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On the Modelling of Stationary Planetary Waves1 

Christiane Beaudoin2 

and 

Jacques Derome 
Department of Meteorology, McGill University, Montreal H3A 2K6 
[Original manuscript received 18 November 1975; in revised form 18 May 1976] 

ABSTRACT 

The structure of the atmospheric sta
tionary planetary waves is obtained by 
means of the quasi-geostrophic linear 
model developed by Matsuno (1970). 
To show the influence of the upper 
boundary condition on the structure 
of the waves, the latter is computed 
using a rigid top and a radiation con
dition. The modifications to the wave 

1 Introduction 

structure obtained when the upper 
boundary is lowered from a height of 
65 km to 42.5 km, 32.5 km, and 
22.5 km are examined. The effects of 
varying the vertical grid increment 
are studied through a comparison of 
the wave structures obtained with 6, 
12, and 24 levels between 5 and 65 
km. 

Lindzen et al. (1968) have shown that the use of an energy reflecting upper 
boundary condition in simplified models of large scale atmospheric flow can 
lead to spurious resonance phenomena. Relatively little has been done, how
ever, since then to determine whether more realistic atmospheric models are 
as sensitive to the formulation of the upper boundary condition as the one 
discussed by Lindzen et al. For example in models designed to simulate quasi
geostrophic motion, the use of a rigid top as an upper boundary condition 
would be justifiable if the atmosphere and its model have mechanisms that 
prevent any energy from reaching the boundary from below and if, of course, 
there are no energy sources above the upper boundary of the model. In par
ticular, Matsuno's (1970) linear model of stationary planetary waves had 
such mechanisms, since very little energy reached the upper boundary at 65 km. 
It is evident then that the merits of a reflective upper boundary condition cannot 
be assessed without careful consideration of the ability of a model to prevent 
vertically propagating energy from reaching the upper boundary. 

For obvious reasons of economy most models that are used for numerical 
weather prediction (e.g. Shuman and Hovermale, 1968) or for general circula
tion research (e.g. Manabe and Terpstra, 1974) have a much lower vertical 
resolution near the top of the model than the one used by Matsuno, or have 

lResearch supported by the National Research Council under grant A8613 
2Now with the Atmospheric Environment Service of Canada 
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much lower tops (Kasahara et aI., 1973). In such models it is not well known 
how much wave energy is spuriously reflected at the upper boundary and how 
the evolution of the model is affected by such reflection. Some information has 
been presented recently by Williams (1976) who has compared the structures 
of quasi-stationary planetary waves in two general circulation models with rigid 
tops, at 18 km in one model and at 36 km in the other. The results indicated 
that the presence of a rigid top at 18 km affected significantly the structure of 
the quasi-stationary waves. It was not clear, however, whether the rigid top 
had any serious effect on the waves when it was set at 36 km. 

In the present study we shall examine how the formulation of the upper 
boundary condition and the height at which it is applied affects the structure of a 
forced stationary planetary wave. The wave structures obtained with a linear 
quasi-geostrophic model bounded above by a rigid top at various heights are 
compared with those obtained using a radiation condition in order to determine 
the sensitivity of the computed structure to the type of boundary condition used 
and the height at which it is applied. The dependence of the wave structure on 
the vertical grid length is also discussed. 

2 The model 
The model used in this study is the one described by Matsuno (1970) so that 
only a brief description will be presented here. Steady quasi-geostrophic small
amplitude perturbations are superimposed upon a basic state in which the zonal 
wind varies with latitude and height. When the vertical velocity is eliminated 
between the linearized vorticity and thermodynamic equations the following 
potential vorticity equation is obtained for zonal wave number m: 

sin
2 

() a (cos () a.pm) [2' 2 () a2 .pm Q ./. _ 0 
COS () a(} sin2 () ao + Sill aZ2 + m'f'm- (1) 

aq 1 [2 sin2 () m2 

where Qm = a(} • (w - /(x!m) 4Ho2 - cos2 () 

aq [ _ a2 w aw 
a() = 2(0 + w) - aoz + 3 tan () ao 

2 2 . 2 1 a (p aw) ] () - 40 a 5111 () - - ~ - cos paz N az 

[= 20a 
N 

.pm = e.-(Z-5)/2Ho 1>m!g 

and where the other symbols have the following meaning: 

() latitude 
z height in kilometres 
p pressure 
a earth's radius 
o earth's rotation rate 
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ttl angular speed of the basic zonal flow 
g gravity 
q potential vorticity of the basic state 
Ho scale height, taken to be 7 km 
N Brunt-Vaisala frequency, 2 x 1O- 2 s- 1 

<Pm complex amplitude of zonal wave number one in the geopotential 
IX constant coefficient of Newtonian cooling and Rayleigh friction, 

5 x 1O- 7 s- 1 • 

The geopotential CPlll (0) (and hence tJ!m) is specified at z = 5 km and the 
finite difference version of (1) with 110 = 5 degrees and IlZ = 2.5 km 
(except where noted) is solved above 5 km subject to the boundary conditions 
tJ!m(Z, 0 = 0) = tJ!m(Z, 0 = n/2) = 0 and either a radiation condition (to be 
discussed in the next section) or a rigid top (w' = dz/ dt = 0) boundary condi
tion at Z = ZT. When the radiation condition is used in the present study, ex is 
assumed to have the same value above and below Z1" The basic state atmo
sphere is assumed to be isothermal above 5 km and the mean zonal wind distri
bution, U = wa cos 0, of Matsuno, which is reasonably typical of winter con
ditions is adopted in this study and is reproduced in Fig. 1. 

60 

E 50 
~ 

l
I 
<.9 
W 
I 

o 10 20 30 40 50 60 70 80 90 

LATITUDE 
Fig. 1 Winter zonal wind distribution (m s-l) redrawn from Matsuno (1970). 

In the sequel, all results shown will apply to zonal wave number one, since 
the latter is known to penetrate higher into the upper stratosphere than the 
shorter waves and is consequently more likely to be affected by the choice of 
the upper boundary condition. 
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3 The radiation condition applied at various heights 
The formulation of the radiation condition for the problem at hand has been 
described in detail by Matsuno (1970). To use it we divide the computational 
domain into two parts: the one below ZT where the mean zonal wind is a func
tion of both latitude and height and the other from ZT to infinity where the mean 
zonal wind is independent of height. Above ZT (1) can be solved by the method 
of separation of variables. The horizontal structure equation, in which the sep
aration constant is an eigenvalue, is solved numerically to obtain the various 
possible horizontal modes and corresponding eigenvalues. The vertical struc
ture equation, a second order differential equation, is then solved analytically, 
and for each previously determined eigenvalue two possible solutions are ob
tained. Only those solutions that have a finite energy density at infinity and 
have either a vanishing or upward energy flux are retained as physically valid. 
The matching of a linear combination of these solutions in the region Z > Z'f 

to the numerical solution below ZT then effectively provides the required upper 
boundary condition for the region Z < ZT. Although in the following we shall 
refer to the radiation condition as having been applied "at ZT", it should be 
realized that strictly speaking it is the matching that is done at ZT and that 
a solution can be computed for all values of z. For simplicity only the part of 
the solution below ZT will be shown. 

The wave structure obtained with the radiation condition applied at 65 km 
is shown in Fig. 2. The value of n in the caption gives the number of horizontal 
levels in the region 5 km < Z ~ ZT' As expected, it is essentially the same as 
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....... 
10 

0 10 

LATITUDE 
Fig. 2 Computed distribution of the amplitude of .J; (solid lines) in metres and its 

phase (dashed lines) in radians west of Greenwich, with the radiation condition 
applied at 65 km, n == 24. 
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Fig. 3 Same as Fig. 2 except that the radiation condition is applied at (a) 42.5 km, 
11 = 15; (b) 32.5 km, 11 = 11; (c) 22.5 km, II = 7. 

Matsuno's Fig. 5 (a) for the same case and it is being presented here simply 
to facilitate the discussion of subsequent results. When the radiation condition 
is applied at 42.5 km, 32.5 km, and then at 22.5 km the results of Fig. 3 are 
obtained. We see that there is a rather good agreement between Figs. 2, 3 (a), 
and 3 (b), as might have been anticipated since over most of the domain above 
32.5 km ZiJ is nearly independent of height (Fig. 1). These three cases, then, 
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are based on very similar zonal wind distributions (recall that when the radia
tion condition is used, w is kept independent of Z above ZT) and it is therefore 
not too surprising to see that they yield similar wave structures. When the 
radiation condition is applied at 22.5 km the computed wave structure is as 
shown in Fig. 3 (c). The maximum value of the amplitude at 20 km and 700N 
now reaches 224 m as compared to only 171 m when the boundary condition 
is applied at 65 km. Clearly the assumption that awl uz above ZT leads to un
satisfactory results when ZT is set as low as 22.5 km and the "true" zonal wind 
distribution is as shown in Fig. 1. 

