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6~A~IS~ICS OF KX~ VALUES ~ 

by 

D. W4 Boyd and G. R. Kendall 

Keteorological Branch - Department of Transport - Toronto 

1. IN~lWDUOTION 

1.1. The design of aDY s tructure is a compromise between 
making it 80 strong that 1t will withatand any stress to whieh it might be 
subjected; on the one hand~ and building it so cbeaply that it 1& likely 
to fal10 on the ather . If the structure 18 one in which wind stresses aTe 
important the designer must choose a design wlnd ~ which w111 be the strong­
est wind that Is likely to occur during the expected life of the 8tfucture~ 
The problem of sel ecting a design wind can only be solved by tbe use of 
appropriate statistical methods. 

1.2. Stimulated by such problems in climatology and hydro-
logy . the statisticians have done much work in recent years on extreme 
value theory. The purpose of this c ircular is to sho~ ~hy epecial statistics 
are needed to handle these problems . and to compare the results obtained by 
the formulae propoeed by three writers in this field. No attempt will be 
made to give the detai ls necessary to use the theories ; for this the 
original papera should be consulted. 

2. 

2.1. 
will serve as an 
distribution of 

PROBABILITU;S FlWM A NORMAL DISTRlllUTION 

A discussion of the 
introduction. and 8& 

extz'emea. 

diatribution of mean temperaturee 
a basie for later comparison with the 

2a2~ Table 1 sho~s the number of years 1n ~hich the September 
mean tewperature at Quebec Ci ty bad the values shown. 

X Reprinted by permission of the Director of the Meteorological 
Branch. Department of Transport ~ from CIR-~251 T~C-238 . 9 Oat 1956. 
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!OUEJlEO 01 TY SmPTlilMlIER MEAl! DAILY TliMPJ:RATURlil 

Temperature 
TeF 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 

.umoer of Yoare with 
Temp. Tv 

1 
2 
5 
3 
7 
7 

13 
5 
3 
2 
2 

Number of Yesre vith Temp. 
Xqual to or Leee than T 

1 
3 
8 

II 
l8 
25 
J8 
43 
46 
48 
50 

2. 3. Temperatures are given to the ne_reet dagree. 71gure 1 
.hO~8 the numbers of years with temperature T plotted a. a h1,togram, and 
Figure 2 shows the oglve or the accumulated percentage frequencies . It can 
be assumed that the probability of a future event i. the 8ame 88 the 
frequency of the same event in the past . lor example , the probability ot 
ne~t September ' s mean temperature at ~uebec Oity being below 59.5°1. (i . e. 
59°' or lower to the nearest degree) 1& the area to the left of 59.5 in 
Elgure 1 or 92 per cent of the total area . From Figure 2 the value 92 per 
cent can be read off directly, opposite 59.5°Y. 

2.4. The irregularitie& in bo th figures are due to the fact 
that we are dealing with a comparatively small number of years . Thi. 
euggests fitting a smooth curve to the data. If x 1s the temperature and 
E(x) the probability that in a given year the mean tamperature for quebec 
Oity In Septewber is less than x. then the appropriate equation for the 
oglve in this case ia a 

= I f -1{d r(x) JJ. 1T e J --
where x : x + cry 
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and X and~ are the ma~n and standard deviation of all the observed mean 
temperatures. !l'his is the familiar normal or Gaussian fr13quenoy distribu­
tion. for which tBolee are available. 

2.5. To Bee how closely the data fit the normal cur~·e the 
observed accumulated frequencies can be plotted on B frequency scale that 
is drawn out sufficiently At the ends to make the ogtve a straigh.t 11ne. 
This has beart done in Figure 3. ueing somewhat different plotting positions 
becsufle t~e curve is now a con~inuouB function insteAd of a graph of dis­
crete values . From this curve tbe probability of September1s mean tempera­
ture at ~ebec City being below 59.5aF. 1s 93 per cent which Is close to 
the value obtained from t.he llIltimoothed datA. of F1KUI'es 1 and 2. 

PROBABILITIES FROM AN EXrREME-VALUE DISTRlBUTION 

3.1 . The origin81 problem of finding ~ design wind can be 
me,de more deHn! te by consider'lnp.; the hourly wind speeds observed at 
Victor1.s. Boe., 1n the years 192) to 1954 i.nclusive; a total of 280, 512 
observationS D The problem wigh t. be ~ fo r exampleD to find the .... 'ind speed 
which. on the average ~ will be exceeded onlyorce 1n the next 50 years or 
4380.312 hours. 

3.2. A frequency curve of the original )2 years ' observations 
would begin at zero wind speed with a fairly large number of calms. It 
would rise t.o a mode somewhere near 10 m. p . h . and. tohen drop off; at first 
fairly rapidly , And then very slowly o flnally reaching zero frequency at 
69 m.p.h. 

303~ The straightforward approach would be to fit a smooth 
curve to this dietr1"Dut1on (or its ogive) and to determine the wind speed 
. 'hleh left an area to th~ Tight. of only 1/438 ..312. of the total. In this 
method the only part of the curve which would be used woul d be at the 
extreme right where the observations are most infrequent and hence the fi '~ 
poorest. Obviously a wetbod must De devised which gives ~uch more weight 
to tbe strongest wind speeds . The method used is to divide the observa­
tions into a nUlllue!" of samplee (say 32 samples of one yeAr each) and to 
consider onl y tlle largest value from each sample. This h equivalent to 
using a different variable. namely . the maximWll hourly speed rec.orded each 
year. The distrioution of these annual maximA is referred to as the 
extreme-value distribution and that of the ori ginal set of observations of 
hourly epeeds as t he parent population D 
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3.4. If rex) Is tho probability that a value from the parent 
population 18 le88 than XI then the probability that the greatest value (and, 
therefore . all values) in a sample of n (drawn from the parent population) 1s 
lese than x 16 : 

I' (x) 

Thia 1e the ogive of the extreme-value distribution for sample of size n. 
This ordinarily depends on H(x) , the ogive of the parent distribution. Ho~ 
everi if the variate x 16 unbounded, if the form of rex) l1e8 within certain 
broad 11mita ~ and if n appro8lhee infinity . then it bBa been ahowu i Qy 
E. J . Gumbel (Bef . 1 ) and others. that the oglve of the extreme value dis­
tribution approach~a form which ie independent of Y(x). namely : 

where x ... J. + By. 

-e 
G (x) •• 

-y 

J. and B are parameters analogous t o the illean and standard deviation uRed for 
normal distributions. 

3.5. If tbia ogive i8 plotted on a frequency scale that 18 
drawn out suitably at the ends g it can be reduced to a straight line , 88 wa. 
done above with the normal OgiV6. 

3.6. Table 2 ISho'W'. the Dumber of yeare tn_ 'W'hich the maximum 
hourly 'W'ind speed at Victoria had the value. shown. 

TABLJi 2 

VICTORIA ANNUAL MAXIMUM WIND SPElW8 

Wind Speed Number of Years Wtnd Speed Number of Yeare 
V m1£'rrr. yith S~ed V V ml.Lhr. with S~ed V 

40 2 52 4 
42 2 53 2 
43 1 54 1 
44 2 57 1 
46 3 58 3 
47 1 60 1 
49 1 65 1 
50 3 67 1 
51 2 68 1 
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3.7. Figure 4 shows these wind speeds plotted On the special 
frequency scale. ~he etralght line marked "Gumbel" was computed using a 
least squares method suggested b.1 Gumbel . 

3.8. In the case of extreme winds there are two of the condi-
tions on which the straight line was computed that are not satisfied: the 
variate is bounded below at zero wind speed. and the sample siZe Is not 
infinite. Howev er, a lower bound would not be expected to have much effect 
on maxi~um values and the sample size 1s f airly large (hourly speeds for a 
year) and hence a fairly good fit would be expected. 

}.9. 
obtain an even 
lower bound at 

Attempts have been Juade to modify the equation to 
better fit. H. C.S . ~nom (Ref. 2) was concerned about 
speed zero. Be used the equation; 

-0 

-y 
G(x) •• 

",here " • .I. 4- By 

which was found by rlaher and Tippett to be the limiting extreme value 
d1etribution for veriRtes bounded below at y. O. Renca p Thom's only 
assumption 1s that the samples are sufficiently largeo 

}.lO. 
(Ref ... 1.) . 

A different ap~ro8ch was taken Qy A. F. Jenkinson 
He fOWld that by settinga 

-1<1' 
x = a (1 - . ) 

where ak 1s positive, then ~he equat i on 

-y 
- e 

G(x) = • 

the 

becems g in effect , a combination of the three possible limiting equations 
for x unbounded; bounded a bove and bounded oe lo~ . He devol oped a method 
of computing a and k froro observed data without deciding previously whether 
the curve in the x - y plane should have positive curvature (bounded a bove) 
or negative curvature ( bounded below) or zero curvature (unbounded). When 
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applied to maximum winds 1~ was found that the computed curve had positive 
curvature . This ie the opposlte curvature to that assumed by ~hom. 

