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The Green Flash and Clear Aim Turbulence1 

Alistair B. Fraser 
Department of Meteorology, 

The Pennsylvania State University 
[Manuscript received 16 December 1974; in revised form 24 April 19751 

I ABSTRACT 
1 

i There has long been speculation about 
why the green flash can be seen on 
one day, while on another apparently 

I similar day it cannot. Although the 
green flash can be produced by a num- 
ber of different refractive structures 
in the atmosphere, only one is of con- 
sequence when the viewing is done 
over the irregular terrain of most land 
surfaces. A combination of extensive 
observations and simple theory sug- 
gests that this refractive structure is 
formed by gravity waves which have 

wavelengths between about 0.2 and 
2.0 kilometers. In the atmosphere such 
waves derive their energy from wind 
shear and are the same waves that are 
associated with clear air turbulence. 
This model not only explains the fre- 
quent observations of multiple green 
flashes, but also, by demonstrating a 
dependence on atmospheric dynamics, 
it accounts for the variability in the 
occurrence of the green flash on other- 
wise comparable days. 

"What I want to know, do you ever get to see that flash of green? People say 
they've seen it, the minute the sun disappears." 
"Now, it stands to reason, mister, any damn fool stares into the sun long 
enough, he'll end up seeing exactly what some other damn fool tells him he's 
going to see." 

(from A Flash of Green by John D. MacDonald) 

1 Introduction 
Anyone who enjoys watching the sunset will appreciate that the sun can assume 
some very strange shapes just before it dips below the horizon. Sometimes the 
edges of the sun will actually become convex, such as the example in Fig. 1 
taken over Lake Winnipeg. This type of distortion is produced by strong 

f temperature inversions. Even stranger are the little spikes that occasionally 
seem to grow out of the sides of the sun (Fig. 2) .  As you watch, the spikes 
appear to drift up the sides until they detach and leave an island of light floating 
above the top of the sun. Suddenly, all the yellow color drains away from this 

]Paper presented at the 8th Annual Congress of the Canadian Meteorological Society, 
May 30, 1974, at York University, Toronto. 
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Fig. 1 This view of the setting sun was made from Grand Beach on Lake Winnipeg on 
August 26, 1973. The drawing was made from the projected image of a 35 mm 
slide that was photographed by the author. A portion of the sun, exhibiting the 
reverse curvature, is greatly compressed, while below that the image is greatly 
magnified. Such an image is seen when the temperature profile over the lake has 
an inflection point, that is a lifted inversion. This temperature profile is frequently 
found above enclosed bodies of water late in the day. The grey area below the sun 
is the opposite shore of the lake. 

Fig. 2 This view of the setting sun was made on December 26, 1971, from Seattle, 
Washington, while looking out over the Olympic Mountains. The drawing was 
made from the projected image of a 35 mm slide photographed by the author. The 
grey area at the bottom is a cloud. The vertical scale shows two minutes of arc. 

island and for an instant it flashes green before summarily vanishing. This is the 
green flash! (Actually, this represents one of four different ways the flash is 
manifested.) 

The green flash has attracted the occasional attention of physicists ever since 
Jules Verne published a novel called Le Rayon Vert in 1882. Early interest 
in the phenomenon centered on the issue of "why green?". The history of this 
is discussed in O'Connell's book (1958). The final resolution of that problem is 
remarkably simple. The atmosphere is dispersive (it acts like a prism) so that 
the setting sun should always be seen with a red rim on the bottom and a blue 
rim on the top. Atmospheric scattering will usually remove the blue so that a 
green rim is seen on the top of the sun. Shaw (1973) discusses this aspect of 
the problem. 

This explanation seems perfectly satisfactory (and is indeed correct) but 
when you calculate the angular size of the geen  rim under normal atmospheric 
conditions you discover that it is below the angular resolution of the human 
eye. And yet the green flash is regularly seen by naked-eye observers! There are 
two ways to get around this difficulty. We might ask that the green rim be 
magnified by the proper "mirage" conditions. One way that this can be done is 
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the topic of much of this paper. Alternately, we could require that the main part 
of the sun be hidden from view, by the horizon, a mountain, or a cloud. Then 
if the green rim remained above the obstacle, it could be seen although it could 
not be resolved. (The effect is similar to viewing a star. You cannot resolve a 
star, but you see it because it is isolated.) 

If we leave aside this rather artificial device for seeing the green rim, we 
are left to consider how the atmosphere can occasionally produce a short-lived 
magnification of a portion of the rim (the green flash generally lasts for about 
a second) and in particular how the phenomenon is related to the spikes that 
seem to extend from the sides of the sun. 

2 Multiple Images 
Appearances to the contrary, the spikes did not "grow" out of the sides of the 
sun, but are in fact multiple images of a small segment of the sun's disk. If you 
were to draw a vertical line through the region of these spikes (as in Fig. 4b), 
then each time that the line intersects the edge of a spike we are seeing another 
image of the same point on the edge of the sun. The spikes do not actually move 
up the sun, but rather, the sun as it sets moves down through the region that is 
producing the multiple images. The island of light that can be left temporarily 
"floating" above the rest of the sun is composed of two images of the upper 
rim of the sun. The bottom of the island is the upper rim seen inverted. As the 
sun moves lower in the sky, the island gets smaller and smaller until it is com- 
posed only of the two images of the green rim seen back to back. Then this 
vanishes as the sun gets too low in the sky to produce images in that location. 

This mechanism, which produces the type of green flash that is most fre- 
quently seen over land, simultaneously doubles the angular size of the green 
region by combining two images and also displaces the green away from the 
main portion of the sun so that it is easier to distinguish. The problem of what 
causes this type of green flash is now reduced to the problem of what atmo- 
spheric conditions give rise to multiple images of portions of the sun. 

Theorem 
In a horizontally (spherically) homogeneous atmosphere it is impossible for 
more than one image of an extraterrestrial object (sun) to be seen above 
the astronomical horizon. 

The mathematics of the proof of this theorem is given in Appendix I. Phy- 
sically, however, if two rays of light from the same point on the sun arrive at 
different locations at the top of the atmosphere, then Snell's Law applied to a 
spherically homogeneous refracting medium requires that the two rays continue 
to diverge from each other as long as both rays are still passing downward 
through the medium (as long as the sun appears above the astronomical 
horizon). Thus, the two rays will not intersect anywhere to allow an eye placed 
at this point to see that portion of the sun at two distinct angular elevations 
(Fig. 3a, b). 

The Green Flash and Clear Air Turbulence 3 



Fig. 3 Light rays that have originated from the same point on the sun pass down through 
the atmosphere to an observer on the earth. A. In a horizontally homogeneous 
atmosphere this situation is impossible. Two images of the same point cannot be 
seen at different elevation angles above the horizon. B. Parallel rays (originating 
from the same point on the sun) must always diverge as they pass down through 
a horizontally homogeneous atmosphere. C. Two images are possible in a hori- 
zontally homogeneous atmosphere if one image is seen below the astronomical 
horizon (short straight line). D. Two, or more, images can be seen above the 
astronomical horizon if we allow horizontal inhomogeneities such as the gravity 
waves on a sharp inversion surface illustrated here. 