4 A rigid top at various heights 
When the rigid top boundary condition is applied at 65 km, the computed 
wave structure is essentially the same as that of Fig. 2 (Matsuno, 1970). On 
the other hand, when the rigid top is lowered to 42.5 km, 32.5 km, and 22.5 
km, the wave structure becomes progressively more distorted as shown in 
Fig. 4. For example, when the rigid top is set at 32.5 km the maximum ampli
tude in the o/m field is larger than when the top is at 65 km and appears at 65°N 
and 25 km rather than at 700N and 17.5 km. When the top is set at 22.5 km, 
however, a dramatic change in the wave structure occurs, showing the presence 
of a spurious resonance phenomenon. The results in this case are clearly 
unacceptable. 

5 Vertical resolution 
To determine the sensitivity of the results to the vertical resolution some com
putations were made with vertical grid increments of 5 and 10 km rather than 
2.5 km as previously. The radiation condition was applied at 65 km. We can 
see from a comparison of Fig. 5 (a), which gives the wave structure for the case 
dZ = 5 km, and Fig. 2, which is the control case with dZ = 2.5 km, that a grid 
increment of 5 km is sufficient to reproduce rather well the major features of 
the higher resolution results. The maximum amplitude of 161 m is now situated 
at a height of 20 km as opposed to the maximum of 171 mat 17.5 km in Fig. 2. 
The difference between the two phase angle distributions is insignificant. 

When the vertical resolution is further reduced to dZ = 10 km the results of 
Fig. 5(b) are obtained. The maximum amplitude is now reduced to slightly more 
than 125 m and appears at 25 km. Again the phase angle is not seriously affected 
by a reduction in the vertical resolution. It appears, then, that while a vertical 
grid interval of 2.5 km may be somewhat finer than strictly necessary to resolve 
the structure of planetary waves in the stratosphere, an interval of 10 km will 
yield results that are significantly affected by the lack of resolution. It should be 
understood here that the discrepancies between Fig. 5 (b) (or a) and Fig. 2 
reflect both the greater truncation errors introduced by the increase in dZ and 
the fact that the low-resolution grid cannot resolve all the salient features of the 
mean zonal wind distribution. 

It is interesting at this point to compare the results of Fig. 3 (c) and Fig. 5 (b) 
both of which are based on roughly the same number of computational levels, 
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Fig. 4 Same as Fig. 2 except that the rigid top boundary condition is applied at (a) 
42.5 km, n = 15; (b) 32.5 km, n = 11; (c) 22.5 km, Il = 7. 

n·. The comparison shows that when t/lm is computed at a relatively small 
number of levels, more realistic results are obtained when these few levels are 
spread over a deeper region of the stratosphere rather than concentrated in 

* Although with the radiation condition it is possible to compute the solution for 
Z > ZT it is not necessary to do so and the computational effort required to obtain the 
solution in the region 5 km < Z :::;; ZT is dependent on n. 
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Fig. 5 (a) Same as Fig. 2 but with a vertical grid increment of 5 km, so that n = 12. 
(b) Same as Fig. 2 but with a vertical grid increment of 10 km, so that n = 6. 

the lower layers. It appears then that the assumption awjaz = 0 for z? 22.5 
km in Fig. 3 (c) has more detrimental effects on the wave structure than the 
decrease in resolution in Fig. 5 (b). A similar comparison cannot be made for 
the model with the rigid top boundary condition since the low-resolution case 
(~z = 5 or 10 km, ZT = 65 km) has not been computed. Considering the very 
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poor results obtained when the rigid top is located at 22.5 km, it seems likely 
that an improvement would be obtained if, for the same number of horizontal 
levels, the rigid top were raised to 65 km. 

6 Conclusion 
This study on the modelling of atmospheric stationary quasi-geostrophic long 
waves was focused on the influence of the upper boundary condition on the 
stratospheric structure of the waves. Attention was concentrated on zonal wave 
number one since it is known to propagate vertically more freely than shorter 
waves and is more likely to be affected by the formulation of the upper 
boundary. 

Using a linearized quasi-geostrophic model with a zonal wind distribution 
which is fairly typical of winter conditions, it was found that while the radiation 
upper boundary condition and the rigid top condition yield similar results when 
both applied at 65 km, they yield drastically different results when applied at 
22.5 km. In this case the radiation condition yields a wave structure which, 
while being rather different from the one obtained when the upper boundary 
is at 65 km, is nevertheless superior to the solution obtained with a rigid top 
at 22.5 km. In fact, a rigid top at 22.5 km yields completely meaningless results 
for the wave structure in the lower stratosphere. 

A comparison of the wave structures obtained using the radiation boundary 
condition with (a) 7 horizontal levels between 5 and 22.5 km and (b) 6 levels 
between 5 and 65 km, revealed that (b) yields better results even though the 
vertical grid increment is four times larger. It appears that the conclusion would 
be qualitatively the same if a rigid top boundary condition were used. 

It should finally be emphasized that the results described in this study apply 
to a specific zonal wind distribution. Different results might be obtained, for 
example, with a summer zonal wind distribution. 
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Scaling Turbulence in the Planetary Boundary Layer 
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ABSTRACT 

Two different approaches to scaling 
turbulence in the planetary boundary 
layer over Lake Ontario are inves
tigated. The height up to the inversion 
was found to be the appropriate scal
ing height while u. for near-neutral 

1 Introduction 

and w. for unstable conditions were 
the appropriate scaling velocities. The 
results were in general agreement with 
the numerical models of Deardorff 
(1972 ) and Wyngaard, Cote, and 
Rao (1974). 

One characteristic that distinguishes the planetary boundary layer (pbl) from 
the atmosphere above it is the almost continuous distribution in space and 
time of turbulent motion. The turbulence is responsible for the transfers of 
momentum, heat, and matter, for the bouncing of an aircraft on ascent or 
descent, and for the buffetting of tall structures. Although a comprehensive 
theory of the pbl is lacking, much progress has been made in numerically 
modelling the pbl (e.g. Deardorff, 1973). There is still a need, however, for 
experimental data against which these models can be compared. The data are 
also valuable for the development of empirical relationships, which are very 
useful for practical applications. 

In this paper an analysis of data collected during the International Field 
Year on the Great Lakes (IFYGL) is presented. The turbulence data were ob
tained by the National Aeronautical Establishment T-33 jet aircraft, specially 
instrumented for turbulence measurements, and have been described by 
McBean and MacPherson (1976) and McBean and Paterson (1975). The buoy 
and radiosonde data were collected as part of the IFYGL basic data set and are 
available from the IFYGL data banks. It is proposed to consider the scaling of 
the turbulence as a function of height and stability. First, two possible scaling 
schemes for pbl turbulence will be described. Then a comparison of the two 
schemes will be presented and, finally, some empirical formulas will be given 
in the hope that they will be useful in some applications. The results will be 
compared, as well, with the numerical model results of Wyngaard, Cote, and 
Rao (1974; hereafter cited as WCR) and Deardorff (1972; hereafter cited as 
D72). 
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2 Turbulence scaling parameters 
Although there are many possible ways of scaling turbulence, only the two 
most widely used will be considered. To represent the turbulence the standard 
deviations of the fluctuations of the three velocity components and virtual tem
perature and the fluxes of momentum and virtual heat will be used. The scaling 
will then be in non-dimensional form, i.e. 

and 
ax/px = Gx(Z/Pz, S) 

FxlDx = Cx(z/Pz, S) 

where ax is the standard deviation of the fluctuations of x, 
Fx is the flux of x, 
Dx , p x • Pz are the scaling parameters, 
z is the height 
S is the stability 

and Gx , Cx are unknown functions which will be different for each x. 

For each scaling scheme we need a scaling velocity, a scaling temperature, 
a scaling height, and a non-dimensional number to represent stability. Because 
there is some latitude in choosing these scales it is necessary to consider the 
physical basis for the scaling. In analogy with surface-layer scaling (see, e.g. 
Wyngaard, 1973) we can use for scaling velocity and temperature: 

u. = {T / P } v, where T is the surface stress, 

T. = -Qlu. where Q is the virtual temperature flux; 

and for stability, a height divided by the Monin-Obukhov length, L = 
u.2 T/kgT. where k is von Karman's constant (= 0.4). For the neutral baro
tropic pbl the relevant scaling height is cu./! (Tennekes, 1973), where! is the 
magnitude of the Coriolis parameter and c is an undetermined constant with a 
value between 0.2 and 0.5. 

For convective conditions an alternate surface layer scaling is: 

u,= (ZgQ/T)V3 

T, = (Q2T/gz)'Ia 

Deardorff (1973) has found for unstable conditions that u./f was not a relevant 
height and that h, the depth of the unstable layer under the inversion, was more 
pertinent. Then, pbl scaling velocities and temperatures are 

and 

w* = (hgQ/T) '/3 

e. = (Q 2T/gh)'Ia. 

