tempera-

ture was determined for each month, and observation times thereafter

measured with respect to this time.

The diurnal variation of atmospheric stability is illustrated

in Figure 35(a) in terms of the average frequency of occurrence of in-

version conditions for both the entire 6.6 to 60.4 m-layer and the 6.6

to 26 m-sublayer for the 12 hours bracketing SR. The more or less con-

stant inversion frequency which obtains during the night is seen to de-

crease abruptly just after sunrise. The period of rapid change lasts

for about 2^-3 hours, whereupon near constant conditions are once again

re-established. The behaviour of the inversion frequency in the two

layers is almost identical, although the lower layer appears to be

slightly more responsive to the onset of surface heating. The mean tem-

perature gradient across the two layers (Figure 35(b)> shows much the

same pattern with time as the inversion frequency. Superadiabatic tem-

perature gradients form in the lower layer within two hours of sunrise

and in the entire layer within 4% hours. The temperature variation in
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the lower layer is much greater than that in the deeper layer due to the

closer proximity of the former to the ground.

The variables shown in Figure 35 are repeated in Figure 36 for

the case of inversion formation in the 12-hour period bracketing the

time of maximum surface temperature (MST). Again a period of approxi-

mately steady-state conditions prior to the time of MST is followed by

a rapid change in inversion frequency and temperature gradient, lasting

about three hours. The period of rapid change does not occur immediate-

ly after the time of MST, but appears to be delayed for about 1% hours.

This may result from the fact that the surface temperature changes slow-

ly near the time of MST; in contrast, the rising of the sun at daybreak

is a much more abrupt event which demands a more immediate response.

An attempt was made to detail the formation of a typical radi-

ation inversion, by which is meant an inversion which forms as a result

of radiational cooling at the earth's surface after the time of occur-

rence of the MST. For present purposes, a radiation inversion was as-

sumed to form on a given day if an inversion did not exist in the hour

preceding the time of MST and if an inversion did form sometime within

the following seven hours. With this definition, Figure 37 shows the

cumulative fraction of all radiation inversions which formed within a

given length of time. The figure shows that the majority of inversions

form within 2-4 hours after the time of MST and that formation is equal-

ly likely at any particular time within this range. Inversions tend to

form slightly earlier in the lower layer than in the entire 6.6 to

60.4-m layer, as would be expected.

A similar analysis was applied to inversion break-up due to

surface heating after sunrise. Standard inversions in this case were

defined as those which existed at the observational hour immediately

preceding sunrise and which dissipated within the following seven hours.

The analysis was further broken down according to the strength of the

initial inversion. Five inversion strength classes were defined, as
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listed in Table 5, and cumulative rates of dissipation determined for

each class (Figure 38(a) and 38(b)) for the two layers. We see that,

as expected, the amount of time required to dissipate an inversion in-

creases with the inversion strength. The majority of inversions within

a given strength class dissipate within a 2 to 3-hour time period, but

this period occurs at successively later times after sunrise as the in-

version strength increases. The break-up of the inversion occurs ear-

lier in the lower layer than in the 6.6 to 60.4-m layer as a whole.

This effect is illustrated more clearly in Figure 38(c) in which the

mean time required for the break-up of the inversion in the two layers

is shown as a function of inversion strength class. Relatively weak

inversions dissipate essentially simultaneously Cwithin the one hour

time resolution of these measurements) throughout the entire 60.4-m

depth, but stronger inversions erode first in the lower levels. Thus,

the inversion lifts from the surface at sunrise, accounting for the

local maximum evident in Figure 29 in the frequency of elevated stable

layers just after sunrise in most months.