There are two ways to get around the restrictions imposed by this theorem. 
We could have one of the light rays (images) approach our eye from below 
the astronomical horizon. When this happens, we have an inferior mirage (Fig. 
3c). The effect is identical to the second inverted image of distant automobiles 
and of the sky (which looks like water) that one sees when driving along a 
sunbaked road. When observing the sun, one generally sees the effect over 
oceans or large lakes when the water is warmer than the overlying air. Green 
flashes produced by the combination of these two images are often seen from 
shipboard and probably constitute the most common form of the flash seen over 
oceans. Under these circumstances the atmosphere can remain horizontally 
homogeneous. 

3 Gravity Waves 
The other way around the theorem is to examine an atmosphere with a hori- 
zontal inhomogeneity. Consider a stable layer which has gravity waves prop- 
agating along it. Light rays from a point on the sun that fall on a portion of 
the wave that is tipped towards the observer will be bent very strongly while 
those that fall on the portion of the wave that is tipped away from the observer 
will be bent weakly. It is possible in this way for both of the light rays to 
converge on a single location. If your eye is placed there, then two separate 
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Fig. 4 A. Assume that an inversion at height z separates two layers of the atmosphere 

that have different refractive indices. If there is a gravity wave on this inversion 
surface with wavelength A, then initially parallel rays of light a, b, c, d (coming 
from a single point on the sun) can all arrive at the eye. The view as seen by the 
eye is shown in B. The geometry of the situation is simplified on the left of A for 
calculative purposes (see Appendix 11). 

images of that point on the sun can be seen, one above the other (Fig. 3d). A 
more detailed analysis reveals that one of the images is always inverted. The 
same thing is repeated as we pass the crest of the next wave in the train. 

Thus, each wavelength of the gravity waves is able to produce two images, 
a correct and an inverted one. We can speak of the angular wavelength of the 
images; the angular distance between two correct, or alternately, two inverted 
images. One angular wavelength corresponds to (is caused by) one space wave- 
length of the gravity waves so we now wish to calculate the numerical relation 
between the two. The question can be phrased: Are the spikes on the sun and 

, the green flash caused by mountain waves with their characteristic scale of 
from 5 km to 25 km, or are they caused by billows (Kelvin-Helmholtz waves) 
with their characteristic scale of from about 100 m to a few km? 

We will assume that there is a stable layer (inversion) in the atmosphere at 
height z (Fig. 4). If we are looking at an angular elevation p, then we need only 
calculate how far our view would shift along the inversion, ds, if we were to shift 
our view to p + 6p. We identify 6p with the angular wavelength of the gravity 
waves. The calculation can only be performed simply if we assume that there 
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Fig. 5 The function X/6p is the ratio of the space wavelength X in kilometers to the 
angular wavelength between similar images 6j3 in minutes of arc. The height of the 
inversion above the eye is z in kilometers and the angular elevation of the images 
above the astronomical horizon is j3 in minutes of arc. 

is negligible refraction occurring on the ray between our eye and the inversion. 
As great accuracy is not required on the final answer, this is a perfectly satis- 
factory assumption. The mathematics of the calculation are confined to Ap- 
pendix I1 while the results are presented in Fig. 5. 

The function plotted in Fig. 5, X/6/3, is the ratio of the space wavelength, A, 
in kilometers to the angular wavelength of the images, 6p, in minutes of arc. 
The abscissa shows the height of the inversion in kilometers, while the ordinate 
shows the angular elevation of the image (above the astronomical horizon) in 
minutes of arc. If we consider cases where the inversion height is a kilometer or 
more above our eye, then it can be seen that the ratio X/6p has values that 
range between 1 and 2. This is the most significant thing that the graph shows; 
if the angular spacing between pairs of images is about one minute (the sun's 
diameter is about 32 minutes), then the multiple images are caused by gravity 
waves on an inversion with a wavelength of about one to two kilometers. 

In both Figs. 2 and 6 the bottom of the sun was nearly touching the horizon 
and the multiple images were occurring near the top of the sun or at an angular 
elevation of about 30 minutes. In Fig. 2 the spacing between pairs of images 
is about a third of a minute, which would give a space wavelength of between 
200 and 700 meters, depending on the assumed height of the inversion. In 
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Fig. 6 This sequence (from top to bottom) of views of the setting sun was made at inter- 
vals of about three or four seconds. The drawings were made from the projected 
image of 35 mm slides that were taken by the author at State College, Penn- 
sylvania, in October 1972. The scale shows two arc minutes. The sequence shows 
the development and appearance of the green flash when it originates with multiple 
images caused by gravity waves on an inversion surface. The island of light 
floating above the sun in the bottom picture is composed of a correct and an 
inverted image of the upper (green) rim of the sun. In the photograph this island 
is a deep green. The green lasted about a second before the island vanished. The 
grey area below the sun is a wave cloud formed by distant hills. The photographs 
discussed in this paper were taken through a catadioptric telescope (Questar) . 

Fig. 6 a similar calculation yields about three times those values. Extensive 
observing of the setting sun and its distortions indicates that these values are 
typical. 

Because billows generally occur as a train of waves, the solar distortions 
often take the form of a number of spikes that move up the sides of the setting 
sun. It is then not unusual to see a sequence of green flashes as successive island 
images appear above the sun. On another apparently similar day, an observer 
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might not see even one green flash if there were no billows present. The largest 
number of discrete green flashes that the author has seen during a single sunset 
is twenty-one and while such displays are infrequent, three or four flashes are 
common. 

4 Conclusions 
It has been shown that the spikes that sometimes extend from the sides of the 
sun and the green flash that is often associated with them must be caused by 
horizontal inhomogeneities in the atmosphere. When these inhomogeneities 
take the form of gravity waves propagating along an inversion layer, then 
observations of the angular spacing of the spikes indicate that they are generally 
caused by the wavelengths of between 200 m and 2 km. This is the range for 
shear induced gravity waves that are known to give rise to clear air turbulence. 
Thus we come to the somewhat surprising conclusion that the green flash, when 
seen above the horizon and associated with spikes on the sides of the sun, is 
symptomatic of clear air turbulence. 

Appendix I 

Theorem 
In a horizontally (spherically) homogeneous atmosphere it is impossible for 
more than one image of an extraterrestrial object (sun) to be seen above the 
astronomical horizon. 

Proof 
Let us assume that the theorem is false and that it is possible for two parallel 
rays of light (coming from tlie same point at infinity) to impinge on the top 
of the atmosphere and to be refracted such that they both meet at a point ( E  
in Figure 7).  An eye at this location could thus see images at two different 
angles p2' and p,' which are both positive. 

If the lower ray is labeled ray 2, then at the top of the atmosphere p2 > p1 
and as we have horizontal homogeneity 

nt rt cos p2 < nt rt cos pl 
In a horizontally homogeneous atmosphere Snell's Law is written nr cos p = 

constant along a ray, so that it follows that 

n, re cos p2' < n, r, cos pl' 

COS pzl < cos plr 
Now as pll > 0 and p2' > 0 this requires that pll < p2r. But as ray 2 is the 

lower ray, then clearly at point E, pz' < p,' which contradicts the assumption 
that the theorem is false. (Strictly, we have considered only the first intersection 
of the rays and while on a subsequent intersection pll < p2' in apparent agree- 
ment with the assumption, it could not occur as the first intersection is shown 
to be impossible.) 
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Fig. 7 These are the assumed ray paths through the atmosphere if the theorem is false. 
The index of refraction n, and the distances to the center of symmetry (the center 
of the earth) r are subscripted t (for the top of the atmosphere) and e (for the 
earth or eye). 