We thus have two sets of scaling parameters as summarized in Table 1. Note 
that all the parameters are independent of height since they are defined in 
terms of the surface stress and heat flux and the height of the inversion. T is a 
representative temperature of the layer. It should also be noted that these 
simple scaling schemes may be an oversimplification. For second-order effects 
more complicated schemes will likely be needed. 
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TABLE 1. Two possible sets of scaling and 
stability parameters 

velocity 
temperature 
height 
stability 

The bulk transfer equations 

(a) 

u. 
T. 

eu.11 
eu.IIL 

Q = CDii10((Tw - Ta) + 0.61T(g. - ga)) 

(b) 

w. 
n. 
h 
hlL 

CD = (0.58 + 0.068ii 10) x 10- 3 (ii in m S-l; Smith, 1973) 

were used to compute the surface stress and vertical heat flux, as in McBean 
and Paterson (1975). The height of the inversion was determined by examining 
the radiosonde data around the lake and deducing what the profile over the 
lake would look like. There is a considerable amount of subjectivity in deter
mining h and the errors could be significant. 

3 Results 
The observations were made on 8, 9, 12 and 15 October 1972 and only flight 
legs over the lake are considered. Most of the flights (43) were flown 150 m 
above the lake with Some at 30 m (5), 60 m (8), and 300 m (7) for a total of 
63 flights. The flights were generally 45 km (6 min at 125 m s -1) in length and 
were flown at various angles to the mean wind. On all days there was scattered
to-broken cumulus and stratocumulus clouds. Cloud bases were generally 800-
1500 m above the surface and often within the boundary layer. All flights were 
flown well below cloud bases. In order to separate the effects of stability from 
those of height the data were divided into stability groups dependent on either 
cu./jL or h/L (Table 2). The number of groups for h/L was smaller because 
the stability variations were expected to be smaller. 

In Fig. 1 the heights hand 0.5 u./j are compared. For Group A the points 
scatter but most fall near the line h - 0.3 u./j. The points in the lower right 
sector were for cases of significant baroclinicity. For Group C the points are 
near h - 0.5 u./j with the points for Group B being intermediate. The D72 

TABLE 2. Stability classifications 

0.5u.IIL hlL 

Group Range No.ofObs Group Range No.ofObs 

I 0:-10 17 A 0:-12 33 
II -10:-20 16 B -12:-34 11 

III -20:-40 11 C -34:-65 19 
IV -40:-50 12 
V -50:-70 7 
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Fig. 1 The relationship between the height up to the inversion, It, and the dynamic height, 
0.5 u.lt, for each of the three stability groups A, B, C. The solid line is h == 0.5 u.lt 
and the dashed line is It = 0.3 /J.I/. 

modelling studies indicate that h is not related to u./f. Both D72 and WCR 
found the height of the momentum boundary layer for the neutral case to be 
0.3 u.!f. Since h is the height of the thermal boundary layer and is poorly 
defined for near neutral conditions, it may be only coincidental that h,..., 0.3 u./f 
was found here for Group A. 

Vertical velocity fluctuations 
In order to objectively determine which scaling gave the best fit to the data, 
the following procedure was used. Each variable was non-dimensionalized with 
either U', W" etc. and plotted against z/ h or zf / cu. for each stability group. 
Then polynomials (up to order 3) were fitted by the method of least squares 
and the scaling scheme that most reduced the variance was accepted as best. 
For Group I the best approach was U"w/u. vs z/h. For each of Groups II to V, 
U",,,/w. vs z/h was as good or better than any other scheme. This result was 
expected and is in agreement with D72. An advantage of the U"w/w. vs z/h 
scaling is that the stability dependence of the relationship was negligibly smalL 
h was the most appropriate scaling height in all cases so it seems more appro
priate to look at stability groupings A, B, C. It was found that w. and h scaling 
was most appropriate for all three stability groupings. The reduction in variance 
by grouping on basis of h/L was generally better than the groupings based 
on cu./fL. 

It is somewhat surprising that w. and h proved to be the better scaling system 
for Group A. It was expected that u. and u./f scaling would be more appro-
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priate for the near neutral cases. Clarke and Hess (1973) found for the 
Wangara mean wind and temperature profiles that u./f scaling was better than 
h for all cases. To investigate the effects near neutral, those cases with -h/L 
< 3 were considered separately. The scaling combination (w" h) was again 
the best. The ratios of the standard deviation from the best-fit, third-order 
polynomial to the standard deviation from the mean were: (w" h), 0.41; (u" 
u./f), 0.64; (u" h), 0.79; and (w" u./f), 0.84. It should be noted that ten 
of the twelve cases in this subgroup had h/ L values between 2 and 3 and for all 
cases z < L. Surface layer measurements (McBean, 1971; Wyngaard, 1973) 
have shown the onset of local free convection for z - 10ALI. Seven of the 
twelve cases in this subgroup have z > 10ALI and hence local free convection 
is possible. Because of the small number of cases, it is not possible to further 
subdivide the data. The energy input by buoyancy affects most directly the 
vertical velocity and temperature fluctuations. This may be the reason why 
these data scale better with (w" h) while Clarke and Hess found (u., u./f) 
preferable. 

In Fig. 2 the variations of (Jw/u. (Group A) and (J,c!w. (all Groups) with 
z/ h are shown. There is no difference between the Groups for h/ L scaling. 
WCR found no variation of (J",/w. with h/L for -50 < h/L < -10 but their 
results for (Ju./w. and those of D72 are larger than those presented here. 

Horizontal velocity fluctuations 
The velocity fluctuations in the longitudinal, u, and lateral, v, directions did 
not scale as well as the vertical velocity fluctuations. This characteristic has 
been observed in most other studies and can be attributed to the effects of 
large scale spatial or temporal inhomogeneities that are not accounted for in 
the scaling schemes. For the longitudinal component (u" h) was best for 
Groups I and A although (u., u./f) also gave good results. For the more 
unstable groups (w" h) was the preferable scheme. For the lateral component, 
the results were not as consistent and the scaling frequently did not reduce the 
variance to the level of 1 % significance (Brooks and Carruthers, 1953, p. 303). 
For Group A (w" h) was best and for Group B (w" h) and (u" h) equal. For 
Group C no scheme was statistically significant. 

In Figs 3 and 4 the scaled results for (Ju and (Jr are given. For Group A the 
results, scaled by (u., h), are quite scattered with an indication of a decrease 
in (Jll and (J" with z/ h increasing. The model computations of D72 and WCR 
bracket most of the data points, except for z/h near 0.35 where there are several 
measured values of both (JlI and (Jv that seem too large. There are also two cases 
for z/ h - 0.09 with large values; these were for adjacent flight legs and it 
appears that the surface wind estimate is anomalously low. 

For the unstable group (Groups Band C together) there is the same amount 
of scatter with a slight increase of (Ju/w. and (Jv/w. with z/h. The results are 
in approximate agreement in magnitude with D72 and WCR. However, since 
the D72 model predicts a decrease with z/h and the WCR model predicts an 
increase, a detailed comparison is not worthwhile. 
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Fig. 2 Non-dimensional standard deviations of vertical velocity fluctuations against the 

non-dimensional height, zl h. On the left are the near-neutral data (Group A), 
non-dimensionalized with u.; on the right are the data non-dimensionalized with 
w •. The WCR curve at the left is for Iz/L == O. at the right hlL = -50 and the D72 
curve is for hlL == -45. The solid curve on the right is !1w/w. = 0.40 + 1.1 zlh-
1.1 (zlh)'. 

Virtual temperature fluctuations 
The virtual temperature fluctuations, 8v , were not measured directly but can be 
related to temperature, 8, and humidity, q', fluctuations by, 

8v = 8( 1 + O.61q) + 0.61q'T - 0.61q'8 

The variance is then 
e;}i = (j2 (1 + O.61q)2 + (0.61T)2 q'2 

+ 2 (1 + 0.61q) O.61T (J(j' + 0.37 (q'8)2 

Scaling Turbulence in the Planetary Boundary Layer 259 



OA 

0·3 

z 
h 

0·2 

0·1 

0 

0·0 
05 

\WCR 
\ h/L = 0 

\ 
\ 
\ 0 

\ 0 

\ 
\ 
\ 
\ 

1·0 

\ I WCR 
\ h/L=-IO 

\ 1 
Ii 

0 

0 

0 

~\ 0 

1\ 
\0 \ 

J \ 
0 \ 

0\ \ 
I 

\ 0 I 

\ 
I 
\ 

\ 
I 
\ 072 

\: 
0 \ 

I \ h/L = -15 

\ 
\ 

'\ \ 

\ \ 

\1 \ 
\ , 

\ \ 
~% \ 00 0 

0 \ 

t\ \ 
0 \ \\ \ 

\ 
\" \ 00 0 

\ 
\ \ 00 

I 

1·5 2·0 

~/u~ 

-

\ 
\ 072 
\ h/L = - 45 
\ 
\ 6 , 

6 6 
I 
\ 

"t.'2, \ 
\ 6 6 

\ 6 6 

\ 6 

16 

6 \ 

0 666 I 

66 0. 
66 6 

\ 
\ 
\ 

\ 6 

\ 

6r, 6 \ 
66 \ 

\ 
\ 6 

~ 

25 OA 0·6 o·a 
CTu /W~ 

Fig. 3 Non-dimensional standard deviations of longitudinal velocity fluctuations against 
the non-dimensional height, z/ h. On the left are the near-neutral data (Group A), 
non-dimensionalized with u.; on the right are the unstable data (Groups B and C), 
non-dimensionalized with w •. The WCR and D72 curves are for the stabilities 
indicated. 