TABLE 5

DEFINITION OF INVERSION STRENGTH CLASSES

(L is the lapse rate in "C/100 m)

Inversion
Strength Class

Definition

1

2

3

4

5

0 < L < 2

2 < L < 5

5 < L < 10

10 < L < 15

15 < L
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8.2 PERSISTENCE OF STABILITY

Figure 39 shows the expected duration of the seven P-G stabil-

ity classes (evaluated over the 6.6 to 60.4-m layer) as a function of

season and time of day. The value indicated for a particular class at

a particular hour, h , in a given month was obtained by identifying all

days on which that class existed at hour h and determining the mean

length of time beyond h over which the class was observed to persist.

Hours in Figure 39 for which no values are given are hours for which an

insufficient number of cases were observed to give a reliable mean.

Figure 39(a) shows that, apart from the winter months, class A, once

having formed, tends to persist throughout the remainder of the daylight

hours. Classes B and C, on the other hand, do not persist for long once

they have formed. Because of the small range of temperature gradients

over which these classes obtain, it is likely that the atmosphere tends

to oscillate between the two during weakly unstable conditions. Class D

can be expected to persist for the greatest length of time if it becomes

established just after sunset. The expected mean duration then decreases

as sunrise, and daytime instability, is approached. The secondary peak

in duration which occurs just after sunrise in spring, summer and autumn

could be caused by the cumulus cloud cover generated by early morning

convection at these seasons. The class E curves are similar to those of

class D except that the daytime maximum in each occurs somewhat later in

the day and is more pronounced. Classes F and G show uniform decreases

in persistence following maxima in early evening, when the entire radia-

tional cooling period lies ahead. The actual magnitudes of the duration

of class F are surprisingly low; it appears that the night-time atmos-

phere prefers either strong or weak stability to intermediate conditions.

The cumulative probability of duration of the longest 6.6 to

60.4-m inversion in each 24-hour period from 1200 hours on a given day

to 1200 hours on the following day is shown for selected months in Fig-

ure 40. Here an inversion is considered to have lasted for one hour if
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it was observed at two consecutive measurement times, and so on; Figure

40 therefore underestimates slightly the true average duration of inver-

sions. Inversions at least one hour long occur on about 80% of all days,

with a slightly higher probability in July and significantly lower prob-

ability in November. Inversions have a small, though finite, probability

of persisting throughout the entire 24-hour period in each month. The

curves for January, September and November are approximately linear be-

low about 17 hours, suggesting that the probability of inversion dura-

tion for any length of time less than 17 hours is constant. In contrast,

the curves for March, May and July show a relative decrease in the prob-

ability of inversion duration beyond 12, 9 and 8 hours respectively,

time periods which correspond roughly to the length of the night in

these months. Thus inversions in the spring and summer are restricted

primarily to night-time hours.

Figure 41 gives the probability that an inversion, existing

between the 6.6- and 60.4 m-levels at a given hour of a given month,

will persist for at least another 5, 10 or 15 hours. The curves for

each month all show the same diurnal pattern, with the maximum proba-

bility of long duration occurring just before sunset and the minimum

just after sunrise. The maximum of the five-hour curve is relatively

flat and the minimum is sharp, indicating that inversion durations of

this length are fairly common at any time throughout the night. In con-

trast, the flat minimum and sharp maximum of the 15-hour curve points

out the relative infrequency of inversions of this length. There is

little difference between the probabilities of 5- and 15-hour duration

inversions during the day, suggesting that an inversion which is well

enough established to survive during daylight hours will likely persist

throughout the night.
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9. REPRESENTATIVENESS OF A SMALL DATA SET

The results discussed above provide a fairly representative

description of the climatology of the WNRE site because they are based

upon data collected over a relatively long observation period. However,

decisions involving the siting of power plants or waste repositories

must often be based upon a smaller data set gathered over a period of

one year or so. Questions then arise concerning the representativeness

of the small data set in terms of the longer-period climatology of the

site. Some general observations on these questions can be made by com-

paring the information presented in this report with similar information

given by Reimer , who prepared a climatology for the WNRE site using

tower data covering the shorter period from September 1963 to July 1965.