Note: Although the theorem is true in general, the proof just given breaks 
down when an object is located at the zenith. In this case the rays can converge 
on the eye but this does not give two images but rather a single very slightly 
magnified image. This detail is of little interest in the present context, however. 

Corollary 
In a horizontally homogeneous atmosphere, two images of an extra-terrestrial 
object are not prohibited if one image is seen below the astronomical horizon. 

Proof 
We have shown that cos pzt < cos pit. Now if pz < 0 and pl > 0 we have no 
contradiction so that the rays can meet at a point. 

Appendix I1 
Let the length of the ray traveling from the eye to the inversion be d. (See Figure 
4A.) Then consider the triangle formed by the eye, the center of the earth, and 
the intersection of the ray and the inversion. Then, 

(r + z ) ~  r2 + 2rz. We get 

s2 + 2rsp - 2rz = 0 
Differentiation gives 

ds - -rs 
dp = s m  

where s is eliminated to give 
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by using the expression 

and A = ds, 6p = dp. 

Equation (4) is plotted in Fig. 5. 
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E., 1973: Observations and 

11 Reconstruction of the Green Dans le cadre d'une ttude sur les pro- 
rre and Applied Geophysics, priCt6s physiques et chimiques des 
235. 1 brouillards industriels, ainsi que sur 

leur potentiel nocif au point de vue 
biologique, on Ctudie les diffkrentes 
mtthodes d'kchantillonnage et d'ana- 
lyse granulomCtrique des brouillards, 
mCthodes gravimttriques, optiques et 

par impact. Si l'on veut tenir compte 
de la prCsence des particules solides en 
suspension dans les gouttelettes, la 
seule mCthode fiable est encore l'irn- 
pact sur une surface amorphe qui 
donne un enregistrement visuel per- 
manent. 

1 Introduction 
Au cours d'une recherche anttrieure, East a souvent observC au-dessus de 
Montrtal la prCsence d'un brouillard dans des conditions 06 aucun brouillard 
ne couvrait la rCgion avoisinante. Ce brouillard artificiel originait des cheminCes 
et des tours de refroidissement du vaste complexe industriel sis dans I'extrCmitC 
nord-est de l'ile de Montrtal. Par vents soufflant du nord-est, ce brouillard 
s'ttendait B la grandeur de l'ile de MontrCal recouvrant ainsi un secteur forte- 
ment peuplt. 

Comme ces brouillards surviennent assez frkquemment, spCcialement au 
dCbut de l'hiver, qu'ils sont probablement acides et peuvent contenir certaines 
substances plus ou moins toxiques, une Ctude fut entreprise pour en Ctudier 
les propriCtCs physiques et chimiques, sptcialement de part et d'autre du seuil 
des particules respirables aux environs du diambtre de 5 pm. 

Ce premier article fait rapport des techniques d'kchantillonnage et d'analyse 
granulomktrique des brouillards et du choix qui fut fait, eu Cgard aux objectifs. 
Notons que le brouillard B Ctudier se forme dans une atmosphbre riche en 

1 

particules en suspension: il faut donc utiliser une mCthode qui puisse diffkrencier 
entre les gouttelettes et les particules en suspension. 

1Affiliation actuelle: Universitb Nationale du Rwanda, B.P. 117, Butare, Rwanda, 
Afrique Centrale. 

2~uteur B qui il faut adresser toute correspondance. 
3B.P. 8888, Montrbal, Qubbec H3C 3P8 
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2 MBthodes GravimBtriques 
Les mCthodes gravimktriques grand volume d7Cchantillonnage utilisCes prin- 
cipalement pour les particules solides en suspension ("Hi-Vol" et impacteur 
Andersen, par exemple), mais aussi pour les gouttelettes de brouillard ou de 
nuage, consistent B rCcolter les gouttelettes de brouillard sur un papier filtre 
qu'on $se avant et aprbs 1'Cchantillonnage. Avec cette mCthode, il survient 
gCnCralement des pertes par Cvaporation qui nkcessitent l'analyse immCdiate 
de 1'Cchantillonnage. L'eau recueillie sur le filtre peut m&me etre entrainCe par 
1'Ccoulement de l'air pendant 1'Cchantillonnage. 

Par contre, si on suppose, comme 170nt fait Ludwig et Robinson (1970), 
que l'eau seule s'kvapore et que toute substance dans les gouttelettes reste sur 
les filtres, on peut faire quand m&me une analyse de la rtpartition des consti- 
tuants du brouillard selon le diambtre des gouttelettes. On n'obtiendra pas 
cependant une rCpartition de la quantitC d'eau en fonction du diambtre. 

3 Techniques photographiques 
Ces mCthodes consistent B photographier directement les gouttelettes de brouil- 
lard qui passent dans un volume trbs restreint dans le champ d7un microscope. 
Si on connait le volume d'observation, on peut calculer la densite des gout- 
telettes. En gCnCral, cette mtthode n'est applicable que pour des particules ou 
des gouttelettes assez grosses, bien que Phan-Cong et Dinh-Van (1973); aient 
rCussi h mesurer par cette mCthode les coefficients de coagulation de gouttelettes 
aussi petites que 1 pm. Mais ceci fut rCalisC en laboratoire, non dans le milieu 
naturel. 

4 Techniques optiques 
Les techniques optiques consistent gCnCralement B mesurer la lumibre diffuste 
par une particule individuelle (gouttelette ou particule solide) qui passe devant 
un pinceau de lumibre. L'intensitC de la lumibre diffusCe est proportionnelle B 
la grosseur de la particule. Les aspects thtoriques et pratiques de ces techniques 
ont CtC CtudiCes depuis plusieurs anntes avec une application presque exclusive 
aux particules en suspension. D'ailleurs la thCorie suppose toujours qu'on a 
affaire a un aerosol d'une composition uniforme puisque la diffusion de la 
lumi2re depend aussi de l'indice de &fraction des particules. La technique a 
cependant l'avantage de compter les particules une B une et d'observer assez 
facilement les particules sub-microniques d'un diambtre aussi bas que 0.1 pm. 

Ces compteurs peuvent donner des resultats assez prtcis mais dans les con- 
ditions d'humiditk relative trbs ClevCe que nous devions rencontrer, il y avait 
possibilitt de condensation sur les parois du systkme optique. Pourtant, les 
fabricants affirment que ces appareils sont utilisCs dans des chambres B brouil- 
lard (cloud chambers) sans problbme. Cette technique n'est pas pratique 
pour nous, parce que nous voulons voir non seulement les variations dans la 
granulomktrie des brouillards, mais aussi les concentrations de particules solides 
dans les gouttelettes. 
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Lundgren et Cooper ( 1969) ont Ctudit l'effet de l'humidite sur les mCthodes 
de diffusion optique et concluent que la quantitC de lumibre diffusCe par un 
atrosol pouvait commencer B augmenter avec l'humiditt relative B un niveau 
aussi bas que 50% selon la fraction hygroscopique de 1'aCrosol. Les tchantillons 
dYaCrosols peuvent Ctre compares de f a ~ o n  plus valable s'ils sont secs ou s'ils 
sont sCchCs B une humidit6 relative assez basse, environ 30%. Les compteurs 
optiques sont affect& par 1'humiditC de sorte que la granulomCtrie de particules 
hygroscopiques ne sera pas la mCme B difftrentes humiditCs. Nous ne pouvons 
pas chauffer le brouillard pour rCsoudre le problbme parce que nous voulons 
justement connaitre la granulomttrie des gouttelettes d'eau. 