The fourth term can be shown to be neglible in comparison to the others. The 
other three terms are of the same order. However, the correlation Oq' was not 
computed in the data processing. 'Therefore, the results to be presented are for 

UO v = uo(1 + 0.6lij) + 0.61Tuq 

and hence may be about 30% underestimated. The variations with height and 
stability, however, should not be greatly affected. 
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For the near neutral group the data were quite scattered because of relatively 
low magnitudes for us"' e. and T •. For the unstable groups, It and e. are the best 
scaling parameters. The results (Fig. 5) show an increase of ueje. with increasing 
z/h and are in reasonable agreement with D72 and WCR. 

Momentum flux 
The momentum flux is one of the most difficult variables to measure experi
mentally. The results here were no different. The data showed a large amount 
of scatter regardless of the scaling scheme. The scatter may be due to baroclinic 
effects and entrainment of air from above z = h, as discussed by Deardorff 
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(1973). In Fig. 6 is UW/U*2 vs z/h for Group A. For comparison, the model 
results of WCR for h/ L = 0, -2 and -10 are shown. All that can be said is 
that the results do not disagree significantly. For the unstable groups the data 
are very scattered and not shown. The VW/U*2 term was generally very small 
for small z/ h and increased with z/ h. The amount of scatter was again very 
large. 

Virtual heat flux 
The virtual heat flux can be computed as 

we" = we (1 + 0.61q) + 0.61Twq' 

because the third order terms can be shown to be negligible. The virtual heat 
fluxes were very small for the near-neutral group and the ratio we,'; Q de
creased from near unity at z/ h = 0 to 0 about z/ h - 0.3 as shown in Fig. 7a. 
The shape is similar to that for momentum flux and indicates that the momen~ 
tum and heat flux boundary layers are similar in depth (z - 0.3 h). For Groups 
Band C (Fig. 7b), the data were also quite scattered. The best-fit straight line 
for Group C (wev/Q = 0.76 - 0.99 z/h, r",y = 0.32) is shown. A second order 
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Fig. 6 Non-dimensional momentum flux or stress against the non-dimensional height z/ h 
for the near-neutral Group A. The three dashed curves are all from WCR for the 
stabilities indicated. 

polynomial fit did not significantly reduce the variance. When the analysis was 
done on Groups I to V it was found that linear fits had relatively high correla
tions for Groups I, II, and V. Extrapolations to wOt/Q = 0 gave values z/h = 
0.14 (Group I), 0.37 (Group II) and 0.68 (Group V). Thus, it seems that 
the heat flux boundary layer becomes deeper and approximates the height 
up to the inversion layer for unstable conditions. Lenschow (1970) found the 
heat flux equal to zero near z/ h = 0.8 from measurements in an unstable 
boundary layer. 
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4 Practical considerations 
As shown in the previous section, the best scaling parameters were h, w. and 
(). which requires knowledge of the height to the inversion as well as the surface 
heat flux. An advantage of the cu*lf, u* and T* scaling is that they can be speci
fied with knowledge of the surface values only. There is no need to know the 
height up to the inversion. For practical reasons then the cu.lf scaling may be 
more useful, particularly for those concerned with the intensity of the turbulence 
as a function of height. 

In Fig. 8 the variations of (J" wi u. with height and stability are demonstrated. 
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As shown, there is an increase of a'wlu* with stability at a given non-dimen
sional height. For near-neutral stabilities a' wi u* is about constant or slowly de
creasing with z! I cu* while for unstable stratifications there is a marked increase 
with zfl cu*. For practical purposes one could use: 

a'wlu* - 1.1 - 1.6 z!lu* for near-neutral conditions, which reduces to 
a'wlu* - 1.0 for neutral stratifications, and a'wlu* - 1.1 + 42 z!lu* -300 
(Z!IU*)2 for unstable stratifications (the curve for Group IV). These expres
sions would be valid for z < 0.1 u*l! - 103 u* (mid-latitudes). For over water 
this would be z < 30 U10. Over land it will be more difficult to determine u* 
from the mean wind and it is possible that the results may depend on the surface 
Rossby number GI!zo where G is the geostrophic wind speed and Zo the rough
ness length. 

For a' "I u* and a'vl u* the results were similar to those for a' wi u* but with a 
larger amount of scatter. For Groups I and II the curves were similar with both 
parameters decreasing slightly with height. The best straight line fits were: 

a'ulu* = 2.1 - 12z!lu* a'.,'/u* = 1.7 - 8 z!lu* 

for near-neutral conditions. For the unstable Groups III, IV, and V both a'ulu* 
and a'vlu* increase slightly with height. The scatter is larger but straight line 
approximations would be valid for practical purposes. These are 

a'ulu* = 2.3 + 6 z!lu* a'"lu* = 2.2 + 6 z!lu* 

for unstable conditions. The comments made on a'uju* apply to these results 
as well. 

5 Summary 
The turbulence in the planetary boundary layer does seem amenable to scaling 
by fairly simple schemes. The best of the two sets proposed in the literature 
seems to be to scale the heights by h, the height to the inversion, velocities by 
w* = (ghQIT) '1& and temperatures by ()* = (Q2T I gh) '1&, for unstable stratifica
tions. For neutral conditions u* may be more appropriate for velocities. The 
experimental results were generally in agreement with the results of the numer
ical models developed by Deardorff (1972) and Wyngaard et al. (1974). It is 
evident, however, that further experimental studies are necessary to resolve the 
effects of surface roughness, baroclinicity, and the lack of time stationarity. 
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The Second AMS Conference on Hydrometeorology will be held in Toronto, Canada, on 
25-27 October 1977 at the Headquarters of the Atmospheric Environment Service and at 
the Harbour Castle Hotel. The conference will be sponsored jointly by the American 
Meteorological Society and the Canadian Meteorological Society with the support of the 
American Geophysical Union, tbe Canadian Society for Civil Engineering. the American 
Society of Civil Engineers, the Canadian Water Resources Association, and the American 
Water Resou rces Association. 

The conference is designed as a forum for discussion of the hydrometeorotogical needs 
of the applied hydrologist and engineer, and as ~ source of information (including an 
audio visual display) on current techniques and data available for field use. A feature will 
be a panel of representatives from a cross-section of applied hydrology who will lead 
discussion on hydrometeorological problems facing practising hydrologists. Presentations 
on the techniques and resource materials currently avai lable to practising hydrologists are 
also scheduled. 

Other sessions, for which papers are invited, are being designed to emphasiz.e the 
hydrometeorological aspects of hydrologic design and forecasting of streamflow and water 
supply, environmental impact, snowfall and snowmelt, and remote sensing. A general 
session is also planned. 

Authors should submit titles and short abstracts (200 words) by I March 1977 to 
Mr H.L. Ferguson, Program Chairman, Second Conference on Hydrometeorology. At
mospheric Environment Service-ARQH, 4905 Dufferin Street, Downsview, Ontario, 
Canada M3H 5T4. 

Instructions for the preparation of papers for the pre-printed proceedings will be 
furnished to those authors whose papers have been accepted. Final papers should be 
received no later than 1 July 1977. 
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The Distinction Between Canopy and 

Boundary-Layer Urban Heat Islands 

T.R.Oke 
University of British Columbia, Vancouver, B.C. 

[Original manuscript received 22 March 1976; in revised form 1 June 1976] 

ABSTRACT 

Air temperature measurements from 
car traverses in and near Vancouver, 
B.c. are used to test two urban heat 
island models: one an empirical 
model, the other a theoretical advec
tive model. The empirical model de
scribes the Vancouver observations 
well, whereas the advective one per
forms rather poorly. This discrepancy 

1 Introduction 

may be attributed to a failure to dis
tinguish between meteorological con
ditions in the urban canopy, and those 
in the overlying urban boundary layer. 
This leads to a reassessment of the 
explanation of the relationship be
tween city size (as measured by pop
ulation) and the heat island intensity 
(as measured in the urban canopy) . 