3011. Thom 1e Bnd Jenkinson ' s methods were used on the Victoria 
data and the computed curvee are shown with Gumbel ' s etratgnt line in 
Figure 4. The tbree methods give tbe fo llowing anawers to the original 
que8tlon ~ "What wind speed, on the average . will be exceeded only once in 
50 years at Victoriaf" 

Jenkinson 
Gumbe;t. 
!l'hom 

69 m.p. h . 
73 • 
77 • 

Which is the beat estimate , and what 18 wrong with the others? 

3 .12. One difference in the three methode that was not men-
tioned before is the wa¥ in which the curves are f itted to the plotted 
pointe. Gumbel USBS a lIIetbod ba.sed on least squares. Thom usee the method 
of maximal likelihood. ~hese are both widely used in etatistics . Jenkinson 
usee a different method based on the standard deviation of the annual maxima 
and on the standard devia tion of the two-ye~r maxima. It ie & neat solu­
tion but may not be as reliable 8S the other methods . However , it is 
doubtful if these differences are large enough to explain the d1fferencea 
io the solutlonae 

)m13_ Returning to the a8sumptions that were made ~ it will be 
remembered that Gumbel assumod an unbounded parent distribution and an 
infinite sample size . J enkinson and Thom assumed only the infinite samples . 
and 1n the case of maximum wind speeds they obtained results on opposite 
sides of Gumbel 1f result. This seems to indicate that the curvature of the 
graphs in the x- y plane depends more on the sample size than it doss on 
the boundedness of t h e parent distribution. 

3_14. If t.his is true then Thom ,,'as wrong in udng a theore­
tical reason for ass igning a downward curvature oefore he studleQ the data . 
Jenklnsoo Qs curvature may be the right way ~ but it i s intereeting to note 
that his curvature is far greater 1n thia particular case than that of a 
Jerabola fitted to the plotted pointa in the x-y plane using & l east 
squares methodo 
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).15. If Thom' s metbod 18 abandoned then there seems to be 
no theoretical way of determining the curvature in tbe x-y plane : any curve 
that is obtained is mere~ an empirical solution. 

3.16. ~ven after the form of the equation has been deter-
mined there iB still the difficulty of finding a suitable method of 
fitting the equation to the observed values. J. Lleblein (Ref . 4) has 
suggested an alternative method of fitting the equat t on used by GUmbel. 
Lleblein ' e method applied to the Victoria wind data yield a 50-year­
return period value of over 3 m. p.h. lower than Gumbel's . 

4. CONCLUSION. 

4.1. To sum up, - the different methods of predicting 
extrelDB values that have been examined give rather widely differing 
results. None of the methods 1. completely satisfactory for small samples. 
but it appears that there is little reason for preferring the methods of 
~hom or Jenkinson to the more straightfor~ard method developed by Gumbel. 

Grateful acknowledgement is Hade to the obeervers at 
~uebec City and at Victoria for ~he long unbroken weather records they 
have collected. These are two of ~he few stations in Canada where observ­
ations have been taken at essentially the same location for so many years. 
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NUMERICAL FORECASTING ON FERUT 

by 

T.J . G. Henry 

Meteorological Branch, Department of Transport - Toronto 

The physical laws governing the motion of the atmosphere 
have been fairly well understood for many years. Consequentl y, there 
has existed the theoretical possibility of integrating the basic equa­
tions step by step to determine the· fields of motion, pressure and 
temperature at future times. Until recently, the amount of computation 
involved in this process has been prohibitive. With the advent of high­
speed electroni c computers , however, the computation problem has become 
somewhat more tractable. Although developments in this field are still 
at a rather early stage, numerical forecasting with the aid of elec­
tronic computer equipment is al ready an operational reality in the 
United States and Sweden, and is scheduled to go into operational use 
in the United Kingdom in the near future. 

Most attempts at numerical forecasting to date have involved 
the use of an atmospheric model, in which the pressure and wind fields 
at all levels are inferred from those at one or more key levels . The 
simplest type of model i s a one- parameter model, in which the wind flow 
at each level is assumed to be parallel in direction and proportional 
in speed to the wind at some standard level, which is usually taken to 
be the 500-millibar level. In one version of this model, vorticity 
and advection are calculated on the assumption that winds are geostro­
phic and may be inferred from the 500-mb height pattern, More complica­
ted models use two or more parameters to represent the variation of 
the wind field in the vertical. For example , the "thermotropic" model 
recently introduced by the Joint ~umerical Weather Prediction Unit in 
Washington is a two-parameter model in which the wind flow at each 
level is inferred from the height patterns at two standard levels, the 
500-mb level and the lOOO-mb level. Models with more than one para­
meter permit a better reoresentation of the flow patterns at different 
levels, and make it possible to forecast the patterns of temperature 
and vertical moti on as well a s the oat terns of pressure and wind flow 
for one level. 

After a good deal of preliminary study, the Meteorological 
Division has begun development work in the field of numerical fore­
casting, using the Ferranti Mark I electronic computer at the University 
of Toronto ( FERUT ). Up to the present time, progress has been rather 
slow, mainly because it takes a good deal of time for a newcomer to 
the art of automatic computation to acquire proficiency in programming 
operations of this kind for an electronic computer. However, it is 
expected that future progress will be more rapid. 



I 
FERUT is a large-scale stored- program computer operating 

in the binary system. This system is used inside the computer in 
preference to the more famil i ar decimal system because it is easier 
to engineero Conversion of numeri cal data from decimal to binary form 
during input, and from binary to decimal during output, are carried 
out at full speed by· means of standard routines permanently stored in 
the computero Numbers and instructions are represented inside the 
computer as rows of binary digits or "bits" . Numbers can be stored 
either as "long lines" of 40 bits (equi valent to 11-12 decimal digits) 
or as "short lines" of 20 bits (equivalent to 5- 6 decimal d igits.) 
The latter scheme is used in numerical forecastingo Each instruction 
consists of 20 bitso The se include 6 operat i on digits, which specify · 
the type of operation to be carried out; 9 address digits, which specify 
the ~torage location cont,ining the number to be operated on; :3 modifier 
digits , which specify one of 8 auxiliary registers that may be used to 
modify the instruction; and 2 snare digits that are not used . The 
storage unit or memory consists of two parts, a magnetic drum of large 
capacity and a rapid-access or \wrldng store composed of 8 cathode-
ray tubes, each capable of stor ing 64 20- bit lines . For input and 
output ordinary 5-hole paper teletype t ape is normally used, but equip­
ment is also available for using IBM punched cards . 

The first exnerimental f or ecasts on FERUT have been made 
"ith a one-parameter model, in whi ch the motion at all levels is inferred 
from the geostrophic wind at 500 mb. These assumptions lead to a Poisson 
equation for t he l ocal 500-mb height tendency, of the form 

In thi s 
till)e t , 

equation, z 
and \j2 i s 

is the 500-mb height at any point on the map 
the two -dimensional Laplacian operator ~ 2 

07 
at 
+ a 2 

V 
The quantity F involves the advection of absolute vorticity with the 
wind . The wind and the absolute vorticity '1 are both evaluated 
geostrophically from the 500-mb height distribution. The equations 
used are: 

r= 

where g is the accleration of gravity, f is t he Oorioli s parameter and 
m is the local map scale 0 By solvi ng the Poisson equatlon for -;, z/ Clt 
we can obtain the 500-mb height tendency at eacb point on the ·map. 

For SOl:ltion on an automatic computer, equations i nvolving 
derivatives have to be reDlaced by fi nite-d i fference approximations . 
Thus, gradients of height or vorticity are r eplaced by differences 
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between neighboring pOln"s of a rectangular grid, and the forecast 
period is divided up into a series of finite time steps . This use of 
finite t ime and space intervals intr oduces truncation errors which 
make it impossible to forecast accurately the motion of small-scale 
features whose geogr aphical extent is comparable to the distance 
between successive grid poi nts" Moreover, the' time step 6 t must be 
chosen sufficientl y short that the distance the a i r moves during one 
time step is everywhere small compared to the grid i nter val. Centr ed 
space and time differ ence s are used wherever possible , The finite­
difference Poisson equation for the 500-mb height tendency 0 z/ ~ t 
is solved by an i t erative process due to Richardson and Liebmann . For 
each grid point, the value of ,z for time t + o~ t is then obtained from 
the value of z at time t - l5. t by adding TI:t 6 t, where 0 z/ a t 
i s evaluated for time t . This gives us a new 500-mb he i ght distributi on , 
and by repeati ng this pr ocess over a suffi cient number of time steps we 
obtain a 500-mb Drognostic chart for any given time in the future. 