t 
5 Principe des mkthodes d'impact 
Le nom de la mCthode est bien descriptif en ce sens qu'on provoque un impact 
des particules de l'aCrosol sur une surface qu'on observera ensuite pour voir ou 

7 
bien la particule elle-mCme si on a pu la garder intacte ou bien une trace de 
l'impact. Cette trace pourrait &tre une tache sur un papier, une empreinte sur 
un film, un cratbre sur une surface gtlatineuse, etc. I1 faut produire un Ctalon- 
nage ou Ctablir une corrtlation quelconque entre les propriCtCs de la trace et 
celles de la particule qui l'a produite. 11 existe une exception B cette description 
gCnCrale: il s'agit de la mCthode gravimetrique qui est quand mEme une mtthode 
d'impact, mais qui ne permet pas de compter les gouttelettes une par une. 

La technologie se divise en deux parties: la conception d'un impacteur et la 
prkparation de la surface d'impact. Ces deux parties ne sont pas indkpendantes 
mais on peut les Ctudier sCpar6ment. 

6 Impacteurs 
Un impacteur sert B Cchantillonner l'aerosol et cet Cchantillon doit Ctre re- 
prksentatif. Les propriCt6s hydrodynamiques d'un aerosol varient selon le 
diamstre des particules et il faut prendre certaines prkcautions pour Cchantil- 
lonner aussi efficacement les petites et les grandes particules. On dit que 
1'Cchantillonnage doit Ctre isocinetique. 

On utilise souvent plusieurs Ctages, comme dans l'impacteur B cascades, qui 
rtcolte d'abord les plus grosses particules par des impacts B faible vitesse, puis 
successivement des particules plus petites B des vitesses de plus en plus grandes. 
Le pionnier des impacteurs B cascades est siirement celui de May (1945). 

7 Surface d'impact 
, On utilise difftrentes surfaces selon le type d'impacteur, les facilitts dis- 

ponibles au moment de l'Cchantillonnage, la possibilitt de prtparer les plaques 
d'avance, la ntcessitt de conserver 1'Cchantillon et l'analyse B faire. On peut 
ainsi distinguer deux types d'analyses importants, l'analyse physique et l'analyse 
chimique, c'est-A-dire la granulomktrie et l'identification des constituants, acide 
sulfurique, sulfates, chlorures, etc. 

Dans les mtthodes gravimetriques, on doit utiliser des plaques lCgbres, pour 
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des raisons tvidentes, et inertes, spCcialement si on veut faire une analyse 
chimique de 1'Cchantillon. Le teflon a Ctt utilisC pour cela et semble le meilleur 
matkriau. 

Pour faire la granulomktrie d'un aCrosol liquide, on utilise des surfaces 
visqueuses comme de la graisse ou de l'huile si on veut emprisonner les gout- 
telettes ou une substance amorphe, comme de la gtlatine, du polyvynil ou de 
la lanoline, si on veut obtenir des impacts de gouttelettes. DiffCrentes substances 
ont CtC utilisCes et les plus importantes seront analysCes ici. Les mCthodes les 
plus rCpandues semblent utiliser la gClatine et le formvar. Les efficacitk de 
collection de certaines mtthodes apparaissent assez pauvres pour les gouttelettes 
de diambtre infCrieur i 4 pm, oh certains auteurs ont dCmontrC une mauvaise t 
correlation de la distribution avec la visibilitt. 

Plusieurs chercheurs ont analyst5 les proprit5tCs de quelques surfaces d'impact 
pour la granulomCtrie des gouttelettes d'eau de nuages ou de brouillards. 

I 
Rinehart ( 1969) a pass6 en revue un bon nombre de ces travaux dans le cadre 
d'un programme de recherches sur les brouillards des akroports. 

Dessens ( 1961 ) et Godard ( 1960) ont employ6 du collargol. Les films de 
collargol doivent cependant Ctre prCparCs de 5 5 10 minutes avant d'Ctre utilists. 
Phan-Cong (1973) a utilisC aussi du collargol et soutient que ce milieu est 
plus fiable que la gklatine, en particulier parce que le facteur d'ktalement est 
connu avec plus de prCcision et qu'il est independant du diambtre de la gout- 
telette. De plus, il semble que des impressions de bonne qualit6 puissent &tre 
obtenues sans l'usage de la microscopie en contraste de phase si on utilise des 
plaques de collargol fraichement prCparCes. 

Dans le cas de la gClatine, la surface idCale est la plus mince couche possible 
de gtlatine pure. On peut obtenir une couche pratiquement plane. Tout colorant 
et vraisemblablement toute substance ajoutCe 5 la gtlatine cause des irrCgularitCs 
au moment de la prise ou de la coagulation et sera donc rejett. May (1961) 
et Garland (1971) ont observC la mCme chose surtout depuis qu'on a des 
microscopes plus perfectionnCs. 

Golitzine ( 195 1 ) et plus tard Pettit (1967)'ont utilisC de l'huile (type ESSO 

SAE 250) sur la plaque de leur impacteur. L'avantage marquC qu'ils ont retenu 
est que les gouttelettes de brouillard capttes par l'huile conservent leur forme 
et leur volume assez longtemps pour pouvoir Ctre photographikes et analysCes 
plus tard. On mesure donc directement les dimensions des gouttelettes, mais ? 

on ne peut pas conserver l'bchantillon parce que l'eau s'ivapore et on doit 
nCcessairement avoir un Cquipement assez ClaborC, ce qui n'est pas pratique 
sur le terrain. + 

Dans notre recherche, la gilatine a CtC adoptbe h cause des avantages suivants: 
prCparation prCalable au labo, clartC de l'impact au microscope, permanence 
des plaques. Avant dY&tre utilisCes dans l'impacteur, les plaques sont systC- 
matiquement v6rifiCes au microscope bien qu'une technique de prkparation 
bien soignCe rend cette prCcaution inutile. Les plaques, une fois soumises i 
l'impact des gouttelettes, sont ensuite analystes au microscope. 
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8 Facteur d'ktalement 
Un avantage de la mCthode d'impact des gouttelettes d'aCroso1 sur une surface 
amorphe qui a CtC observk par May (1945) est qu'on peut conserver 1'Cchantil- 
lon aussi longtemps que l'on veut et qu'on n'a pas besoin de photomicroscope 
sur le terrain. Par contre, pour relier le diambtre de la trace au diambtre de la 
gouttelette, on doit connaitre le facteur dlCtalement des gouttelettes qui est 
dCfini comme le rapport du diambtre du cratbre sur le diambtre de la gout- 
telette avant l'irnpact. Ce facteur est propre & chaque substance et dCpend de 
la viscositC et de la densit6 de la gouttelette aussi bien que de la surface d'impact. 