In a previous paper (Oke, 1973) the relationship between a city's size (as 
measured by its population, P) and the intensity of its urban heat island, !::.Tu - r 

(as defined by the difference between the background rural and highest urban 
temperatures) was explored. Based on measurements from ten Quebec settle
ments ranging in size from 1.0 X 103 to 2.0 X 106 inhabitants it was shown 
that !::.Tu - r is related to log P. With clear skies at the time of maximum heat 
island intensity (just after sunset, Oke and East, 1971; Rage, 1972; Oke and 
Maxwell, 1975), the following empirical relation was derived: 

pi 
~ 4ut 

(1) 

where u is regional (10 m) wind speed (m S-I) and ATll - r is measured in °e. 
Equation (1) is open to criticism because it is purely empirical in origin, 

and dimensionally incorrect. Summers (1964) on the other hand developed 
a physically-consistent theoretical model of the urban heat island based on an 
advective concept. The Summers model envisages stable rural air being ad
vected across a warmer urban area. During its passage across the city the 
lowest layers become progressively modified due to the input of urban heat, 
and the increased mechanical turbulence produced by the greater urban rough-
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ness. Under certain limiting assumptions (see below) the model predicts that 
!1Tu _ r should be proportional to the square root of the distance of fetch (x) 
from the upwind rural/urban boundary to the city centre: 

(2) 

where Q is the urban surface heat output, a is the difference between the urban 
and rural potential temperature (0) lapse rates, which is given by the rural value 
(!10/!1Z)r if the urban profile is assumed adiabatic (i.e. (MU!1z)" = 0), p is 
the air density and cp is the specific heat of air at constant pressure. Equation 
(2) is strictly valid only for the simple case of a spatially uniform heat source 
(Q) and a steady wind with no shear, but has been applied over a wider range 
of conditions. 

The empirical fourth root of P result in (1) could be interpreted as being 
consistent with (2) from simple geometrical arguments (Ludwig, 1970; Oke, 
1973). In a circular city the distance x is the radius r and is therefore pro
portional to the square-root of the built-up area, A (A = 1Tr2). In North 
America P is proportional to A raised to an exponent close to unity (Tobler, 
1969). Hence with !1 T u-r oc r'h, and r IX p'h we might expect !1 T u-r oc pv.. 

In the present study both of the above models are tested using data from the 
same city. 

2 Survey area and measurement 
The urban heat island and temperature lapse rate data used in this study were 
gathered by automobile traverses in and near Vancouver, B.C. (Fig. 1). The 
metropolitan region is located at the mouth of the Fraser River Valley. It is 
surrounded to the east and south by mixed farming and residential areas, to 
the west by the waters of Georgia Strait, and to the north by the Coastal 
Mountains which rise abruptly to a height of about 1.3 km. The total population 
of the urban region is approximately 1.1 x 106• The most densely settled 
and intensely built-up area is ex-central, being located on Burrard Peninsula 
(Fig. 1). 

Air temperatures were monitored with a thermistor probe sensor (response 
time 0.8 s) and recorded on a chart recorder to a relative accuracy of ±0.2°C 
(Oke and Fuggle, 1972). The probe was mounted approximately at 1.5 m, and 
to one side away from the vehicle. The probe was shielded against radiation and 
aspirated at a rate of 3.5 m S-l. 

Data gathering involved three modes of traverse. On some occasions as many 
as six cars covered an area of the metropolitan region in closed traverses, each 
taking approximately 1.5 to 2 h. This provided a complete spatial distribution 
of air temperatures. On other occasions only one car was used to complete a 
40 km closed traverse in approximately 1 h. The route (Fig. 1) was identical 
to that described in Oke and Maxwell (1975), and was chosen to provide a 
complete rural/urban cross-section (based on the experience gained from the 
spatial distribution traverses). Sometimes in conjunction with one of the above 
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Fig. 1 Location and land use map of Vancouver, B.C., including outline of built-up areas 
and automobile traverse routes. 

two modes a car traversed the Mt Seymour Highway (Fig. 1). This provided 
a temperature profile extending essentially from sea-level to an elevation just 
greater than 1 km. This profile was used to estimate a first approximation to 
the free air rural lapse rate. The lapse rate was estimated as the average slope 
of the temperature profile between 200 m above sea level, and any major break 
in the profile above. The lowest 200 m layer was omitted because of suspected 
urban and water body effects. Lapse rates measured in this manner have been 
found to compare very favourably with those from a light aircraft flying over 
Burrard Inlet, and from a gondola running up Grouse Mt. (Fig. 1) by Suckling 
etal. (1975). 

Corrections were applied to the raw data to account for temperature change 
during the traverse period, and to make allowance for height differences. The 
time-based corrections were applied assuming linear temperature change with 
time. This appears to be approximately correct for data collected, as in this 
case, about 1-3 h after sunset (Oke and Maxwell, 1975). Height corrections 
were performed by converting the time-corrected environmental temperatures 
to potential temperature «(J) standardized to a pressure of 1000 mb. The 
change in heat island intensity due to this correction is minimal. Hence the more 
familiar symbolization t:..T u _ r is retained. 
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Suitable ATu _ r data to test the Oke (1973) relationship were available from 
37 of the traverse nights (15 spatial surveys and 22 cross-section traverses). 
The data only refer to the time of near maximum heat island development 
(approximately 1-3 h after sunset), when skies were near cloudless (~2 tenths 
Cirrus). Data to test the Summers (1964) model were available from 26 nights 
(20 of the cloudless nights used above, and 6 with >2 tenths Cirrus). The 
smaller data set was due to the requirement of simultaneous observations of 
ATu _ r and vertical lapse rate. The data were gathered in the period 1972-75, 
and include all seasons of the year. 

Hourly meteorological observations of wind speed at a height of 10 m, wind 
direction, cloud amount and type, and total atmospheric pressure were ab
stracted from the Vancouver International Airport (Fig. 1) records. 

3 Model tests 

a Oke(l973) 
Fig. 2 shows the relationship between ATu _ r and ft for Vancouver with cloudless 
skies. After transformation, linear regression analysis yields: 

~ T.,-r = ~06;2 (3) 

with a coefficient of determination ,2 = 0.62, and a standard error-of-esti
mate for ATu _ r (SAT) = ±1.36°C. Comparison of the original Quebec model 
( 1) with this Vancouver relationship (Fig. 2) reveals remarkable agreement. 
The maximum difference between the two over the range of ft = 1 to 11 m S-l 

is approximately 8% at 1 m S-l. (Note that (1) was derived for u <6 m S-l 

and hence its extrapolation to higher speeds is only tentative.) 
The upper and lower limits of a relation such as (3) do provide some dif

ficulties in estimating such interesting features as the maximum heat island 
intensity (AT u-r(max», and the critical wind speed at which the heat island is 
obliterated iterit . As winds drop below 1 m S-l the form of (3) will increas
ingly tend to overestimate ATu - r because it ignores the fact that there are limits 
to the intensity (Oke, 1973). These limits include the generation of thermal 
breezes, which tend to diminish urban/rural contrasts, and the finite availability 
of energy. Equally the data precision decreases at small u because of instrument 
limitations and the spatial complexity of the wind field. As a consequence of 
these problems it is not possible to extrapolate (3) to find ATu-r(max). The 
maximum spot value measured was 11.6°C (see Fig. 4). This is slightly larger 
than originally reported by Oke (1973) and modifies the relation derived 
therein relating ATu-r(max) to P for 18 North American cities:-

ATu-r(max) = 2.96 log P - 6.41. 

The new relation is: 

ATu-dmax) = 3.06 log P - 6.79 

and gives improved statistics of,2 = 0.97 and SAT = ±O.6°C. 
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Fig. 2 Relation between measured heat island intensity and regional wind speed for 
Vancouver, B.C. Data gathered at about 1-3 h after sunset on cloudless nights. 
Dashed line is least squares regression fit to the Vancouver data, and the solid line 
is from Oke (1973) based on 10 Quebec settlements. 

On the other hand the value of Uerit for Vancouver is difficult to assess due 
to the sparseness of the data beyond U = 6 m S-l (Fig. 2). Oke and Hannell 
(1970) developed an equation for Uerit from log P. For Vancouver this suggests 
Uerit should be approximately 9 m s -1, but according to Fig. 2 this appears to be 
an underestimate. This may be due to the use of standard climatological and not 
traverse data in constructing the original equation. The former tend to under
estimate f1Tu - r because the stations are often located in parks, and only by 
chance are they located in the heat island core. The inclusion of cloudy sky data 
would operate in the same direction. 

There is evidence of a seasonal bias in Fig. 2 with a tendency towards a 
relatively larger heat island for a given wind speed in the warmer half of the 
year. It is not appropriate to speculate as to the physical cause of such an effect. 
It should be noted, however, that the absolute magnitude, and the seasonal 
variation of anthropogenic heat output QF from Vancouver is not large. Yap 
(1973) calculated the winter flux density for Vancouver City to be 23 W m-2 , 

and for the summer 15 W m -2. Probably more important to the heat island is 
the strong contrast in seasonal climate characteristics (e.g. air mass stability, 
moisture availability, solar absorption, etc.). 