So far, we have made one set of full-scale production runs 
with this model. The initial 500-mb map for these runs was for 0300 GMT 
March 13, 1955, and is shown at the upper left in Fig. 1 . Initial ~OO­
mb heights were read off for a grid of 15 r ows and 19 col umns centred 
at 55°N, 95°].1, wit h a grid spadng of about 175 mi l es . I n most of the 
runs, the heights on the grid boundary were assumed to change linearly 
wi th time at such a r ate as to r eproduce the 24-hour changes that 
actually occurred. In actual forecasting, these changes would of course 
not be known in advance, and would have to be forecast in some manner. 
For this first test, we thought we had better concentrate on the i nterior 
of the grid and come back to the problem of ~oundary conditions later. 
The actual map for 0300 GHT March 14, 24 hours after the time of the 
initial map, is shown at the upper r ight . 

I n the first r~m , a time step of one hour was used, and 
three iterations were used i n solving the Pois son equation in each 
time step" The 24-hour forecast map is shown at t he lower left. It 
will be seen that agreement is generally good for the eastern half of 
the chart ; for example, the motion of the centre of low in Maine is 
forecast quite well. Over the Plateau region in the west a marked 
trough and centre of low height were forecast to devel op, but this 
prediction did not verify . This failure is probabl y due to i nadequacies 
of the simple model used , which neglects the effects of topography and 
of the variation of the streamline patterns with height . Errors near 
the upper boundary of the grid are probably due, at least in par t , to 
the assumption of ,linear height changes with time on the boundary. 
Actually, a centre of low moved slowl y southward across the gri d boun­
dary, so that the heights first fell and then rose . 

The second r un used a time step of It hours i nstead of 
one hour, and the t hird run used five iterations to solve the Poisson 
equation in each t i me step i nstead of three. I n both cases the f orecast 
charts ,/er e practically identical with those obtained in the first run. 
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In the fourth run, the 500-mb heights on the grid boundary 
were held constant during the f orecast period, This scheme was tried 
out because it is one of several completely objective procedures that 
could be used in operational forec asting, without introducing a 3ub­
jecti ve forecast for the boundary points . In this case the quality 
of the forecast was considerably reduced, as may be seen from the 
resulting map shown at the lower ri ght. In particular, the spurious 
troughing over the Plateau was intensified . The effect of the 
boundary conditions would probably vary a good deal from one case to . 
another, but for a small grid like the one used here, the effect is 
clearly important. 

Hi" lJ this grid of 19 x 15 points, the machine time used 
for a 24-hour forecast in one -hour steps, using 3 i terat ions to solve 
the Pois son equat i on in e&ch time ste p, was 43 minutes. This includes 
about 5 minutes for reading in the program and the data and 12 minutes 
for punching out the forecast 500 -mb heights at 6-hour intervals (3 
minutes each time). The actual forecast cycle took about 1 minute and 
10 seconds De l' time step . On a very fast computer, such as the IBM 701 
used by the Joint Numerical Prediction Unit i n Hashington, the time for 
a 24-hour forece.st with this model and grid size would probably be 
between 5 and 10 minutes_. 

This first group of experimental forec asts has given us 
valuable experience, but much further work remains to be done. He 
particularly wish to follO\oI up various advances that have been made 
by the U. S. groups in ~Iashington and Princeton, by the British 
Meteorol ogical Office and by the group headed by Professor Rossby at 
the University of Stockholm. 

In order to minimize boundary effects, it will undoubtedly 
be necessary to use a grid covering a larger area . A one-parameter 

. (barotropic) forecast over a large area can be made without a prohibi ­
tive expenditure of machine time . Moreover, certain i mprovements in 
the computation scheme have been reported on by the Princeton and 
Stockholm groups and are now being used operationally by the U. S. 
N~merical Prediction ~nit. By avoiding the use of the geostrophic 
assumDtion, this new scheme eliminates certain types of systematic 
error that were noticed in the e ar l ier barot.ropi c forecasts. 

The \1ashington group has rec.9ntly introduced a two-parameter 
thermotropi c model Hhich incorporates the effects of topography and 
vertical motion. Pro£ra~~ing of a model of this type for PERUT is now 
nearly completed . Lirrdtations of storage SDace have made it necessary 
to use a rather small grid, of the sa.me size as Has llsed in the first 
one-parameter forecasts, i n order to obtain a reasonably efficient . 
computation scheme . HO\.J8V8l", it is hoped that some useful experience 
can be gal n,~d ~ 

Rather simple gr,,-phj cal procedures for numerical fore ­
casting have been suggested by Fjprtoft, Estoque and others . These 
procedures can be adapted for machine computation. It wi11 probably 
not be feas i ble to advect perturbations in steps of 12 or 24 hours as 
can he done graphically, out even so, it seems probable that a rather 
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fast compUtation scheme can be devised, and we hope to try out one or 
two fo re casts on FERUT using these techni ques. 

Both the Washington group and the Stockholm group have 
done considerable work on the problem of objective analysis from 
station reports of height and wind for a given isobaric sur face. 
Operational t echniques have been developed for interpolating the 
heights at grid points dir ectly from such reports . A scheme of this 
sort is probabl y essential to the effective use of a computer i n fore­
casting, but it makes rather heavy demands on the 'storage capacity of 
the computer . It is not yet cl ear whether it would be pr ofitable for 
us t o attempt development work on this problem on FERUT, or whether 
we should l eave this work to other groups having access to a larger 
computer . If the prospects of doing useful work appear to be reason­
ably good we may try it. 

It will be evident from this outline of the experimental 
work that has been done on FERUT that we have made only a very small 
beginning , and have a long way to go to overtake the progress t hat has 
been made in other countries. The question naturally ar i ses, whether 
it i s ever likely to be an economic proposition f or the Meteorological 
Division to go into numerical forecasting on a computer as a routine 
operation; i n other words , can numerical f orecasting ever be sufficient­
ly useful t o justify the very considerable cos t of acquiring a computer 
or using one on a part-time basis? 

Any fcrecast of the future role of electronic computation 
in Canadian meteorology must be based , not on the crude results presented 
here , but on what has already been done in the United States and Sweden, 
where advanced techniques have been in operational use. ·On this basis, 
I believe it can be expected that computers will be able to do some j obs 
in fore casting better than t hey are now done by meteorologists, and will 
open up lines of advance in areas where little progress is now be i ng 
made. If this happens, considerable economic benefits may be realized 
from types of f orecasting that can now be done with only marginal success . 
It seems unlikely that f orecasters can ever be r eplaced by machines t o 
any appreciable extent . They will still be needed to do the essential 
job of any f orecast service , namely t he detailed forecasti ng of actual 
weather and the provision of specialized advice to the transportat ion 
industries, to agriculture and t o other users of forecasts. 

If, then, we vi ew the role of the computer in meteorology as 
one of assist.ing the meteorol ogist to do some jobs better, and of opening 
up new lines of att ack on meteorological probl ems, my forecast would be 
that numerical f ore cast i ng in Canada with the aid of a computer will 
eventually be economic. However , caref ul studies along certain lines 
will be essential . In the first place, we need to continue development 
work in the techr,i ques of numerical f orecasting , trying out techniques 
that have been used elsewhere and developing new one s oursel ves. In 
the second place , we need t o consider very carefully the characteristics 
of comD",t atibn eqUipment now available or likely to be introduced, and 
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the sort of equipment that would be requir ed to do the jobs we would 
want to do in meteorology. In the thi rd place, we need to consider 
other possible applications of hi gh- speed computation in meteorology 
besides forecasting , so that any plans for using computer equipment in 
forecasting can be coordinated with other possible requirements. It is 
also possible that t he Meteorological Division might be able to use a 
comput er in cooperat ion with other agencies , as the Swedish Air Force 
1-leather Service has done at the University of Stockhol m. If we proceed 
cautiously al ong these lines, I think electronic comput er equipment can 
eventually make an economically sound contribut ion to met eorology in 
Canada. 
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500 ME PREDICTION BY GRAPHICAL TECHNIQUES 

by BoW. Boville and M 0 Kwizak 

Meteorological Branch, Department of Transport 
Montreal 

ABSTRACT 

A graphical techniaue for 500 mb prognosis 
based on an 8xtensior to Fjortoftis barotropic model i. 
presented. The propagation of both large scale ( of order 
of 90 degrees) and small scale (of order of 45 degrees) 
wave systems is accomplished by the use of single and 
double space smoothing methods. The barotropic equation 
is developed and the role of the J acobian operator and the 
chart magnification are discussed as the basis for numer­
ical modele. The graphical solutions for the vorticity 
and space mean charts and the prediction equat i on are given. 
The general appli cability of the Be charts to a prognostic 
program is disCUSsed briefly and an example of the method 
is given. 
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500 Kll PHEPIOTION BY GRAPlUOAL TECHNIQUES 

by 11 . W. Baville and M. Kwizak 

1. Moat meteorologi8ts agree that the day to day variations 
in the intensity and atructure of weather eye tome mUet be accounted for by 
harocllnlc properties ( I . e . conversion of potential into kinetic energy) . 
There is, however , overwhelming avldence that the propagation of weather 
systems on the eynoptlc Beale caD largely be accounted for within a barotropic 
model and that at mid-tropo~pherlc levele this model accounts for the major 
part of the observed changes . Consequently, in a dynamic approach to upper 
level prognollie it 18 logicR.l to start .... ith the barotropic solution . It 18 
expected that a eyetematic R ~udy of the barotropic model, through ttl! inade­
quacies , will indicate the nature and eeale of baroclinic, terrain and other 
effects ~ 