Quelques chercheurs ont tent6 d'kvaluer ce facteur d'ktalement et les rCsultats . sont plus ou moins concluants. 
Schaefer (1962) a estimC & environ 1.25 le facteur d'Ctalement de gouttelettes 

d'eau sur du Formvar 15-9E. Okita ( 1968) a mesurC le facteur d'ktalement 
v de gouttelettes d'acide sulfurique sur des plaques de verre recouvertes de 

silicone. Les gouttelettes ont une forme hCmisphCrique et il existe un rapport 
1.48 entre le diamktre d, des particules sur la plaque et leur diambtre d ,  dans 
l'air. Godard (1959) a mesurC un facteur d'ttalement entre 2.2 et 2.5 pour 
un mClange de collargol et de gtlatine dans un rapport 1 & 4. 

Liddell et Wootten (1957) ont utilisC un coloran.t, du Vert de Naphtol B, 
dans de la gClatine appliquCe sur les plaques d'un impacteur a cascades. 
L'Ctalonnage de la trace qui reste aprbs 1'Cvaporation d'une gouttelette qui a 
fait un impact sur la plaque montre que, en moyenne, la trace a un diambtre 2.5 
fois plus grand que le diambtre de la gouttelette. La mCthode peut servir pour 
des gouttelettes allant jusqu'B moins de 1 pm de diambtre. Ces auteurs ont 
utilisC comme mtthode Ctalon, la "mkthode absolue" de May (1945), mkthode 
dont la prCcision a CtC mise en doute par Reif et Mitchell (1959) dans leur 
revue des mCthodes d'impact. 

Plus tard, Labourdique et Piekarski (1970) ont mesurC le facteur d'Ctale- 
ment pour la gClatine colorCe et pour la lanoline colorCe au Noir Soudan et 
obtiennent respectivement 1.6 et 1.27. May (1959) a perfectionnk la mCthode 
avec la gClatine en Climinant le colorant et en utilisant une mince couche 
d'environ 1 pm d'Cpaisseur de gklatine pure en solution aqueuse B 5%. 
Meszaros ( 1965 ) a obtenu une valeur de 1.4 tandis que Garland ( 197 1 ) a 
utilitC aussi de la gClatine pure mais a montrC la grande supCrioritC du contraste 
interfkrentiel de Nomarski pour observer les crateres laissCs par des gout- 
telettes d'eau pure. Cet auteur utilise un facteur dlCtalement de 1.7. Enfin, plus 
rCcemment Kumai ( 1973) et Pettit (communication privCe, 1973) ont utilisC 

3 un facteur d'ktalement de 2. 
L'analyse de Rinehart (1969) des mCthodes d'impact a CtC faite sans l'aide 

du microscope & contraste interfkrentiel. I1 conclut que la gClatine ne peut pas 
enregistrer d'impacts de trbs petites gouttelettes. Depuis que Garland (1971) 
a dimontrt la grande suptrioritC du contraste interfkrentiel sur le contraste 
de phase pour observer les impacts de gouttelettes, la gilatine est devenue 
B notre avis la surface la plus pratique. Plusieurs e~~trimentateurs utilisent 
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TABLEAU 1. Facteur d'dtalement dJd. de la gouttelette d'eau pour diverses surfaces d'impact. 
(d,, diametre sur la surface; d., diamktre dans I'air). 

- 

Auteur Surface #Impact Facteur d'Etalement 

Schaefer (1962) 
Godard (1959) 
Liddell et Wooten (1959) 
Labourdique et Piekarski (1970) 
Labourdiaue et Piekarski (1970) 
May (1959) 
Garland (1971) 
Pettit (1973) 
Meszaros (1965) 

Formvar 
Collargol et gdlatine 

Gtlatine color& 
Gdlatine 

Lanoline color& 
GBatine 
GBatine 
Gtlatine 
Gtlatine 

actuellement la gClatine bien que les Fran~ais semblent prCfCrer en gCnCral 
le collargol. 

Le Tableau 1 rCsume ce qui vient d'Ctre expos6 h propos des surfaces 
d'impact et des facteurs d'ktalement. 

9 Coefficient de captation 
Dessens ( 196 1 ) a conGu un capteur classeur de particules h lame unique per- 
mettant un captage surveil16 et dimensionnC de particules. I1 a CtudiC aussi, 
A l'aide d'un capteur h deux jets sp6cialement conGu A cet effet, le rendement 
de captation de ce capteur h lame unique et de l'impacteur h cascades Casella. 
Pour des gouttelettes de rayon entre 1 et 30 pm, il obtient un rendement qui 
varie entre 0.7 et 0.8 selon le rayon de la gouttelette. Toutefois le rendement 
diminue progressivement de 0.7 h 0.6 pour des rayons de 25 h 30 pm. 

A notre avis, on devrait tenir compte de ce facteur de rendement, spCciale- 
ment dans le calcul du contenu en eau du brouillard, 1h oh les grosses gouttelettes 
ont une contribution trks importante. Comme le soutient Dessens (1961 ) les 
coefficients de captation ne sont pas connus pour les gouttelettes de rayon 
infCrieur au micron, car les impacteurs ne sont pas construits en vue de 
1'Ctude de particules submicroniques; l'observation sur lame de telles particules 
devient en effet dClicate, et il est prCfCrable de lui substituer l'obsemation 
aprks captation sur fils fins. 

10 GranulomClrie 
Pour mesurer les impacts de gouttelettes et les classer par grandeur, Patterson 
et Cawood (1936) ont consu un graticule. 11s ont fait la revue des mCthodes 
utilisCes antkrieurement pour la granulomktrie des particules de fumCe et ont 
montrC qu'aucune n'Ctait fiable. 11s dCcrivent alors une mCthode qui consiste 
h ramasser des particules de fumCe sur une lame par sbdimentation tel que 
dCcrit par Whytlaw-Gray et al. (1936) puis A examiner la lame avec un micro- 
scope muni d'un graticule dans l'oculaire. Le graticule contient un rectangle 
et une sCrie de dix cercles et de dix disques numCrotCs. Ces derniers apparais- 
sent en superposition dans le champ du microscope et les particules contenues 
dans le rectangle peuvent Ctre rapidement comparCes h l'cil avec les disques et 
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barker 21 rail avec les disques et 

les cercles pour obtenir leur grosseur. Environ 50 surfaces sont ainsi observtes 
sur chaque lame et on fait la moyenne des rksultats. Puisque l'aire du rectangle 
est connue, le nombre de particules par centimbtre cube est facile 21 calculer. 
La mtthode est applicable 8 des particules plus grandes que 0.4 pm et 8 des 
particules non hygroscopiques d'assez grand parcours moyen. 

11 Conclusions 
A la suite de cette revue des techniques d'kchantillonnage et d'analyse granulo- 
mCtrique des brouillards, nous avons port6 notre choix sur les techniques 
suivantes: 

1) MCthode d'impact avec impacteur 8 cascades Casella; 
2)  Lamelles de verre recouvertes d'une mince couche de gtlatine pure pour 

obtenir des empreintes permanentes des gouttelettes. Les lamelles, prka- 
lablement A tout usage, sont examinees au microscope, et seules celles qui 
offrent une surface homogbne sont accepttes; 

3) Adoption d'un facteur d'Ctalement de 2; 
4) Comptage de gouttelettes au microscope 8 contraste interferentiel de 

Nomarski avec le graticule May-Porton. 