Despite some small problems, we may reasonably conclude that the Van
couver results provide support for the simple model of Oke (1973). This is 
important because an empirical model such as this requires verification with 
an independent data set. 
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b Summers ( 1964) 
Equation (2) was evaluated for each case assuming that x represented the 
distance between the upwind urban/rural boundary and the core of the heat 
island. This gave a range of fetches from x ::::: 0.5 km with winds from the NNE, 

to 17 km with winds from ESE. 
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Fig. 3 Relation between measured heat island intensity and the Summers (1964) advec

tive model calculations. The "arrows" on each point represent the wind direction 
based on a 360 0 compass. 

The relationship between I1Tu _,' and the product [2x(f1(~/I1Z)r/PCpu]'h is 
given in Fig. 3. The result is not very satisfactory for three main reasons. Firstly, 
the scatter of points is rather large. Linear regression produced rather weak 
statistics with r2 ::::: 0.27, and S(}'T ::::: ±2.32°C. Secondly it follows from (2) that 
the slope of this relationship should be QV. and on this basis the average 
value of Q::::: 208 ± 24 W m- 2• This is approximately one order of magnitude 
larger than the Vancouver QF values mentioned earlier, and substantially larger 
than the turbulent sensible heat fluxes measured in Vancouver at this time of 
night both above roof level (Yap and Oke, 1974), and within canyon (Nunez 
and Oke, 1976). In addition there appears to be no obvious seasonal variation 
in Q. Thirdly the scatter in Fig. 3 appears to depend on the direction of fetch 
(as indicated by the "arrows" in each case), and surprisingly the relatively 
large I1T u-r values at each given value on the abscissa (i.e. implying relatively 
large Q) are associated with the shortest fetches from the wand N quadrants, 
and the smallest values with long urban trajectories from the E and s (Fig. 1). 
A particularly striking example of this is exhibited by the heat island map for 
4 July 1972 (Fig. 4), when I1Tu- r (max) was recorded. The observation period 
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Fig. 4 Two-dimensional temperature distribution in Vancouver, B.C. at 2100 PST on 
4 July 1972 with clear skies, and with winds wand NW at 2.0 m S-l. Isotherms are 
time-corrected potential temperatures (0 C). 

was characterized by wand NW airflow off the water (surface temperature 
20°C), giving a very short urban fetch « 2 km) to the heat island core. Such 
a situation is antithetic to the Summers cumulative heat advection mechanism. 

The above is not a thoroughly rigorous test of the Summers model, for ex
ample in the use of 10 m wind data instead of that for the whole mixing layer; 
and the use of mountainside traverses to approximate the free air sounding. 
However, most errors attributable to these approximations will only cast doubt 
on the absolute values and not upon the generally weak form of the relation
ship, and could do nothing to alleviate the problem associated with the "inverse
fetch" effect. 

4 Discussion 
It is hypothesized here that there are at least two different heat islands produced 
by urbanization. The proposed classification which follows recognizes two 
layers of the atmosphere: one is governed by processes acting at the microscale; 
the other by those at the local or mesoscale. 

The first layer may be termed the urban canopy (Fig. 5), consisting of the 
air contained between the urban roughness elements (mainly buildings). The 
urban canopy is a micro scale concept, its climate being dominated by the nature 
of the immediate surroundings (especially site materials and geometry). The 
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Fig. 5 Schematic representation of the urban atmosphere illustrating a two-layer classifi
cation of thermal modification. 

upper boundary of the urban canopy is likely to be imprecise because of the 
nature of the urban "surface" (c.f. vegetative canopies). In densely built-up 
areas the limit is visualized to lie at, or just below, roof level; in large open 
spaces it may be entirely absent. The depth of this layer may also be a function 
of wind speed, shrinking as stronger airflow allows influences from above to 
penetrate. 

The second layer, situated directly above the first may be called the urban 
boundary layer (Fig. 5). This is a local or mesoscale concept referring to that 
portion of the planetary boundary layer whose characteristics are affected by 
the presence of an urban area at its lower boundary. The modified layer is con
ceived to develop as an advective internal boundary layer. In the downwind 
region this layer may become separated from the surface as a new rural bound
ary layer develops underneath, and this has been termed the urban plume 
(Clarke, 1969). The top of the urban boundary layer is commonly capped 
by a temperature inversion giving some correspondence with the upper limit 
of urban pollution. 

The evidence to support this conceptual hypothesis is neither direct nor com
plete at this time, but the problems experienced here with the Summers ap
proach could be viewed as an inappropriate mixture of heat island measure
ments in the canopy layer, with a model based on boundary-layer mechanisms. 
If so, the same error was incurred by Summers (1964) when he tested his 
model using surface minima data from climatological stations. The approximate 
agreement obtained may have been fortuitous since both his estimates of 6.Tll -r, 

and Q (see Leahey and Friend, 1971) were too low. Evidence of the inappro
priateness of this advective approach to explain canopy measurements of 6.T,,_r 

is provided in this study by replacing the variable fetch in (2) by a constant 
value of x. This is the primary operator in the advective approach and its 
removal should decrease the predictive power of the relation. On the contrary, 
however, its absence actually improves the fit compared to that in Fig. 3, giving 
r2 = 0.57 and S!J,T = ±l.78°C. This strongly suggests that urban fetch is not 
important in explaining canyon measurements of 6.T 1/-r' 

Relegating the role of advection in the formation of the canopy heat island 
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would seem to largely negate the explanation for the fourth root of P relation
ship given in section 1. It now seems reasonable to suggest that P may be less 
a surrogate for distance and more one for the physical structure of urban central 
areas. This would mean that cities with a greater number of inhabitants exhibit 
more extreme signs of urbanization in their core areas and therefore greater 
thermal modification. For example, as a city's population grows the size of the 
buildings in the core increases; the sky view factors for long-wave radiative 
cooling decrease; the heat capacity of the construction materials and the ther
mal inertia of the structures increase; the density of anthropogenic heat emis
sion increases; the amount of vegetation decreases, etc. Such an explanation 
appears reasonable, but in the absence of more direct measures cannot be 
verified. 

Unwin and Brown (1975) provide indirect support when they note an 
almost perfect linear relationship between the proportion of city area modified 
(i.e. unnatural) and log P using data from cities in the United States compiled 
by Marotz and Coiner (1973). Their modification term represents the whole 
city and not just the core area, but it may be assumed to be indicative of the 
urbanization process. If this hypothesis is correct, then the differing slopes 
relating llTu-r(max) to log P found for North American and European settle
ments (Oke, 1973) may be explainable in terms of the different urban mor
phologies of city centres in the two regions. It is a general observation that 
North American city core areas exhibit more tall buildings than is the case in 
Europe. 

The hypothesis that P is a surrogate for physical structure rather than dis
tance of fetch would also explain the results of Chandler (1967). In a study 
of the heat islands of Leicester (P = 0.27 X 106, A = 70 km2 ) and London 
(P = 8.25 X 106 , A = 1940 km2) it was shown that despite their disparity in 
size (and therefore fetch), the urbani rural temperature differences were 
closely comparable if comparison was made between areas of "similar housing 
density" in the two cities. These results were previously considered to be inex
plicable by Oke (1973) in the context of his model. 

5 Conclusions 
The study shows that a simple empirical model incorporating city size and 
wind speed is better able to describe urban heat island observations from car 
temperature traverses than a physical model based on an advective concept. 
The relatively poor performance of the advective model highlights the need 
to separate the climate of the urban canopy (the air beneath roof level) from 
that of the urban boundary layer above. It would appear that the canopy ther
mal climate is governed by the immediate site character (especially building 
geometry and materials), and not by the accumulation of thermally modified 
air from upwind areas. If there are two distinct layers and heat islands, governed 
by different process ensembles - this will require different theoretical frame
works for modelling and different observation platforms and networks for 
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their description. Similarly it will be very important to study the extent to which 
these layers are coupled. 
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ABSTRACT 

A relationship, derived by Liu and 
Jordan (1960), under which the total 
short-wave radiation may readily be 
subdivided into its direct and diffuse 
components is shown to vary both 
spatially and seasonally. This variabil
ity is attributed to changes in the im-

1 Introduction 

portance of the multiple reflection of 
short-wave radiation between the 
earth's surface and atmosphere. A re
vised relationship, which incorporates 
the influence of this process, is shown 
to have applicability at a large number 
of Canadian locations. 