However, the conclusions drawn below concerning the relationship between

these two data sets should be treated with caution for a number of rea-

sons. First the comparison will be done on an essentially qualitative

basis by visual inspection of the figures. Secondly, the two data sets

overlap to some extent in time, and so are not independent. Finally,

the one particular small data set upon which the conclusions are based

may have been obtained during a period when conditions were unusually

similar to, or unlike, long-term mean conditions.

With these cautionary remarks in mind, we can draw two main

conclusions from a comparison of the short- and long-term studies of the

WNRE tower data:

1. the short-term average values of the various parameters can

differ significantly from the long-term means,

2. the diurnal and seasonal variation of most parameters is only

weakly dependent upon averaging time.

We shall discuss these conclusions with regard to those variables which
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are of particular significance in questions of dispersion, namely wind

speed, wind direction and atmospheric stability.

A comparison of the long-term contours of 6.6-m wind speed

(Figure 4) with the short-term average values (Figure 5 of Reimer )

shows that both exhibit essentially the same diurnal and seasonal pat-

terns. Even relatively local features such as the weak nocturnal max-

imum in spring and autumn are resolved in both figures. The long-term

average contours are, of course, somewhat smoother than the short-term

because the former are based on a much larger data set. However, the

absolute magnitudes of the wind speeds in the two figures are signifi-

cantly different. This result is a manifestation of the presence of the

long-period trends which exist in most meteorological parameters, the

effects of which can be quite substantial. For example, Reimer quotes

a value of 6.4 ms for the average 60.4-m wind speed over the 2-year

period of his study, while the mean found here in the long-term study

was 5.32 ms~ , a difference of almost 20%. Differences of a similar

magnitude would be expected in pollutant concentrations calculated from

the two values since the wind speed directly determines the volume of

air into which the pollutant is mixed. In addition, increases in wind

speed would indirectly accelerate the diffusion process by increasing

the level of mechanical turbulence and by making conditions more favour-

able for the onset of dynamic instability. Thus the use of this parti-

cular short-term mean wind could result in an underestimate of 25% or

more in the average pollutant concentrations predicted for the WNRE site.

Remarks similar to those above apply to atmospheric stability.

The diurnal and seasonal variation of the long-term mean values of tem-

perature gradient (Figure 16) is essentially the same as that of the

short-term values (Figure 11 of Reimer }. Again local details such as

the weak nocturnal minimum in spring and autumn are resolved by both

sets of data. However, reference to the absolute magnitudes of the mean

gradients indicates that a relatively large number of strongly stable
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cases occurred during the short study. In addition, a comparison of the

cumulative frequency of occurrence of hourly temperature gradient for

the two study periods (Figure 17 and Reimer's^ } Figures 24-35) shows

that very unstable cases were also relatively more frequent during the

short study. Unfortunately, it is difficult to assign a quantitative

value to the effect that these differences might have on predicted pol-

lutant concentrations.

The annual wind roses evaluated for the two data sets both

show the same major features, although minor differences do exist bet-

ween them. Again, a quantitative assessment of these differences on

predicted pollutant concentrations is difficult.

Assuming that small differences in stability and wind direc-

tion patterns have little effect on the average concentrations, we

conclude that, for this one particular case, the use of short-term

averages will result in concentration predictions about 25% less than

predictions using the longer-term averages. This estimate is not meant

to be generally representative of the differences which will exist when

short-term means replace the more representative long-term values;

reliable estimates of the errors involved in using short-term means can

be obtained only through a knowledge, gained over a long period of time,

of the variability in the meteorological parameters of importance in

diffusion at the site of interest. Also, it should be noted that state-

of-the-art diffusion models are generally unable to predict pollutant

concentrations to better than a factor of two. The inaccuracies intro-

duced through the use of short-term averages then become of relatively

minor importance, and dispersion predictions based on a short-term study

of one or two years duration will usually be adequate.
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10. SUMMARY AND CONCLUSIONS

Some of the more Important conclusions which have been drawn

from the analysis of the meteorological tower data are summarized below,

together with the implications which these conclusions have for the dis-

persion process at WNRE. It should be emphasized at this point that the

use of the vertical temperature gradient to establish P-G classes is

known to produce unreliable results under some circumstances. The con-

clusions discussed below concerning P-G stability should therefore be

treated with caution.