Cette mCthode sera utiliste dans l'ttude de brouillards qui paraitra dans 
un article subdquent. 
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ABSTRACT 

Spurious fluctuations in the normal peaks at intervals of about 17 days. An 
mean daily temperatures for ten Cana- attempt is made to relate these cycles 
dian stations are filtered out, using to the index cycles of the atmospheric 
weighted running means. The filtered general circulation. 
curves reveal cycles of temperature 

1 Introduction 
The term "January thaw" is often heard during early winter in various parts of 
Canada. The term refers to a short "warm weather" period that generally 
occurs during or around middle January in many parts of Canada. According 
to our recollections, two such "warm spells" were experienced during January 
1968 and 1969 in Montreal and Toronto, and recent ones in Edmonton during 
January 1973 and 1974. In each of these four cases, the warming trend occurred 
just prior to the annual minimum temperature which generally occurs in late 
January. 

In this note, long-term averages of mean daily temperatures at selected 
Canadian stations are closely examined. It is found that this temperature fluctua- 
tion is not only confined to a mid-January thaw, but appears over the winter 
months (December to March) in a quasi-periodic manner with a period of 
about half a month. These quasi-periodic fluctuations are especially well-marked 
when the raw data is smoothed out, using a scheme of running means as dis- 
cussed in the next section. An attempt is made to relate these cyclic fluctuations 
in the mean daily temperatures to the index cycles of the general circulation. 

2 Treatment of Data 
Since the main objective was to study January temperatures, only the winter 
months of December to March are investigated here, as temperature changes 
are most pronounced during these winter months at mid-latitudes. Fig. 1 shows 
long term (more than 90 years) averages of daily temperatures for Edmonton, 

'present affiliation: Maritimes Weather Office, Box 5000, Bedford, Nova Scotia. 
'present affiliation: Caribbean Meteorological Inst., Box 130, Bridgetown, Barbados. 
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Dec 1 Jan 1 Feb 1 Mar 1 
Month and Day 

Fig. 1 90-, 98-, and 99-year averages of mean daily temperatures for Edmonton, Winnipeg, 
and Montreal respectively, for December 1 to March 31st. Arrows indicate the 
main peaks. 

Winnipeg and Montreal, respectively. It can be seen that spurious fluctuations 
are not all filtered out by simple averaging over 90 years or more. In addition, 
one notes almost coincidental peaks (indicated by arrows in Fig. 1)  spaced 
approximately half a month apart, but with some longitudinal lag in time from 
west to east. 

In order to smooth the spurious fluctuations in the data a suitable scheme 
of weighted running means was used. Typically a weighted running means can 
be expressed as 

Here Ti is the raw value of the temperature at time t .  is the corresponding 
smoothed value and w, are a set of approximately chosen weights. The value 
of n will depend upon the length of the time over which the running mean is 
desired. For example, a seven-day running mean will be accomplished by 
choosing n = 3. The spurious fluctuations in our temperature records cor- 
respond to high frequency waves which can be suppressed by using a suitable 
scheme of running means corresponding to a low-pass filter (see Holloway, 
1959). In this study, we have used a nine-day running mean having weights w, 
decreasing in magnitude outward from the principal weight. As pointed out by 
Holloway (1959), such a scheme of weighting function reduces the negative 
response and does not generate any unwanted ripples on the smoothed output. 
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The values of the weighting functions and the corresponding filter responses 
have been discussed by Danielson and Bleck (1970). 
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3 Results and discussion 
Fig. 2 shows the smoothed temperature curves for Edmonton, Winnipeg, and 
Montreal, using 90 years or more of data. The main peaks at 15-20 day inter- 
vals stand out very clearly. Fig. 3 depicts the curve for Regina1 which shows 
similar quasi-periodic fluctuations. The smoothed temperature curves for Hali- 
fax1 and St. John's1 (Newfoundland) are shown in Fig. 4. Since the normal 
temperature range for these maritime stations is relatively smaller, Fig. 4 is 
drawn with a stretched temperature scale; nevertheless it is interesting to note 
that these curves also exhibit small but definite temperature fluctuations. The 
smoothed curves for the remaining stations,l not shown here, all show essentially 
similar fluctuations, including Calgary1 with its notorious chinooks throughout 
the winter months. 

O r  I 

EDMONTON 

WINNIPEG PI Jan 1 Feb 1 Mar 1 

Month and Day 

Fig. 2 Seven-day weighted running means of the 90-year(+) mean daily temperatures 
for Edmonton, Winnipeg, and Montreal, for December 4 to March 28. 

Table 1 lists and summarizes the average period of the temperature cycle 
for all stations using a nine-day running mean. Here the period is defined as 
the average number of days between successive maxima on the filtered curves. 
Thus, when spurious fluctuations are filtered out, the average periods range 
from 15 to 20 days, giving a mean over all the stations of 17.2 days. The peaks 
for the smoothed curves as well as for the raw data do not coincide for all the 
stations; rather, there appears to be a west to east propagation of the cycle 
with time as can be seen from an inspection of Figs. 1 to 3. 

lThirty years of raw data were used for these curves. 
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Fig. 3 Nine-day weighted running means of the 30-year mean daily temperatures for 
Regina, for December 4 to March 28. 

The results presented above suggest a general quasi-periodic pattern of 
fluctuations in the normal temperatures over various parts of Canada. Similar 
fluctuations in the normal temperature records at selected locations in the north- 
eastern United States have been documented by Wahl (1952) in his studies 
on the January thaw in New England. According to Wahl the January thaw at 
Boston is only a part of a much larger phenomenon, namely a change-over 
from a westerly circulation pattern to a northwesterly flow pattern. Such large- 
scale circulation patterns have been extensively studied by Namias (1950, 
1953) who has attempted to relate these changes to index cycles of the general 
circulation. The fundamental role of the index cycles is to transport the excess 
of heat energy from tropical latitudes to mid-latitudes. This heat transport is 
accomplished through large-scale eddies, which impose quasi-periodic fluctua- 
tions on the zonal index, resulting in index cycles having periodicity from 3 to 8 
weeks (see Namias, 1953). As pointed out by Namias, one also finds fluctua- 
tions of shorter periods in the index cycles, similar to the temperature fluctua- 
tions under discussion. Fig. 5, after Namias (1953), shows zonal indices at 700 
mb for 5-day means for November through March for nine years. If one observes 
all the peaks of zonal indices for December through March, the nine-year 
average number of index maxima then yields a period of slightly more than 15 
days, as opposed to 16-17 days for the temperature fluctuations. A comparison 
of Fig. 5 with Figs. 1 and 2 shows that high zonal index is in general associated 
with temperature peaks in raw as well as smooth data (Figs. 1 and 2) .  Similar 
results have been reported by others (see Chang, 1972). 

To what latitudes do the temperature fluctuations extend? A partial answer 
to this can be given: Longley (1958), in his studies on temperature fluctuations 
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Fig. 4 Nine-day weighted running means of the 30-year mean daily temperatures for 
Halifax, and the 25-year mean daily temperatures for St. John's, for December 4 
to March 28 (tempe;ature scale stretched). 

TABLE 1. Average Period of Temperature Fluctuations, December to March, for selected 
Canadian Stations. 