Increased utilization of solar energy in the 1970s has resulted in greater interest 
in the amount of short-wave radiation (wavelengths <4.0 .urn) incident upon 
a surface of given orientation, as specified by its tilt and aspect. However, the 
more readily available observational data are characteristically for the more 
restricted, and commonly less appropriate, horizontal surface. Kondratyev 
(1969) and others have presented methods for calculating the radiation on a 
non-horizontal surface given the energy incident on a horizontal surface, but 
the approach requires a knowledge of the proportions of the total short
wave radiation (Kt) reaching the surface as direct (St) and diffuse 
(Dt) short-wave radiation. These components are routinely measured at only 
a few locations in comparison to the more widespread measurements of the 
total short-wave radiation, but analyses of some of the available data have 
shown that a relationship between the short-wave radiation and its component 
fluxes does exist (e.g. Liu and Jordan, 1960). More complex calculation 
methods have been evaluated (e.g. Sadler, 1975), but the simplicity of the 
Liu and Jordan approach has led to its widespread adoption (e.g. Hunn et al., 
1975; Lof and Tybout, 1973). 

However, the Liu and Jordan model was derived from data for only one 
location (Blue Hill, Massachusetts) and has had little independent testing. 
Ruth and Chant (1976) tested the relationship using available data for four 
Canadian locations and found that the Liu and Jordan approach generally 
underestimated the ratio of Dt to Kt for a given ratio of Kt to Ko (the extra
terrestrial short-wave radiation). They attributed the discrepancy to a latitude 
dependence in the relationship, though the physical factors involved were not 

Atmosphere Volume 14 Number 4 1976 



TABLE 1. Canadian stations with regular measurements of diffuse and total short
wave radiation 

Latitude (N) Longitude (W) Record Used 

Toronto Met. Res. Stn 43 48 79 33 1967-1975 
Toronto Scarborough 43 43 79 14 1960-1967 
Montreal Jean Brebeuf 45 30 73 37 1965-1974 
Goose Bay 53 18 60 27 1962-1975 
Resolute 74 43 94 59 1960-1974 

discussed. It is the purpose of this paper to evaluate the performance of the 
Liu and Jordan model at selected Canadian locations, to provide reasons for 
its demonstrated inapplicability, and to describe and substantiate the validity of 
a revised method for determining the component fluxes of the total short-wave 
radiation. 

Observational data from five locations in Canada are available to investigate 
the relationship between the total short-wave radiation and its direct and diffuse 
components. The data are collected and published by the Canadian Atmo
spheric Environment Service. Table 1 provides details of the data record used 
in the present study. A departure from the computational procedures used by 
Liu and Jordan is that this study uses mean hourly rather than mean daily 
values for each month. The benefit of presenting averages for a shorter time 
interval is that the values of S-J, and D-J, determined from the relationship are 
commonly used as input to equations with a validity for hourly, or even shorter, 
time periods. The alternative is to determine daily values of S-J, and D-J, and then 
to estimate hourly values from the daily totals (Duffie and Beckman, 1974). 
The current wider availability of hourly values increases the desirability of 
working directly at the more appropriate time scale (rather than deriving them 
by a much more devious method) . 

2 Evaluation of the Liu and Jordan approach 
Fig. 1 presents the data for four Canadian locations in a format similar to that 
used by Liu and Jordan in their analysis of the Blue Hill data. Due to the 
unreliability at low radiative fluxes of both the measured values and, to a 
greater extent, the ratios they determine, data have not been plotted when K-J, 
was less than 42 kJm- 2h- 1 • The value for Ko was based on a solar constant 
of 1354 W m- 2 and calculated as a mean hourly value for each day of each 
month and subsequently averaged to provide monthly mean values for each 
hour. Since Liu and Jordan used a value of 1396 W m- 2 and did not average 
the Ko values in the same manner, there is an opportunity for slight discrep
ancies between the results of the two analyses. 

The Liu and Jordan type relationship is not particularly well followed at the 
Canadian locations, judging by the amount of scatter for each of the stations 
and particularly for Resolute. Moreover, ignoring for the moment the scatter 
for individual stations, the general relationship is not consistent between 
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Fig. 1 Relationship between the ratios of mean hourly values of diffuse to total short-
wave radiation at the surface, and of mean hourly values of the total to extra-
terrestrial short-wave radiation for (a) Toronto Meteorological Research Station; 
(b) Montreal Jean Brebeuf; (c) Goose Bay; (d) Resolute 

stations. Part of the scatter for individual station data is undoubtedly due to 
the use of several mean hourly values rather than a single mean daily value for 
each month, but this is by no means a complete explanation. Resolute (Fig. Id) 
is a particularly good example of the nature of the scatter. For any given month 
a reasonably well-developed relationship exists with the slope being similar 
from month to month. The overall scatter in the Resolute data is a consequence 
of a seasonal variation in the constant term (intercept value) in the equation 
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of a straight line representing the relationship for any given month. Highest 
values occur in the winter months and lowest in the summer months. 

This same general pattern appears to hold if one makes a station-to-station 
comparison, as opposed to a month-to-month comparison for any single sta
tion. In this case the tendency is for the intercept value to vary with the latitude 
of the location. In addition, for anyone lower latitude station, the seasonal vari
ation (and hence the scatter) appears to decrease. These two trends can be ex
tended by introducing the relationship derived by Liu and Jordan (1960) for an 
even lower latitude location, that of Blue Hill (42 0 13'N). Over the range of 
ratios being examined here the Blue Hill relationship is approximately linear 
with a similar slope but an apparent intercept value which is even lower than 
those of the southern Canadian stations. It is not pertinent to discuss here the 
relative amount of scatter in the Blue Hill relationship since, as noted earlier 
there is a difference in the way the data have been averaged. However, the rela
tionship between scatter and latitude implied by the Canadian data alone would 
tend not to support Liu and Jordan's use of a single line to represent the rela
tionship between the two ratios. 

Despite the obvious validity of the Liu and Jordan approach for the Blue 
Hill data, it is now apparent that such a relationship is inappropriate for Cana
dian locations. Not only does the relationship undergo spatial variability but 
also seasonal variability for a given location. The following sections will attempt 
to determine the cause of this variability and develop a relationship which over
comes the limitations of the Liu and Jordan approach. 

3 The influence of multiple reflection 
This paper advances the hypothesis that the apparent latitudinal and obvious 
seasonal variations in the Liu and Jordan relationship are primarily a result of 
multiple reflection of short-wave radiation between the earth's surface and the 
overlying atmosphere. The multiply-reflected component has been shown to 
be an important, though far from dominant, fraction of the total incoming 
short-wave radiation, especially under conditions of high surface albedo or 
reflectivity (Hay, 1970; Sawchuck, 1974; Catchpole and Moodie, 1971). The 
process of multiple reflection is a result of diffuse scattering and it will increase 
the total incoming short-wave radiation largely as a result of an increase in 
the diffuse component. Both the ratio expressing the transmission of the atmo
sphere to the total short-wave radiation and the ratio of diffuse to total short
wave radiation will increase with multiple reflection, though the Liu and Jordan 
relationship implies that these two ratios are inversely related. The effect of 
multiple reflection is to displace data points in Fig. 1 further upwards and to 
the right of the origin compared to their position if multiple reflection were not 
occurring. 

Multiple reflection is a function of both the surface albedo and the atmo
spheric "back-scatterance" (Moller, 1965). The size of the spatial and tem
poral variabilities in the former parameter can be seen from the data presented 
in Table 2. These are "regional" albedos rather than "site" albedos since the 
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TABLE 2. Monthly mean values of surface (IX) and cloud base (lXc) albedos used in study. Source: Hay, 1970 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

Toronto IX 50 50 38 28 25 25 25 25 25 25 29 
Met. Res. IXc 58 56 53 51 50 48 49 50 53 53 56 

Toronto IX 50 50 38 28 25 25 25 25 25 25 29 
Scarborough IXc 58 56 53 51 50 48 49 50 53 53 56 

Montreal IX 32 33 25 22 20 20 20 20 20 20 23 
Jean Brebeuf IXc 57 55 53 52 50 50 50 50 52 54 57 

Goose Bay 
IX 55 56 50 50 35 25 25 25 25 30 35 
IXc 56 55 54 56 52 52 53 54 54 57 57 

Resolute 
IX 80 80 79 76 69 45 26 21 45 59 74 
IXc 57 52 49 45 52 49 51 54 60 60 56 

multiple reflection process involves surfaces some distance away from the 
radiation instrument site. Considering the influence of albedo alone, Table 2 
indicates that for those stations both the overall relative importance and the 
intra-annual variability of multiple reflection will be greatest at Resolute. 

It appears that variability in the extent of multiple reflection may explain 
why the Blue Hill relationship is not generally applicable and why the spatial 
and temporal variabilities in the Liu and Jordan relationship are as described 
earlier. The following section attempts to reduce these variabilities and increase 
the specificity of the relationship by at least semi-empirically incorporating the 
effect of multiple reflection. 