2 . ijortoft (1) has provided a simple graphical method for 
obtaining the geo.trophic vorti ci ty and a similar technique tor integrating 
the barotropic vorticity equation . At the Oentral Analysis Office the vorticity 
charts (2) have been used for eeveral yeare in conjunction with Pettersaen 1e (3) 
diagnostic equation for development to predict the location and timing of sea­
l evel cyclogenelia . More recently experiment. have baen conducted on the com­
plete graphical 801ution at 500 mb ueing a variation on the Fjortoft technique . 
In view of the wideepread UBe of barotropic modele in objective prognosie the 
general model and the graphical type of solution are pre8ented ~ 

}. The basic equation governing Rynoptic Icale motions in 
a bar~troplc atmolphere 18 1 ~i 

) .1. In 1tJ,,· '~'~ , -
where J :: l4. - () ," t tle '\ttrM cal oO~'ponent of relative vorti city i 

1s the geoetropH c wind BJld f ~2.JLSI'I¢, the corlol1s par~et8r . 
~ha squattOD exp:rnaee the Qon'er9'ation of ab.olute vorticitY ( ::I I-/" ) 
on the a •• umpt1on of horllont~l, non_divergent motion at a level near 
500 mb . 

The geottro})hlc wind is given by ! 

/I? '/k'<17 7 
)2 -f ,~- ·il ' 0 
wb.;e k 1& the unit .ertlcal vector 9 Vs = L dX. -f J oJ;: and Z 18 the 
height of a oonstant pr98Rure ~urface . The geo8trophle relative 
vorticity Ie given by 2 

).3. 2. !J~ J. ~ Z . 
where ~ Is the ~ur!B;~ .pt~rical Laplacian operator . Now if we let 
the geo,)etroph1~ abRolutft ,orUcity be ( 1( ) where 

I( - ? Itsz -If 3.4. / 
the equati on 3.1. may be wr""ten by eubetltutlng 

~ 

for V and :f all 

f, ',,: .~ >\ Vn 
u 3.5. .:} (Vs '~ "" -t \ 1(;z:·I7I: 

and by expand! .. .g the triph scalar product on the right alde of 3.5 .. 
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~_ ( L) h[ ?z dl[ I>z 

3.6. 'fE Vs z =- ;i7 Jj - ~ J;x 
"h~re the r ight. side of '}.6 te equal to 7ftl( ,Z} • the well known 
Jacobian determinant of 1{ and Z ..... ith reepect th ' X Rnd Y. Then Jnter­
changing the order of differentiation on the left side of 3.6~ the 
equation becomes . 

3.7. vLOf) ~ ,f( II , Z) 
The Jacobian (J e( .~ z» 10 thug a representation of the adveotion of 
abaolute vorticity \ 1/ ) in the oonntant ~re8Bure (z_) field . Mquatlon 
3.7. 1B the basic equation in nearly all barotrophl0 modele adapted for 
numerical computations and fonne a part of moat modele (4) ~ 

ThiB 1fI a PoiRRon equation where (Jf.-) ill the unknown~ J. ( 7l . X) 
involve_ only local apace derlvativ8e of 1L and Z ( equation 3.6.) and 
can be comput ed f rom a conotant preosure chart . The solution of thf~ 
equatlon varlee with the method = in machine techniqueM the solution 
is usually achieved by relaxation (succeflMlve approximation) techniquee . 
The solution g iven here i8 adaptable to graphical hand techniques . 

4. The spherical earth fR mapped conform~lly onto a plane . 
If tlm" is the m8(E;nificatl on factor i n the transformation from Apherice.l co­
ordinateR to the particular map projection uaed in the computAtiona l the 
Laplacian and Jacobian operatorA trAn8form 8A follows l 

2. ~ .2... -~-

4 IZ = fl/ 17 '.& = III ,! .l . S 
and 3.7 . 18 thuFI :ram~fonned t OI -r-( i( _) 

17 "- ( :::) ~ ,./ 1/ , Z 
4 0 20 ,L g . 
where \7 and J are plane operators and 

_ -10 " ','1- , ./ - -+ 
4.3. 11 = 7 V ~ t 
The geoetrophic vortic1t ¥ in (4 a3o' 18 obtained . after Fjortoft (l) ~ 
by Ilubetitutio.g the finite difference a~uro:ximat1on for V ..: ;: u given byl 

2 _ '" I :) 
4 4 V ..: ~ 1- - -- -

~ 0 r _ 
where d 18 the gr~d length and the bar ( 'operation 1e defined bY 1./1 1 

4.5. Z 0 ,j L Z (Z' 1J ) 1- Z , ,--/ ;;)"- '='-'" , I () -I .2«:,)1-&.-1 
ThUll equation 4 .. 2 D becoE!811 , (;' .4 "' /1 ~ - . ) f) ] 
406. - "1 It (z - z) ~ JL '- '- 0-/ (z -z/ + ,z 

,I t = _/( \7z )( f1 [( _4~~~~(z- );13 
Consi der the extrflRj8 r_i~ht, t erm 

'-7 [-_ /,t"I!/ ' " .). 
4.7. V d,+'-
on t he 88Bumpt lon t hat V" ";1~ 
the r i ght i n (4. 7 .. ) varlee only 
gradien t of G (¢) wher e 

4.8. 

Bubatitutlng back 1nt~ ~a 6. we 

of t he tr~ple 8calar product ( ~ .. 6. ) thenl 
'1 '1 ' Z r V i _ - ) ! ~' 17' ! 
II L I 1 , -

~~ V (z ... Z) and since the ..... laat term on 
with latitude it can be replaced by the 

, L .u) 
- j 4JW l 

.J.- I "/.; 

obtain 



ThiQ 18 eS6entially the model e~uatlon used by rjort oft (1) . The 
funct ion G (¢) repreaenh an appro:X-imate contribution of the earth ' s 
r otation to t he absolute vort!c1ty. Since f and mare functlonB of 
lat1tude only. t he value of G Cd } can be charted once and for all for 
a g i ven map prOjeotion and g~ld:dlBtanc • . 

_ The equation (4.9) represente the conaervation of 
th~ quantity (Z - Z - G(p) ) and it . adve ction i n the 500 .b (Z) field . 
oO~i~~entlY. when the equation 1. eolved to determine a height tendency 

) the finite timE'! interval ( 4 to ) over ...,h lah thh tendency can be 
ap ad dependR largely on the variations in time of the advective fie l d. 
An IngeniouB method for lucrea6ing the time i nterval (~t) to the order of 
24- 36 houre has been developed by Fjortoft (11 whereby the advection field 
(Z) is replaced by the leu varying field of Z (space mean) ~ 

_ The principle underlying the replacement of the Z_ 
field "by the Z_ field can be ehown ae fol l ow" if c:c and.!3 are two 
scalar f i elds then from the definitio~ of~etermlnante we have 

4 .10 . J {cr, ,j) = J ( C{~ rS- «) 
8u'betltuting this re.ult ~n 4.98 then . , I 
4.11 . It (Z-Z) = YT'- J(Z-Z - G-(pJ, I-f (j()J) 

which expreSSeD t he conservation of t he (Z _ Z _ G(~) ) fie l d in the 
adve.tive (2 + G(P) ) field. 