1. The preferred wind directions at WNRE are south-south-east and

north-north-west. Unstable atmospheric conditions are strongly

correlated with northerly winds, which suggests that diffusion to

the south of the site will generally be quite effective. On the

other hand, stable conditions are most prevalent with southerly

flows, which indicates that the most probable undiluted transport

of atmospheric pollutants would be toward the north half of the

direction circle, including the Lac du Bonnet area.

2. There is a slight preference for unstable conditions to be associ-

ated with moderate wind speeds, while inversions form only rarely

in strong winds. The incidence of calms increases uniformly with

increasing stability.

3. The atmosphere undergoes a more or less regular diurnal variation

in stability. This variation involves inversion formation 2-4

hours following the time of maximum surface temperature, inversion

breakup 2-6 hours following sunrise (the exact interval required

will depend upon the strength of the initial inversion) and the

establishment of a superadiabatic gradient for a short period at

mid-day. In terms of the P-G classification scheme, unstable
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classes A, B or C, or neutral class D, predominate during daylight

hours, while stable classes E, F or G, or again class D, occur typ-

ically at night. The incidence of classes D and E undergoes an

increase near sunrise and sunset as the atmosphere oscillates be-

tween stable and unstable conditions.

4. Pasquill class A tends to persist throughout the remainder of day-

light hours once it has formed, while classes E and G persist

throughout the remainder of night-time hours. Classes B, C and F

never endure for any great length of time. Inversions of 24-hour

duration or longer have a finite, though small, chance of occurring

in all months.

5. There are a number of features of the WNRE climatology which have

a complicating effect on the local dispersion process:

a) The lower atmosphere is frequently stable during the day and

occasionally unstable during the night. Some of the more com-

monly used classification schemes (the STAR program > for

example), assume that neither of these situations can arise.

b) Stability is observed to be a strong function of height at

WNRE, and stability predicted from the gross parameters of a

layer is often not indicative of local conditions of turbu-

lence. In particular, elevated stable layers are common at

WNRE, occurring frequently when the temperature gradient across

the 6.6 to 60.4-m layer indicates that P-G classes C, D or E

prevail. Since most pollutants from WNRE would be released at

about the 50-m level, they would initially enter the stable

layer and undergo relatively slow downward diffusion until

they encountered the unstable air below, whereupon they would

be mixed rapidly downward. In such a case, the near-field

concentrations would be much lower than would be predicted by

a model assuming uniform unstable or neutral conditions through-
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out the lower atmosphere; similarly, concentrations far down-

wind and the location of the maximum concentration, would be

underestimated by such a model.

c) Conditions at WNRE are often conducive to the onset of dynamic

instability. Neglect of this fact will result in the assump-

tion that diffusion under statically stable conditions pro-

ceeds more slowly than it actually does.

6. Measurements taken at WNRE appear to be well correlated with sim-

ilar measurements taken in Winnipeg. However, certain parameters

(the 6.6-m wind speed, for example) show a systematic difference

between the two locations; in addition, any one parameter in a given

year will not necessarily fit into the relationship that can be es-

tablished between the two sites over the long term. These remarks

should be borne in mind when attempting to extrapolate measurements

at one site to a second site where no direct observations have been

taken.