Period of Averaged Period of Weighted Average Period of 
Station Temperatures (yrs) Running Mean (days) Fluctuation (days) 

Edmonton 90 (1880-1969) 7 15.0 
Winnipeg 98 (1872-1969) 7 16.8 
Montreal 99 (1871-1970) 7 17.4 

......................... Mean of 90-year(+) data .16.4 days 

. . . . . . . . . . . . . . . . . . . . . . . . .  Median of 90-year(+) data .16.8 days 
Edmonton 30 (1941-1970) 9 16.6 
Calgary 30 (1931-1960) 9 17.8 
Grande Prairie 25 (1942-1967) 9 17.2 
Whitehorse 30 (1942-1971) 9 16.0 
Saskatoon 29 (1942-1970) 9 19.7 
Regina 30 (1931-1960) 9 17.0 
Winnipeg 30 (1931-1960) 9 16.6 
Montreal 30 (1941-1970) 9 15.4 
Halifax 30 (1931-1960) 9 18.3 
St. John's 25 (1942-1966) 9 17.0 

Mean of 25-30-year data . . . . . . . . . . . . . . . . . . . . . . . . . .  17.2 days 
Median of 25-30-year data . . . . . . . . . . . . . . . . . . . . . . . . .  .16.9 days 

at Resolute, Northwest Territories, computed seven-day running means for 
eight years of data. Fluctuations similar to those under discussion can be ob- 
served in his smoothed data with an average period of 16 days; this is again 
in good agreement with the average value of the period in Table 1. No attempt 
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Fig. 5 Zonal indices at 700 mb for 5-day means for November through March of nine 
years; broken lines connect normal values for calendar months; hatched areas 
denote primary index cycles beginning with the high index periods indicated by 
arrows. After Namias (1953). 
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is made in this study to determine the southern extent of these temperature 
fluctuations. 
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4 Concluding remarks 
The existence of a "January thaw" in the long-term records of selected Canadian 
stations appears to be a real feature, which is associated with the quasi-periodic 
temperature fluctuations having an average period of about two weeks. The 
general interest in a January thaw, but not in the other peaks and lulls in the 
annual temperature trend, is possibly due to a psychological reaction to warmer 
temperatures just preceding the annual minimum temperature. For example, 
the pronounced "cooling" in mid-February is not noted as well, perhaps because 
temperatures are then on the upswing anyway. 

Our analysis brings out a possible relationship between the temperature 
fluctuations and the index cycles of the general circulation; this is in general 
agreement with earlier studies. As the meridional transport of heat energy is 
accomplished through variations of the zonal index, it appears to impose 
temperature fluctuations characteristic of the quasi-periodic nature of the 
index cycles. 

It is interesting to note that these fluctuations stand out even after averaging 
and smoothing the temperature data for over 90 years. This seems to suggest 
that there may be some preferred positions (in time) for these cycles. To 
the best of our knowledge, none of the theoretical and observational studies on 
index cycles suggests any coupling between the index cycles and the time of the 
year. We are therefore inclined to surmise that the fixed topographic features 
of the earth, together with the fixed ocean-land distribution tend to induce 
fluctuations in the general circulation at certain preferred times of the year, ex- 
cepting for minor variations. These minor but significant variations tend to 
make the index-cycles quasi-periodic, and hence, unpredictable. 
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and 500 mb Longwave Ridging 
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ABSTRACT 

In general terms the probability of 
forest fires is increased by weather 
conditions that: 
(a)  maximize the drying of forest 

fuels, 
(b)  give a minimum of rain and yet 

still allow enough convective ac- 
tivity to produce lightning and 
spread going fires. 

The hot sunshine and dry weather of 
summer high pressure systems fulfill 
these conditions. At the earth's surface 
however high pressure is transitory 
while at the 500 millibar level, ridging 
is much more persistent. Such long- 
wave ridges aloft may persist for as 

long as 80 days or even more but show 
oscillations in their strength. For the 
severe forest fire season of 1974 in 
northwestern Ontario, the changes in 
amplitude of the persistent longwave 
ridge over the area were examined. 
Using a diagnostic Hovmoller dia- 
gram, periodic oscillations of eleven 
days were discovered in its intensity 
which agreed closely with the perio- 
dicity in the Fire Weather Index, a 
measure of the forest's potential for 
fires. If such longwave behaviour is 
predictable then long term general 
statements about forest fire occurrence 
can be made. 

1 Introduction 
During the 1974 forest fire season 1,591 fires were recorded in Ontario with 
1,288,170 acres burned. This season qualifies as one of the worst on record if 
only fire number and acreage are considered. The section of the province suf- 
fering the most was the area bordering on Manitoba. The greatest majority of 
fires in fact occurred in the Ontario Ministry of Natural Resources' north- 
western fire region (fig. 1 ). A protracted dry spell which persisted from early 
June until the middle of August resulted in high to extreme values of Fire 
Weather Index (FWI) throughout much of the period. An emergency situation 
arose on July 7th and 1,700 people were evacuated from Vermilion Bay. 
Around the second week in August, nature took a hand and frequent rainfalls 
finished off the job that the firefighters had struggled with for nearly seven 
weeks. 

It has been known for some time that longwave ridging at the 500 mb level 
over a particular longitudinal zone spells trouble for the firefighters in that 
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Fig. 1 The Northwest Fire Region of the Ontario Ministry of Natural Resources. 

area. In order to determine what kind of relationship exists between the occur- 
rence of forest fires and longwave ridges, an analysis was made of the 1974 
season. 

The first discovery was that a longwave ridge persisted at approximately the 
longitude of northwestern Ontario from June 14th, to August 8th, during which 
time the most hazardous fire weather situation of the summer occurred. 
Secondly, the ridge exhibited an orderly oscillating behaviour. It is possible 
that this is a feature of other bad fire years and that case studies will not only 
reveal the key to the inception of the longwave ridge but will do so in time to 
use the periodicity as a forecasting tool. 

Forest Fires and 500 mb Ridging 



2 Surface weather systems 
From June 14th to August 8th, high pressure systems were the dominating 
feature on the surface weather map. They were interspersed with occasional 
outbreaks of fresh dry Maritime Polar or modified Maritime Arctic air. As the 
northwestern fire region was dominated by a longwave ridge pattern at mid 
levels of the atmosphere, the troughs associated with the leading edge of the out- 
breaks weakened as they moved eastwards from the Rockies. This meant that 
rainfall was sparse and almost exclusively the result of localized convective 
activity. In many cases, the precipitation was associated with lightning. With 
the air masses being very dry, the rain in some cases would evaporate before 
reaching the ground leaving "dry" lightning. New fire starts were naturally the 
result. 

3 Upper air patterns 
a The 1974 pattern 
Early in the month of June a well developed omega blocking pattern formed in 
the airflow at middle levels of the atmosphere over North America. By the 
middle of the month the western arm of this pattern had moved to Quebec 
followed by a mid-continent ridge. This ridge-trough configuration then per- 
sisted as a stationary longwave feature until nearly the second week of August. 
Most importantly, the longwave ridge remained over the northwestern fire 
region. 