5. l jbrtoft (1) deals f urther with the nature of the finite 
difference approxi mation givl5D by equa'tion 4 ~ 4. It 18 clear that by definition 
the i _ field 1& 8 apace average of the Z_ field and that (Z - Z) - field 115 a 
representat i on of the vorti city field . By utilising Fourier coefficients 
F j ortoft goes on to show t hat the space mean process 18 moet effective when the 
waVe length (A) of the di s turoance 18 equal to four times the gr i d distance 
( 1 . 6. /i = 4d) 

l~is clear f rom the above diagram t hat in the caee of a 
aimple sIne wa~e when A = 4d then t he poi nt (x ~ d l y) 18 on the ridge line 
and the pOint (x - d , y) is on 'the trough 80 that addI ng over the complete wave 
range results i n a .t~aight line fipa ce mean (Z) i hence t he smoothing i8 complete 
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and t he W8V~ dOes not app"ar in the Rpece mean ~ It is aleo c:lesr that when 
d = 0 that z = Z and th~re Ie no solution . The Jjbrtoft Choice of 8 gr id 
distance of 360 N.M. (120 Long) at 600N 1s thus moet effective in amoothlng 
out , or filte ring for wave l~ngthe on the 8cale e~ulvalent to 4g0 Long at 
6o~ . The work at the Central AnalYRh Office (1) confirmfl the ueefulnee:a 
of this grid distance for the 500 mb short WBve' 8RB ociated with moving di8-
turbances . It wae aleo shown that the mOAt effective empi r ical relationshi p 
for advection was to uee 8~ of the Z- field and that for thifl grid dietance 
(360 N.M. ) the (;.(1) term waR small enough to be nflglected . 

6. Up to this stage we have been concerned with the 
eValuation of the right hand of the model equation . In o r der to o~t8in a 
complete 801ution it 1B neces81,r~ to_ ~olve tt!e Po1eeon equation V C ~)~( ) t 

or 1t~ finite dlffl!lrence forma: ( Z -Z) := J( d Following a 'Similar'i9'eatment 
to Fjortoft (1) this can be aenieved a8 follows. 

One can write the follOwing identi tY l _ 

6 .~ LIZ = L1 z - d z ,l.d;;; - Lf z" LIz - Lf z -f d z -
~L+ R LI_ L 

wherf'l L1 l' l'IprCeen te finite tilOt! difference; the bar (-) operation 
ie A. apace average ae defined in (4 ,5. )=Ji:.nd 8ucceaR!ve apace av.,ragell 
are taken up to the number L and Ll -ff J L .::: RL the remainder ( Note 
that in right eld8 of 6 . 10 every ot her term cancels the previous one) . 
Now thla can be grouped ee 

6.2 Liz:: LI (Z-Z) -fLl (7-Z/f . . , 

Then by substituting 

6.} t~z-Z I ( ' -
. -= 7- 2 . - , 

.h t '" z-~ / etc • 

One obtains for 6 . 2 . that 

€ 
, I P If 

-f .<.1 .; -f L\ C; + __ 6.4 

Then by 

6.6 
I: 
, 

" , or = 

providing that the setiee converges fast en')ue;h 1 . e .. that the dO..!Jble 
. apace mean chart doe~ not c.hRnge slgnlf1 cantly wi th time (~e. .d Z ~ 0) " 

Fjortoft shows that this type of series conve rges rapidly with the proper 
choice of grid di!te ncee , In our s olution! the gri d distances are chosen 
ae follQw8 ! _ 

Z , 

z , 

z , J.z = 24 "!o~ (:rf 60 N 
de- to/)! 



26 -It 18 thue clear that the Z operetlon filters 
di.~b.Dce8 with w8.Te lengths of the order of 48° long at 6o°B (4d) r 
the Z o~ratlon filters WRYe lengtha of the order of 960 long ~t 600N 
and the-Z WQuld fl1ter at 1920 long . In ~ra~ce then It appears 
suffieient to oa.rl"Y the solution only to the Z U&ge AI lDdiCftted in 
(6 .6.). 

In equation 6.6. then Zt Ie the forecaet 500 m~ 
chart . Zo 1ft tht'! double .p8.ce mf'!l!n chart: tt. hi -thf'l forecaet (sbor~ 
waTe) 'Torti city field-(t - Z) and ~~ 1e the forBct .. lt (long _Te) 
.0rHetty field (I: _ z) • 'j 
It was indi cated earlier tbAt the G(¢) term could be neglected for a 
grid dllfthn ce of 360 N.J( . Thb term (Lt . 8 .. ) 'Tarie. vith the equarl!l of 
the grid dlltance and Clmllot be nfl~leQted at ci = 720 N eM. G(¢) 18 
_quhalent to an .oI\st ltud haTiDg magnitude' ".t 450:8' at z 4kls for d , 
• 360 N~ . and 16 ~t~ f~r ~. 720 N.M. The operat1ng procedure. 
tot' obtainin,s the 500 mb prog alii giyen by 6 .6. are outlined In A:ppf'lndb . .B . 

I» pra cti ce ~ as would be exp~cted, the Z_ chart ~arle. 
little , the Z- cha~t ,ariee appr~ci.bly and the Z- chart ~arle. moet rapidly . 
It 18 thu'8 IU1 adTpte,ge tn CIlt'ry out the adTeQ.tlon of the large IIcale Tort.,. 
iaity field (Z - i) and by adding thia to the Zo - Ciha,ri obtain the Tt -
forecaat space mean chart w Hence one een obtain a foreeaat epac~ mean char' 
tor the mid or end pol~t of the p~~g period ~d thua modify the adTtlct!T. Z 
neld for mo"'l~ the 1IIoat rap1dly chllnging ( $ ) component. of the Telocity 
~i.ld~ It i6 aleo eTideat tha~ In the form (6 .60' the forecast time can ~. 
~.ried acrOB8 the chart and a oompoalte prog obta\Aed . 

7. The major pari of the work, 1 0eo graphical addition and lub-
tr.etlon. eould Ct carri ed out ~y tra1niAg techni cal personnel with the m.teor­
ologlet reqUired only for the ad. eot lon port10n . The IUoe ••• of the experimental 
prognoet1c! to dat e gi~e8 th. optomifttl0 hope that the technique can prOTide ~ 
eound objectiTe basin for the uppe~ l aTel proge . Moet teste haTe howeTer bIen 
duri~ the .umroe~ te.son ~heD barotropi o approxlmatioDe are more T&11d . In the 
mInimum the charta prOTide the baste for a better dynamiC under8t~dlDg of 
&tmo.ph.r~ proce8a and a aound introduction to numeri cal technique. . It 1_ 
expected that these proge will be tr~8ted 88 the objeetlTe bagl. on whIch \0 build 
baroclinlc drelelng and not A9 Rlmply &n additional background forlcaat tool . 

to more t han on~ 

6. 

The De~t step 18 to attempt •• 
leTel (to obtain turf Ace progB) and 

tn (5) to e~tend this technique 
to include berocllnic effect •• 

Fig . 1 show. the 500 rob (Z) <>h""rt for 0300Z 11 June 56 '0_ 
g~ther with the spaCe mean (Z) chart ftltd the TOrUotty field (Z - Z) field . Three 
elgn1ftcant ehorl waTe trough. appear OTer the c~4tlnent.l area; the.~ .re olearl~ 
depicted by the C:-fc-l.onlc TorUc1ty centera of - 350 ft lieu 8eattl. u Ifuh . , -400ft 
neer Ooral aa:roouX' R NWT . and -300 it flou.th-eaet of Montreal . A weaker center 18 



27 -&110 pr~.ent n~ar Rapid 01ty, S ~ D ~ ~he epace mean (Z) chart 1~ 
8mooth In compa~18on to the 500 rob chart out still ahowe cleftrty 
eC&l~ troughs, one n~ar 132W off the West Coset And on~ near 67W 
e •• tern aBetlon . 

re.LaU't'elt 
two large 
in the 

l'U;.:€ Ihowe the doublp . pace meeA (Z) onart , "he l a rge 
oc.lo ,ortlc1ty field (Z - Z) and the adnot1 .. e fhld (Z + .Q.(¢)). The double 
Imoothlng haJ washed out the two large scale trough. of the Z- chart. In th18 
case the two trough, were epacen at a distance equal to 4d Cd.. 720 N.M. at 
600N); the di8tlUlce at which the apace Imoothi D2 1e mO.flt effect"!Te. It can 
readil¥ be uen that thl!! correot1on required when aT~agl~ OTer IUch ... large 
latitudinal inte"_l (24 deg.) 1& apprealable ~ the (Z -I' G(¢) )_ chart 8h~1I 
thAt OTer moet of the mid-lUi tude regions t he westerly component of thll!:"1- field 
has been completely GOmpenBA\ed by t he eA.t~rly component of the G(P> - field 
resulting in Ter.y little motion for the large .cals wa~e • • 

Flg o J show. the 500 mb prog and t.he Terl:fylng chart . The 
'f"orti 01 ty lID!_ (Z - Z) 'Were ad ... ~cted w1 th 80 percent_of the Z_ field AJld the 
large 8ealo (z _~) 11nes wi th the full geostl'OpgJ.c ~ + G(,¢) )_f1eld._ The two 
sets or forecast 'Yorticity Unea ( Z-Z)36 and (Z-Z))6 were added to the Zo - chart 
to gil'e the fOJ:'ecaat 500 mb chart " 

It oa~ be eeen that the prog chart, on the whole, worked 
out 'nr'y well .. 