7. Short-term averages will not be representative of longer-term con-

ditions if long-term trends exist in the variables measured. In

the one example studied here, underestimates in predicted concen-

trations of 25% or more would result from the use of the short-term

means. However, errors from this source are generally much less

than the errors introduced into the dispersion predictions through

uncertainties in the dispersion models themselves, and predictions

based upon a short-term study of one or two years duration will

usually be adequate.
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FIGURE 1: Aerial View of the WNRE Plant Site, Pinawa, Manitoba, Looking toward the North West.
The meteorological tower is located in the clearing on the middle left.
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FIGURE 2: Geographical Setting of WNRE In South-Eastern Manitoba.
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FIGURE 3: The WNRE Meteorological Tower, Showing the Wind and Temperature
Sensors at the 6.6-m Observational Level. The temperature mea-
surements discussed in this report were obtained with Rosemount
thermometers shielded by the disc-shaped Beckman-Whitley radia-
tion shields, one of which is seen on the right at 6.6 m. The
two cylindrical instruments at 1.5 and 6.6-m are Rosemount ther-
mometers shielded by Rosemount shields.
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FIGURE 4: Diurnal and Seasonal Variation of the Average Wind Speeds at the 6.6-m Level. Contours are
drawn at 0.5 ms"1 intervals.



I I I I I I I I I I I

5.0

4.5

tn
&

I 3.5

3.0

I I I I \ I I i i r

26 m

6.6 m

I I I I I I I I I I I I I I I I I I I I I
0 I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24

HOUR (LST)
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FIGURE 6: Average Wind Speeds for Each Month at the 6 .6- , 26-,
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FIGURE 7: Annual Average Wind Speeds at the 6.6-, 26-, and 60.4-m Levels, at WNRE, and at
the 10-m Level at Winnipeg International Airport.



FIGURE 8: Vertical Profiles of the Horizontal Wind Speed for Selected Hours and Months.
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(a) ANNUAL- 100,430 hours (b) DAYTIME-51,630 hours (c) NIGHT-TIME - 48,800hours

< d) SPR ING- 25,784 hou rs (e) SUMMER-25,701 hours (f ) AUTUMN-25,269 hours

(q) WINTER-23,676 hours

FIGURE 10: Annual, Diurnal and Seasonal Wind Roses for the 60.4-m Level.
The c i rcu lar r ings mark the 5 and 10% frequency of occurrence
values.
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at Winnipeg International Airport for the Period 1941-1970.
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FIGURE 13: Annual Average Temperatures at the 6.6-m Level at WNRE and at the 1.5-m Level
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shown because the large amount of data missing in these years biased the aver-
age value.
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FIGURE 14: Standard Deviation of 6.6-m Temperature for Each Hour
of the Day for the Month of July. The curve marked
1969 shows the standard deviation of temperatures in
July 1969 from the mean July temperature for that year.
The curve marked 1965-1976 shows the standard deviation
of all July temperatures in that time span from the
12-year mean value.
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FIGURE 18: Diurnal and Seasonal Variation of Frequency of Occurrence
of the Pasquill-Gifford Stability Classes. Contours are
drawn at 5% intervals for Classes A, B, C, F and G, and at
10% intervals for Classes D and E.

(continued)
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FIGURE 19 (continued)

70

C 60

50
o

§ 40

30

20

§ 10

1 1

(c) MAY

_

~ E

I

i

/

/

. C ,_••••IT4

i i i i

! \

\ y ^

</* B

1 1 1

1 V '^1 V •

\/ \D

/ \r
/ y

^^ / /

i

-

' • • • ,->•"'

-?^
G *«^

-

8 10 12 14 16 16 20 22 24
HOUR (LST) f

6 10
HOUR

12 14 16 18 20f
(LST) |

22 24

(continued)



FIGURE 19 (concluded)

- 62 -

60

50

40

30

20

lOh

0

I I I

( e ) SEPTEMBER

F,.,#< £ -,m •,/-....E.

u

2 4 ? 8 10 12 14 16 18 f 20 22 24
HOUR (LST)

^

10 12 14 161 18 20 22 24
HOUR (LST)