The most interesting feature of this pattern is the periodicity with which 
troughs broke through the ridge. The cycle typically consisted of a slow building 
of the ridge with associated high pressure influence at the surface, followed 
by a fairly rapid collapse as the troughs penetrated. 

b 500 mb heights over International Falls as n! longwave indicator 
A smoothed curve of the 500 mb height at International Falls versus time clearly 
shows the periodic building and collapse of the ridge (fig. 2). The period from 
ridge to ridge averaged eleven days. However, the average period from trough 
to trough was fifteen days so that after five cycles the pattern broke down. 

c Maximum temperatures as a longwave indicator 
To reinforce the evidence for periodicity, a check was made on the maximum 
observed surface temperature within the region. Since this temperature is linked 
to 500 mb heights, by way of the layer thickness concept, it should also show 
some periodic variation. In addition, it is reasonable to expect that maximum 
temperatures will be lower during the unsettled weather of troughs and at a 
peak during times of fire weather associated with ridges. A smoothed curve 
of the maximum temperature observed anywhere in the region in fact follows 
the variation of heights very closely (fig. 2). 

d Hovmoller diagram ar a longwave indicator 
The Hovrnoller diagram (fig. 3) very clearly shows the persistence of the 
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Fig. 3 Hovmoller diagram for 30th May to August 28th 1974. The unlabelled vertical 
line is the longitude (93 " W )  of the Northwestern Region. Shaded areas are ridges 
at 500 mb. Unshaded areas are troughs. 

longwave ridge WXYZ at about the longitude of northwestern Ontario 
(denoted by the unlabelled vertical line at 93"W). It makes its appearance 
during the first week in June and persists until August 23rd. For part of this 
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TABLE 1. Dates that major 500 mb ridges crossed 93"W 

28th 1974. The unlabelled vertical 
:rn Region. Shaded areas are ridges 

ude of northwestern Ontario 
OW). It makes its appearance 
August 23rd. For part of this 

Date of 93"W Major Ridge 
Longitude Crossing Identification (Fig. 3) 

June 14th A 3  
June 27th C,D 
July 7th E,F 
July 20th G,H 
July 31st I,J 
August 8th K.L 

Average Speed of Ridge 
(knots) 

11 
18 
16 
18 

time it showed a steady retrogression of 0.83 degrees longitude per day (1.3 
knots). 

It is of interest to note that the wavelength of the longwave features of the 
. circulation is approximately 65 degrees of longitude (wave number of about 6) .  

The ridge crossed the 93"W longitude line on July 8th, just the time of the 
Vermilion Bay emergency! About August 5th, a particularly vigorous trough 
moved through the ridge destroying the comparatively stable pattern. Travelling 
waves then predominated at 93 W. 

Throughout the lifetime of the ridge a series of major ridges and troughs 
moved through it. The passage of these groups across 93"W resulted in the 
periodicity in the fluctuation of heights at that longitude that has already been 
examined in fig. 2. The Hovmijller diagram (fig. 3)  shows that major ridges 
crossed 93 W at times which are shown in table 1. 

It should be noted that the peak of July 3 1st in fig. 2 appears as only a weak 
ridge in fig. 3. Apart from this, excellent agreement exists between table 1 
and the times of the peaks shown in fig. 2. 

The literature records several cases of periodicity in oscillations of the zonal 
index (Panofsky and Wolff 1957, Monin 1963, Julian 1966, Noar 1973). In 
this analysis, the eleven day period of oscillation relates directly to the change 
in amplitude of the real weather feature rather than to an index, but the simi- 
larity to the 12 to 13 day figure common in the literature suggests that they 
are related. 

4 Fire Weather Index 
The Fire Weather Index (FWI) is a numerical rating of potential fire intensity 
in a standard fuel type. By definition it is dependent on weather only, not on 
differences in fuels or topography. It is related to the ease of ignition of wild 
fires. The FWI combines the meteorological parameters upon which forest fires 
depend and forest fuel moisture content as well as a term to take account of 
the rate of spread of fire. The numerical value of the index is directly propor- 
tional to the potential fire intensity. In practice, various ranges of values are 
grouped into four fire-danger categories, namely "low", "moderate", "high 
and "extreme". 

Since the FWI is highly dependent on atmospheric temperature and rainfall it 
is reasonable to expect that its variations are somehow linked to 500 mb ridging. 

Forest Fires and 500 mb Ridging 3 1 
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In fact it shows an interesting and predictable relationship to the longwave 
ridge (fig. 4) .  Values of the FWI generally increase during the building half- 
cycle and decrease during the half-cycle of collapse. The times that "extreme" 
values of FWI were measured occur very close to the times of maximum ridging. 
The only exception is the "extreme" value centred on July 27th, which does 
not fit well with the ridge of July 3 1st. 

In a practical sense, if the average period and lifetime of the longwave ridge 
cycle were known on June 14th, it would have been possible to predict the date 
of occurrence of "extreme" values of PWI in four cases out of five. The error 
in these cases would vary from 0 to 2 days. In the fifth case (the "extreme" 
FWI of July 1 1 th) , the prediction would have been five days too soon. 

The forecast problem, and a very formidable one, is to recognize that a stable 
longwave ridge cycle has begun. While it is most probable that similar cycles 
have occurred in previous bad forest fire years, it would be too simplistic to 
believe that they have the same period and lifetime. Periodicity has been the 
goal at the end of the rainbow for many a meteorological researcher. Never- 
theless, questions immediately arise concerning the feasibility of using such a 
regular variation as a forecasting device to predict times of high fire weather 
hazard. 

5 Conclusions 
(a)  The longwave ridge oscillation of 1974 over northwestern Ontario showed 

a marked tendency towards a stable repeating periodicity of eleven days. 
(b)  The longwave ridge showed remarkable persistence, having a lifetime of 

55 days. 
(c) A close relationship existed between the time of occurrence of peaks in 

the longwave ridge oscillation and the times of high Fire Weather Index. 
(d)  A study of previous bad forest fire years is necessary in order to determine 

whether or not a common, predictable longwave ridge behaviour pattern 
exists. 
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BOOK REVIEW 

ACTINOMETRY, ATMOSPHERIC OPTICS, OZONOMETRY. G.P. Gushchin. Editor. KeleT Publishing 
House Jerusalem Ltd., Jerusalem, 1974,201 pp. hardcover. Available in U.S. and Canada 
from International Scholarly Book Services, P.O. Box 4347, Portland, Oregon 97208, 
u.s. $16.00. 

The "Trudy" series of the A.I. Voekov Main Geophysical Observatory (Leningrad) 
constitutes, in effect, an irregularly published scientific journal. This volume is a translation 
of No. 279, originaIly published in 1972, and consists of a collection of some twenty-two 
papers on various aspects of actinometry, atmospheric optics and atmospheric ozone. The 
papers range from a short evaluation of an electrolytic integrator used to measure daily 
totals of solar radiation in the USSR network to a lengthy discussion of ozone photo
chemistry. In addition, there are several papers on atmospheric transmission, both in the 
visible and the infrared; two papers on ozone and atmospheric dynamics; a catalogue of 
total ozone measurements made from USSR ships at various latitudes in the [ndian Ocean 
during the decade 1961- 1970; a description of a method for measurement of erythema
togenic radiation; and others. Another paper, which is somewhat out of phase with current 
major concerns is entitled "Atmospheric ozone and its influence on the operation of super
sonic transport". 

While none of the papers is particularly outstanding, the book is one that probably 
should be borrowed from the library and looked through by those people who are expected, 
or who wish, to be expert in these particular fields. However, it can hardly be recommended 
as a worthwhile purchase to someone who is looking for an authoritative review or text 
in these fields. 
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C.L. Mateer 
Atmospheric Environment Service 
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