The low 80uth of GI'ell.t 81a"e Lake ie Ter-y oloae i n pool HOll 
'but the actual 18 300 it deeper . E"en though b,arocl1nic deTelopment hae taken 
place the position and ~tru6ture of thio eye tem Terifiel Tery well . 

The 9y8te~ near Oap Ohldley ala a Terities ~ell ae to 
pOlition but the actual trough has intensifi ed _outheaetward more rapidly. Aa 
e consequence the roreCAAt wind pattern 18 still good on tho west Bide of the 
\:rough but ba~ become pOOl' on. the eall't !!lido . The autting Clff and general POR­
ition of tbe low loath of No~a Scoti A hal b~~n for~ea8t well but the ~ame type 
of enol' in. grltdhntlli A,\!:Ain appee.rR .. It hi cleaT that theB~ ee.ft'tern syatem. are 
stIll quite good r~preAentat ion8 of tb~ a e tua1 at tim~ t = 36 h~m r but the degree 
of re;preflente.t1on would decrease r apidly beyond thh time . Th~ hndtlncy for the 
method to adTeot the Yorti clty l5:round h..rge Reale. tI'oughe too l"apidly haa been 
.noted pl'eTiouyly (1) and apnMrfl to be an inherent errOl' of the method .. 

The -prog cha.rt i'CQi"ed ..,sry well . The objecthe gradient 
acore (b ), whl'lr" s = 100 erJGL waa 

•• 51 00 

The correlation coefficient between the foreealt and 
obRerTed helght s oY~r the flame grid point. as u.ed for _ we • • 

r • 0,86 

with A root meaD &qU6 ~r errorl 

EMS>l = 166 !\. 
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Ap'Oendlx A 

Space Mean! by Grapbtoa1 Techniquos 
(" J ' 

Since the geoetrophlc ,.orUelty is defined lly ,) =.TVz 
obtained by using th~ finite difference approximation fOl' the 
1.0. V'~Z = -.3 (z-;[) 

d" 
The bar operator (- ) define.. a apace a.erage OTer the 

grid dlat."o. d, ouch thot 1(x,1) = k(Z(x -? d,y) + Z(x - d, y) + Z(" y +- d) 
-4- Z(x, '¥ - d). Thh 8pace meaning of a eealar field can be CArried out at. diacrete 
pointe •• in diagram "1 or for" complete chart "by graphical additlon. 

iz~yrd) 

2. 
chart 

Z(l<- d, .. ) z(~ .. \ Z ( ) 'i<-. - x ~ .... J , ~ 

t Cz; y-d) 
For graphical addltion two copies. A and B, of the 500 mb 

(e .g. a tran8par~nCf and one ozalid copy) are required . 

The charta A and Bare .eparated Ter\lOAlly (~lollg the y -
axl.) a dletanc8 eqUAl to 2d , and then added gr~hiC&lly onto a blank chArt O. 
centered be tween A ~nd B . (In the .olution for Z, d. = 360 NJ(. and th~ two eha~te 
are .eparated a distance equi~aleDt to 12 deg . of Lat . at 600 B). DurIng the addition 
nary other cont our ie dropped &Del. the chart , 0l thuG prOTide. a flolution OYer the 
ontiro chart for t(Z(x, y + d,) -I- Z(~ , y - d,) 

In a aimilar faBhioD th~ two charta are .ep~rated horI~oD­
tally and added onto & centered chart. 01 ' to obtain the .olution along the % - axio. 

Adding charta 0 and 0l~ Again dropping ayery other eon tour, 
then giYes a complete chart of the oontour. of Z. Due to the nature of the ayeraging 
process 81!! ctio1l8 of width, d , are 10et on all four aidea from the aree. CaTered by 
the originAl (Z) chart . 

The (Z - Z) chart can readily- be obtained. by graphioal 
subtraction of the 500 mb and apace mean chart8~ 
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1.1. 
the 500 mb (Z) 
the charh J fo 
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Appendix B 

G~aphlCAl Barotropi c Prog Procedurea 

Ana).yBie St.pl l 

With a grid dlltance, d. = 360 N~ . at 600~, and the 
chart apply the .pace m~.n procedures of Appendix A to obtain 
IUld (Z - Zio 

1.2. With .. ~ld dhtance, d& _ 720 11.M . at 6o°N, repeat 
~e .iLac~ean ope~tloA ~n 'he Zo chArt (instead of the Z_ chart) to obtainl 
"Yo 1 (Z - Tlo and (T -+ G(J'»o 

2. Prog Stepe : 

2.1. AdToct tho (i - Z)o 10011 ••• in the (Z -+ ~(~lJQ 
field ~t the full g~o.trophlc apeed gl~eD by the field to obtain (I - ZJ, 

2.2. 

2.}. 
B~ of the 

2.4 

Add Zo and (Z - Z), to obtata. Z, 

Ad'f'l!Ict the (I _ 1)0 1801111.81 in the Z fteld u.lllg 
geostrophlc .peed giTen by the field to obtain (Z - 'Th. 

the prog 500 mb chart, 
Add Z" from 2 .2. and (Z - Z>" from 2 .3. to obtain 

Zt' 
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Appendix 0 

Va1u .. of Function G(sO) 

The TalueB of G~). in unite of feet, are tabulated 
below at interTals of 5 deg rees latitude and for d = 360 N.M. and d = 720 NJf . 
for a conformal conic map with standard latitudes at 30 and 60 degrees . 

LAT . 90 55 50 15 10 65 60 55 

G(¢) for 
d • 360 11.11. 376 375 370 359 344 323 296 263 

G(,s) for 
d = 720 N.M. 1504 1500 1450 1436 1376 1292 1154 1052 

LAT . 50 45 40 35 30 25 20 

G(¢) for 
d = 360 II .M. 227 191 155 119 68 60 35 

G(f,) f or 
d = 72P N.M . 905 764 620 476 352 240 152 
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~1~NARY RXPORT ON OZONE CHANG~S 1950-1954 OVBR EUMONTON 

~ ~o Ho Go~an , s. J . Buckler. C. ~ . ~homp6on 

AB$TRA CT 

The ozone measurement a OVer Idmonton have been analyzed to find 
relationships b~tw~cn changes of ozone amount and weather map features at 
the 500-wb levcla To date t he f lve years o£ ozone observations from 
Idmonton are the only Canadian measuremente of ozone. Thi s study is a 
pilot project to suggest methods of using the increased ozone measurements 
to be obtained during the ~nternatlonal Geophyeical Year. 

At hign levels there 1& a fair l y good negative correlation 
between ozone amount and the height of 8 given pressure surface. 
PartIcular attention has been given to short wave troughs of 2-3 day 
periods at the 500-mb level o For many casco the ozone increases a s the 
trough moves over the station. This is ahoYn by values (dated) on mapa 
for the 500-mb aurface, and also by gra~h8 showing ozone changes for days 
before and after the trough passage. 

It seems evident i n mos t cases that both subsidence and advection 
are important in ozone changea. Over 500-mb troughs subsidence ap~ears to 
be most important. ~o the west of these troughs horizontal advection 18 the 
important factor . 



INTRODUCTION 

Measurements of At"motlphedc Ozone have: been made at lIdwonton 
since August 2, 1950, ustng the Dpbson Ozone 6p~ctrophotometer belonging 
to the Meteorologicel 8ervie~ of Canada. D~ily values of ozone have been 
tabulated . Ten- day me8Jl values have been calculated .for the three lo...d~ 
periods each month ~ and a table of Qmo~ ~~-d lO-day meane constructed for 
the period 1950-54. FTevlou6 invest1gator.S using part of these dat~. by 
Gowsn Bnd Leppard (1953) and Denn1a (1954) , ~tudied Dome of the relation­
ships between ozone changes and ~eteorolog1cBl factors. 