- 63 -

(o) STABILITY CLASS A
4 , 9 9 0 hours

(b) STABILITY CLASS B
2,366 hours

(c) STABILITY CLASS C
5,285 hours

(d) STABILITY CLASS D
32,757 hours

(e) STABILITY CLASS E
27,748 hours

( f ) STABILITY CLASS F
9,391 hours

(g) STABILITY CLASS 6
9,335 hours

FIGURE 20: Wind Roses (based upon the 60.4-m Wind Speed and Direction
and upon the 6.6 to 60.4-m Temperature Gradient) for the
Pasquill-Gifford Stability Classes. The Circular Rings
Mark the 5 and 10% Frequency of Occurrence Values.
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FIGURE 21: Typical Wind Direction Traces (Bendix Friez)
for Five WNRE(BNL) Gustiness Classes at
60.4 metres.
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FIGURE 22: The Frequency by Hour of WNRE(BNL) Gustiness Classes.
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FIGURE 25: The Frequency of Vertical Temperature Difference (T,.. , - T- ,)
(°C/100 m) for WNEE(BNL) Gustiness Classes.
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FIGURE 26 (continued)
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FIGURE 26 ( c o n t i n u e d )
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FIGURE 27: Wind Direction Frequency ;."') at 30° Intervals for WNRE(BNL)
GusCiness .lasses.

(continued)
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FIGURE 27 (continued
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(continued)
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FIGURE 27 (continued)

(continued)
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FIGURE 27 (continued)
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FIGURE 29: Diurnal and Seasonal Variation of the Frequency of Occurrence of Elevated Stable Layers.
Contours are drawn at 10% intervals.
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17,038 hours

FIGURE 30: Wind Rose Associated with Cases of Elevated Stable Layers.
Wind speed and direction were measured at the 60.4-m level.
See Figure 20 for the wind-speed scale.
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FIGURE 31: Diurnal and Seasonal Variation of the Frequency of Occurrence of Low-Level Stable
Layers. Contours are drawn at 5% intervals.
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4,026 hours

FIGURE 32: Wind Rose Associated with Cases of Low-Level Stable Layers.
Wind speed and direction were measured at the 60.4-ro level.
See Figure 20 for the wind-speed scale.
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FIGURE 33: Diurnal Variation of the Frequency of Occurrence of Dynamic-
ally Unstable Cases in the Three Layers for the Selected
Months. The vertical arrows along the abscissa mark the
mean times of sunrise and sunset for each month.

(continued)
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FIGURE 33 (continued)
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FIGURE 33 (concluded)
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36.584 hours

FIGURE 34: Wind Rose Associated with Cases of Dynamic Instability. Wind speed
and direction were measured at the 60.4-m level. See Figure 20 for
the wind-speed scale.



FIGURE 35: Variation in Stability for the 12-Hour Period Bracketing Sunrise (SR).
(a) Mean frequency of occurrence of inversions in the lower and in
the overall layer. (b) Mean temperature gradient across the lower
and across the overall layer.
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FIGURE 37: Formation of the Nocturnal Radiation Inversion.
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FIGURE 38: Breakup of the Nocturnal Inversion, (a) 6.6 to 60.4-m layer,
(b) 6.6 to 26-m layer, (c) Dependence of the time required
for breakup upon the initial strength of the inversion.
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FIGURE 39: Diurnal Variation of the Mean Duration of the Pasquill-
Gifford Stability Classes for Selected Months.
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FIGURE 39 (concluded)
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FIGURE 40: Cumulative Frequency of Occurrence of Continuous Inversion
Hours for the 24-hour Period Lasting from 1200 Hours to
1200 Hours on Successive Days.
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FIGURE 41: Diurnal Variation in the Probability that a Pre-Existing Inversion (Measured over the
6.6 to 60.4-m Layer) will Persist for at Least Another 5, 10, and 15 Hours. Vertical
arrows along the abscissa mark the mean times of sunrise and sunset for each month.
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