SlilASOIIAL RlIll.ATIOlISBlPS 

The lQ-day aVel"age6. J'tg ~ la aho\o' a pronounced Qeasonal maximum 
1n March followed by a &eacOnsl w1nimum in Octobero Both the 8ea~on8 of 
madillum and minlmu.m~ and the magn1 tude of the OZOlle valueso agree very '-'ell 
~tb DobIlO!l I " wblhhed results for OJ(ford~ ,ilngland t at a latiud.e of' 51°11 
(c+ Edmonton 5JoN)~ Aleo shown on the Idmonton curve 1s a secondary Qaximum 
in ~Arly December. Thie secondary maximum aleo oceure 1n the curve for 
BlsmarQk~ North Dakota ~ t2 years 195J-54)u Both Biamarck and ~dmonton ere 
well inland and the &cocndR.,I'Y !llO.,Xi mum may be a contfnentallty factor of the 
North ~erloan stat i ons .. 

All attedlpt was mad.c to find a l'elat.ionehi'p between 08on~ value£l 
at Zdmonton and lat~r at B~6marck~ to in~lcate t r ansport of ozone . No 
conelusive results were noted by ln8pectlon~ and it 1R auggeeted that thla 
be pur8ued ~ using the n.ew U. S . aeries t)f 50 nIld 25 wb charta for trajectory 
etudiee .. 

UPPiR ATMQSPHEaO RELATIONSHlPS 

Cralg (1950) dlecu86c6 ~he relation between photochemIcal com­
putations ot ~otal ozone amounts and the observed values~ He points out 
that there wat be atmosph.e:rio prOCea.fJes which tran6port ozone from high 
levels ( wher~ 1~ will be replaced by ne~ ozon e formed by photoch~mical 
actlon) ~ to lcwer 1~vel6 where the o zun~ 1$ pr ~t~cted trom Rhotocbemical 
action . Umkehr and other measuremen~6 6bo~ that che large dally change a in 
ozone occur in the interval frOID 10 to ao ma o Fig. 2 ShO'-"6 the ozone 
dlstrtbu~ion at Edmonton on sept .. 6 G 1~53o eBlculation made by the Umkehr 
method o The Buth.ore felt t.hat an eXBlOinaUop of upper air aharh might 
show thie p!'oceu or at least· po.int. ;o~ard it .. 

nenn1s (195~) ~ompared the variation of mandatory levels above 
500 mb and the tropopause, w~th dallJ mean ozone values for the year 19530 
and found a negative corre18t~on. 'llhe correlation appear-cd to be equally­
good fOr alllc\'"cl,E.. ( See tab~.e l)o He dao examined e1ghteen 50o..tllb 
troughs but could drs .. , no conclu,don rdat1ng the ot?one values to the 500-mb 
troughs .. 

Normand.. (195.3) (ltuC.ied long ... aVe! fluctuaUone (5-14 d8,y&)~ and 
:found a olose Tela t1C1Dehl. p b("t\~een o~one c:hanges Q the: height of the tropo­
pau6e ~ and the .300-500 mb thickne(s. He later repoTt~d (1~54) that on the 
bas~. of three years ' obse=vatlon~ the b~~t correlation wfta with the 3OQ-mb 
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hdghto He also reported that similar c.arrelatlODIi> existed with aome short 
\rm.ve changes wi th Ii period of approximat.ely two days8 However no systematic 
eum1.nation was made of these shorter periods ~ pa.rtly because of the diffi­
culty that ozone ob£ervatlons did not coIncide wel l enough with the ehort 
period syetems. 

The following work WBS destJo-d to etud.v t,he otone -relaU on 
'Detween thes e !:'h::,rt ""Rve s of two to four-dey periods, using the ozone 
o'bservatlone at '..:ld.monton for the 6'1ailable years 1950-55. and the 500-mb 
charta for the same pertod. 'l'he ~atter chart~ were chosen for the reaeon 
that. they are the highest regularly analyzed charts readily available for 
the interval, and b~cau£e the authors have been accustomed to following ahort 
~aves in the 500-000 analysic; and further. Dennis ' table showed no Qignl­
ficent lOSE by using 500-10 pref~rence to 300- or 200-mb level. 

FURTa.R STUDY OF TBW 500-KB 6URFAC~ AND OZONE VARIATIONS 

To examine a trough the following procedure was u ced : first a 
t.eries of 5OQ-m-b maps .... as examined for a period of two to four days while a 
trough moved past Edmonton; by inspection a 'Dest fit wall selected from the 
series , usually the one where Edwonton was nearest the trough l ine - this 
was traced with wax IJenc11 on an acetate transparency and the Edmonton 
R06itlon indicated. rhe transpar ency was then laid over other mape In the 
aeries mak1D.g the trough line and one contour coincide. Sometimes adjust­
ment wet> necessary as 8 tro~h developed B, cloQ ed contour , or deepened or 
filled mark~dly~ Sinoe the Edmonton 020no obGervat1ooo were generally taken 
at lSOOZ or 2100Z , thd l50az charts Were selected a8 being nearest the time 
of ozone reading. 

rrt,'!a C!\l3e was then transferred to paper Over e light table~ and 
the ozone data ~·I':!.M LJlotted. 1n the app:a.·opriate posit1on~ The plotting model 
contained. the ac~~~l ozone amount, normal valu~ from the smoothed curve of 
ten-day means , ozone change in the previous 24 hOUTS (ozone tendency ) , and 
deviation of actuRl value froo th ~ mean (anomaly); eo gop 

231 
236 

-zr 
- 5 

231 mell.ns that the eo tal thIckness of 020ne over Edmonton "'all . 2.31 ems at NTP. 

Those chArts of single tracks were then assembled In composite 
charts v gZ'oupln~ Dec~jllber. January and February; March, Apri1 and May: JtUle. 
July and AU.!\ls t , and Sept ember, october and. Novembt"r, for each year. This 
'11'88 done "bl s ,lectl.ng a best fi to for the se8son and ue1ngi t a6 {\ ma6t~r 
chart .. OtU ... TS in the SaUle eeason were tn!.flsferred to the best f1 t, "by 
making trough l ine and one selected contour iiL as olo~ely AS ~s8Ible. I n 
near l y ev~ry aea60n it ""61i poos1bl e to portr.q,y Ii seF.Lson's result on one char t . 

Cold lows were tr~a~ed separately, but in a sImilar manner. When 
assembling a composite chart for a season ' s cold lows, the center ~nd ooe open 
contour were made to coinCide. Distinction \I'8S mad.e between t .... o types of cold 
lOWG y the Alber·tia Su.U.I..ller Type, and the Hudliion Bay Cold Low in which /), trougb 
$wlngs around the low center. passing over Edmonton. 
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To date . tho upper air maps for three of the five years for which 
oJono values are available, haVe been examined and composite chartB prepared, 
Jigurea 3 to 12 ahow 1e8&Onal charta. 

As might be expected Q the Spri ng chart (fig. 8) (for period of 
maxi mum ozone content in the aimosphere) Q shows the greatest day to day 
variations in ozone, amounte ranging from .035 em to .099 em. The Fall 
ehart(for ae8S0n of minimum ozone content). shows smaller day to da1 
variations . 

lsalloplethe of 24-hour ozone chango , or ozOne tendency , have been 
drawn on those charta . A rather uniform picture was portr83ed on all but the 
SUmmer cbarts. About 150 miles esst of the trough 11ne a amall negatiVe 
tendency uaually occurs. Thia quickly changes to a positive tendency. 

The increaso in ozone becomes very marked, reaching a maximum aome­
times before and sometimes after the trough line, to be followed b,y a strong 
negative tendency field west of the trough. The net effect is to ahow the 
positive tendency field ae an elongated or double maximum field, and the 
negative area a8 a more sharply defined eystem. 

Reed (1950) has shown thut in temperate latitudes a maximum of .040 
cms variation can properly be credited to vertical motion, and that approximately 
.080 cms 1s the maximum change derived from advection. It is on the west side of 
the trougb that horhonte.l transport w111 Cause an increase in 020ne , by reaeon 
of the normal northward increase in ozone values except in Autumn. Thie explains 
the increases found occasionally to t he rear of the trough linea and some of the 
greatest increases found tberc o The cent ere of ozone increase in or east of the 
trough would appear to be the result of subsidence. 

With the abort period waves that ve are atudying here, the ozone 
negative tendency Is found on the ridge following the trough. In other warda 
We have came to the opposite process whereby air of low ozone content baa been 
transported northWard to a regIon where the 010n8 content i& normally higher. 
Similarly the air ha6 been subject to lift which again decreases the total 
ozone. 

'rho amall aegat1ve value a ~Iell in advance of the trough, which 
appeared in Yig. 7 and 8 ~ were due to the fact that at this d1.tance east 
of the trough. we are on the next ridge dOWfl.8treala. and 10 are seeing the 
tame phenomenon that 1s found on the r1dge upstream from the trough~ 

Another valuable method of examining the trough-ozone relattonahip 
1, to draw the isoplethe of atone anomaly (dIfference between the ozone &mount 
for any day and the normal for that day) . 'rhe value for theae anomaliet ha, 
been ~otted in 1iga. J - 12 but for clarity 71gs . 13 - 16 have been prepared 
thawing the iaopletbs of anolll81yo In general theae ieople.th. have a re.laUvely 
.Imple pattern. Jig 15 i8 a good example of the .impleet pattern. ~he posltl~e 
anomaly conier lIes in the troughi wIth nesative anomalies ealt and weet of the 
trough. The positIve anomaly center may not be symmetrically located with 
respect to th~ trough but certainly 1e definitely connected with it. An 
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eXBmpl~ ot a more compl~x pattern 1s shown in rtg. 16. Although the 8tudi~e 
.... ~re of short wave troughs. SO!O~ of these may be. involved.. with the. long ..... av!! 
pattern. Fig~ 16 has a large Br~a of positive anomaly east of the trough And 
w"st of the trough .... l~h only a small area of negative 8nomall~s w~st of the 
t.rough. A long Wllve trough east of th!'!: short wave trough would account for 
the risose 

~6te1n and others (1956). have aho'oi'D. graphically ho,., o?on~ over 
Arizona varies ,""t th the passage of eight troughs on the 500-mb surface . They 
found m.axiJllUUl increase£; in ozone occurring froro t.wo days before trough passage 
to two dRYS after passage . Similar graphs have been convtructed for the cases 
studied in 1952-5]-54. fig. 11 sho .... s the graphic picture of ozone change by 
B~ason for the year 1953~ ~stein and his colleagues found chang~oi the order 
of .02-.05 cms, whereas the ~onton changes ranged up to .099 ems. This graph 
shows the waJdmum pod ti ve tendency occurring wi thin 24 hours of the trough 
passage, and illustrates in time the ~henomena that have be~n described in 
space by the fi6Ures showing the contours and ozone tendency isograme. The 
time variation could al so Oe shown by using the ozone anomalies at integrAl 
d.ay values. 

Ma~ avenues of investigation are left open. All the tendencies 
for the period studied have oeen combined 1n rig. 18. The SArne could be done 
for anoms,l1es . .These mi4l.t be fitted by least squQres to a J>Olynolll19,1 (aecond 
order for tendencies or third order for anomalies). The study could be extended 
profitably to short wave ridg~s f and La long waVe trougha ~nd ridges . The 
sssumpt10ne that Bubpidcnce sou adveotion in the ozone-rich layers are correlated 
~lth the upper flow ~a~terna could alao be eXAmined by a s~udy of the new U. S. 
series of 50 rob And 25 mo charts. 

VARIATIONS IN THE TOTAL OZON~ ASSOCIATSD WITH THE HUDSON BAY COLD LOWS 

Thf'r 10\1 at 500 mb 1n thi5 clIse 19 found predominantly northeast of 
BldUionton with its mean pos i tion northw"'!.st of Hudson:Bey. There were four CRses 
of this in 1952-53- Using the March 2/52 500 -mb chart as a base . the other 
caees 'lI'er!'! f1 tt~d on it. !J!he cowpos1 t~ chart in Fig. 19 shows very high atone 
value6 COJapared. to norma.L The isopleths of anomaly Are drawn on this figure. 
Most of the extreme ozone values appear in these situatIons . Values approAch 
no rlDsl or fir e below norJ:!1;ll only in the July 3/53 case (preceding the pauage 
of B trough June jO/5J !! y.t~ndln.g: from the cold low) , Rod the Nov. 20/52 csse. 
The extr~ule tiedo, t.ion from the lIIean occurr~d on July 4/53 when a posltlve .071 
em dt!viat. ion occurred (27% aOove norIMl1). Within a. radius of 1200 miles from 
the center of the 1o\~ the averat;e deviation fr oli! the mean ozone values .... lUl .0)0 
cw which i£ about 10% Boove normal . Thr. highest ozone values are from 300 to 
700 miles southeast of the centerg The anomaly pattern indicates a poeslble 
max1cum of ozone in t h~ cent~r of low with ~he ridge of posit1ve anomaly 
extending eouthweet . 

1'he d.ay to dl\Y CD"'Lnges in ozoae ( 24 hour tendency) are on the 
average positive \'o'ithln BOD roilee south· ... est of th~ 10\1,'. Negative changes 
occur bayunc. tha t . 

~he high valu~s of ozone occur in th~ 6trong north .... est f low wlth 
cold temperatu,ree At 500 mo. Minor troughs ext~ndlng out from the Hudson BR3 
cold low swing ~o\lthward around line m..q),n 10 .... In a counier-clock .... 1ee dir ection 
bringing 1n f '( 1'3h stU'ge'O of ozon~~ The high oz one can be attrtbuted to both 



ver~lcal motion and borizontal advection. The coIn temperatures at 500 roo 
imply a low tropoPAuse Bnd therefore subsidence In the ozona-rich layer~ 
above the tropopause . As Reed hAs shown, this subsidence can result in an 
increase of up to .01+0 cm of 07.0n8. EX'cept in the autumn northerly flow 
bringe air from the m~muw ozone belt near 60N to the ragione of lesser 
ozone farther ~outh. 

VARIATIONS Oll~ 'rOTAL OZONE WI'1'H T}il) COLD loO"" - ALBERTA SUMMER TYn: 

The Al berta Su;nmer type cold 10'.'1 is the type t J..,nt. "(I r-'" 1 1..., h"," 
one or twa cl osed contours (200 ft) , Rnd one or two 5-degr • r ·1 .. ; 11 / 
ieothorml'! at 500 mb , Thompson 1950 0 Waathar, ... he they produ\" \" .. ,,-1. v­
pOl'tion of summer rain 1n Alberta. These cold l a · ... ·s. unlike the Hudson :BAy 
type , are travellers . They move in through B. Co and out over ~lb9rta. The 
Cf\~e8 studied in 1952-53 . Flge 19 , do not sho \,' the high valuee of 030ne R,r. 

do t he Hudson BA.Y c old lows . In fact. th~ a.verage o;>.one value is l o\o.' u 
Within 3CX) miles re.dtus from the 10'01' '1 values of o.,one .... ere . 007 oalow naT1nhl. 
or about 3'" 10,",' . I n General , thoue h no~ 1n eE-.ch CB1Ie , the approach of the 
low g1vee fal~lng 01.one t endencie s , Io·tt.h rising tendenci e s close to the low 
or ln1mudia tely after ~he p&5sage of the low. The I Oh' valuee associo.ted with 
the cold lowe probAbly ariee from th9 fRct that the core of Activity is 
relatively 8tll811 . hence advection cannot 'playa significant pa,rt. High 
values pro bably occur in a liUli ted zone near the center - our values cloeest 
to the center, viz ., case 4 and ca~e 2, ehowed t he highest value. . There ia 
a ridge of positive AnoLOR.ly southe6st and we~t-30uth .... eat from the 10""0 The!e 
value. could be due to subsldepce Be80ciated w~th the low o A general rule 
can only be devel oped oy getting more cases with the cold low pBe~ing over or 
ver.y clo ee to t he ozone recor~ing &tationo 

CONOLUSIONS 

1. 
well 

1~e Edmonton, Al ber ta , and Oxford, England . O7.one Rrnount~ agreed 
in Intitudinal sense or actual values , And in the seAsonal variat ion . 

2. In 8. single IItation anfllysh etudy of fifty-two 500 mb short waVE! 
troughs for the pp,riod 1952-54 pauing Edmonton , the ozone tendency leerne tel 
be a valU1lble pAraule tcr . The ma.;fi1llUID ozone tendencle~ occur clOR e to the 
trou&h line ind..tcat1cF,' ~bat fluosidence is a large factor in the chA.ngfi. 
Further incr eases after a trough passage show thRt advection play. a part. 

30 Extreme ozone values IH!!Ociat.ed with A quae1-stationftry Hudeon 
Bay Cold Low are produced o.v advection froll! northerly lA t.ttude ~ e.nd flUb­
.idenee ~t high levels . The Alberta Summer type ~ol~ low i~ more trans i ent 
and indicates a arnall zone of positive tendencies near the cold low. 
Advecti on and/or !!uoddence occur only over limBed /iraSI! In this CAae. 
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Number of Do y.5 - 1953. 

Levels of; 100mb 200 mb 300mb 500mb Tro~. 

Ozone up. 
1/9 /36 It4 139 130 

Heiqhi down, 
0"" vICe V4!rSQ . 

Bo~h up 
84 

or down . 
74 71 76 82 

No 5ignificant 
15 15 16 21 14-

chanqe. 

Total 
218 225 

DOll,S · 
231 236 226 

FrQcrion 
Showing -55 -61 -62 -..59 -58 
Neq aii ve 
co .... ~lotion . 

TABLE I 