4 Modification of the Liu and Jordan approach 
A possible modification to the Liu and Jordan approach is to express the rel
evant ratios in terms of the short-wave radiation fluxes before multiple reflec
tion. For the approach to be useful, these fluxes must themselves be expressed 
in terms of the observed radiation fluxes which include the effects of multiple 
reflection. The multiple reflection process is a function of the incoming radiation 
before multiple reflection occurs (K.J.') , the surface albedo (a) and the atmo
spheric "back-scatterance" (d) such that: 

K.J. = K.J.' + K.J.' ad + K.J.' a2d~ + .... + K.J.' andn +.... (la) 

= K.J.'/(l-ad). (1b) 

Thus K.J.' = K.J. (1 - ad) (Ic) 

If it is assumed that all the multiply-reflected radiation is diffuse 

then 

and 

D.J. = D.J.' + K.J.ad 

D.J.' = D.J. - K.J.ad 

(2) 

(3) 

where D.J.' is the diffuse short-wave radiation before multiple reflection. The 
two ratios now become: 

Kf KJ(1 -ad) 
Ko - Ko 

(4) 
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and 

Dr Dt - Kiad 
Kr = Kt(l - ad) 

(5) 

The atmospheric back-scatterance (d) may be expressed in terms of the 
back-scatterance for clear sky (f3o) and the cloud base albedo (a,.), weighted 
by the proportion of the sky hemisphere which is clear (1 - n) and covered 
by cloud (n), respectively; i.e., 

d = nac + (l - n)f3o. (6) 

This modified approach (using the ratios K!,.' / Ko and D!,.' / KJ/ rather than 
the ratios KJ,/Ko and D!,./KJ,) has been evaluated with the same data as were 
used in preparation of Fig. 1. Following the results of Moller (1965) f30 was 
taken as 0.25. Initially the cloud base albedo was assumed equal to the cloud 
top albedo enabling the values of the latter parameter as calculated by Hay 
(1970) to be used in this study. The values used are listed along with the sur
face "regional" albedo values in Table 2. However, subsequent analyses using 
a fixed vahle of cloud base albedo of 0.60 (Davies et a!., 1975; London, 1957; 
Moller, 1965) showed that the calculated values of cloud base albedo did not 
improve the relationship between the ratios. In fact, in cases where there was 
some doubt about the validity of the calculated cloud albedos (as in the case 
of Toronto Scarborough where cloud data for Toronto Malton had to be used), 
the relationship improved with the use of a constant value of 0.60 for a, .. 

It is acknowledged that no attempt has been made to standardize the input 
data as to the period of record. While the amount of averaging involved will 
tend to minimize this error it is recognized that the use of unweighted and 
non-standardized averages will likely account for some of the scatter in the 
relationships being investigated. This has been accepted as a cost incurred as 
a result of using published data. 

Fig. 2 shows the relationship between K!,.'/Ko and D~'/KJ,' for four Cana
dian stations. As a result of excluding the effect of multiple reflection, both the 
variability at a single station and the discrepancies between stations have been 
reduced. Some variability in the relationship does still exist; while part of this 
may be attributable to the limitations of the data, as noted above, the influence 
of yet other unaccounted factors cannot be ruled out. Nevertheless considera
tion of the effect of multiple reflection has obviously resulted in the removal 
of the largest portion of the variability. 

On the basis of the above results, a composite relationship was determined 
by eye and is presented in Fig. 3. In extrapolating the relationship beyond the 
limits studied in the previous analysis, the general form of the Liu and Jordan 
( 1960) relationship was maintained since they argued that there is a physical 
basis for the form of the relationship near its limits; the modifications developed 
here do not negate these fundamental controls. 

The relationship as derived here is based on data from a restricted number 
of stations and its general spatial applicability requires further independent 

Direct and Diffuse Components of Short-Wave Radiation 283 



.. 
" 

'" -- " 
[!J JAN 
C) FEB 
t. MAR 
+ APR 
X MAY 
~ JUN 
l' JUL 
R AUG 
)( SEP 
lIE OCT 
Z NIW 
t. DEC 

TOReN TO MRS 

'" .~ 
o 

['] JAN 
C) FEB 
l!. MAR 
+ APR 
X MAY 
¢ JUN 
l' JUL 
)\ AUG 
)( SEP 
lIE eCT 
z Nev 
~ DEC 

MeNTREAL 

64------T------r------.-----,------. ci4------.------r------.----~------. 

., 
" 

0.0 

[!J JAN 
C) FEB 
t. MAR 
+ APR 
X MAY 
¢ JUN 
-t JUL 
~ AUG 
)( SEP 
lIE eCT 
X Nev 

f,. DEC 

0:2 

(a) 

GeeSE 

o .B 1.0 

-) 
o 

'" 
" 

N 

" 

0.0 

[!J JAN 
C) FEB 
l!. MAR 
+ APR 
X MAY 
¢ JUN 
l' JUL 
~ AUG 
)( SEP 
lIE eCT 
z N(JV 
6 DEC 

° .2 D •• 

(b) 

REseLUTE 

o o+------.------r------r-----,------, 
0.0 0.2 0'\-+'/Koo.6 D.8 \.D 

~ 4-------,. 
0.0 0'.4 ,'/ 0'.6 ol.e 0.2 

K Ko 

(c) (d) 

Fig. 2 Relationship between the ratios of mean hourly values of the diffuse to total short
wave radiation at the surface, and of mean hourly values of the total to extra
terrestrial short-wave radiation (excluding the multiply-reflected components of the 
surface fluxes) for (a) Toronto Meteorological Research Station; (b) Montreal 
Jean Brebeuf; (c) Goose Bay; (d) Resolute. 

verification_ The necessary radiation data are not routinely observed at loca
tions other than the four stations already considered and at Toronto Scar
borough. Fig_ 4 provides a comparison between the observed diffuse radiation 
at Toronto Scarborough and that calculated using the relationship presented 
in Fig. 3, a value of 0.60 for a r, and the relevant "regional" albedos listed in 
Table 2, and cloud cover data for Toronto International Airport Malton 
(Atmospheric Environment Service, 1968) _ The results confirm the validity 
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Fig. 3 The general relationship between the ratios of the mean hourly values of the 
diffuse to total short-wave radiation at the surface, and of mean hourly values of 
the total to extraterrestrial short-wave radiation (excluding the multiply reflected 
components of the surface fluxes). 
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Fig. 4 Comparison of observed and calculated diffuse short-wave radiation for Toronto 
Scarborough. 
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Fig. 5 Comparison of the diffuse short-wave radiation calculated according to Hay 
(1970) and using the relationship derived in the present study. 

of the relationship which allows for multiple reflection, despite the possible 
inappropriateness of the cloud data. 

Hay (1970) has presented maps of the monthly mean total and direct short
wave radiation for Canada from which the relevant data can be obtained for 
selected locations in order to further test the relationship. The radiation maps 
are based on calculated rather than observed data but may be considered a 
totally independent data set with which to test the relationship developed in 
the present study. Only the "regional" albedos are common to the two ap
proaches since the earlier study calculated the radiation fluxes by the application 
of appropriate absorption and scattering coefficients to the extraterrestrial 
radiation. 

Fig. 5 presents the results of a comparison of the two independent methods 
for five locations across southern Canada. The majority of the differences 
between the two methods are within the indicated limit of 5 per cent, an ap
propriate accuracy according to Latimer (1972). Thus the widespread regional 
applicability of the revised relationship is proven. 
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5 Conclusions 
Much of the regional and temporal disparities in the Liu and Jordan type rela
tionship can be attributed to the influence of multiple reflection. With this 
process taken into account the variability in the relationship is substantially 
reduced. Its effectiveness in estimating diffuse radiation was evaluated using 
two independent data sets, with one demonstrating the general regional ap
plicability of the model. The use of constant values for cloud base albedo and 
the clear sky back-scatterance means that the only additional data require
ments are cloud cover and an estimate of "regional" albedo. Given these 
values, the relationship presented here provides a more general method for 
calculating the diffuse short-wave radiation from the total short-wave radiation. 
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ABSTRACT 

Monthly rainfall extremes have been 
analyzed for three stations in Southern 
Ontario. The double exponential 
probability distribution was fitted to 
the extreme values for each month 
considered, each duration selected, 
and sets of annual extremes. A sta
tion-year approach yielded monthly 
and annual extreme value distribu
tions for the lumped region of 
Southern Ontario. The analysis has 
revealed a pronounced seasonal pat
tern in the rainfall extremes - the 

1 Introduction 

amount of rain expected with a se
lected probability of occurrence dur
ing the summer being considerably 
greater than the rainfall that might 
be expected to be exceeded at the 
same probability level during the 
spring or fall. The extent of the 
seasonal variability was found also to 
vary with duration. The implications 
of the variability are seen to be sig
nificant for the estimation of the 
magnitude and frequency of floods. 

Data regarding extreme rainfalls are often very useful for hydrologists and 
water resources engineers. Rainfall magnitude and frequency information is 
used extensively for the prediction of design floods and the probability of occur
rence of such flows. 

Historically, flood prediction approaches have equated flood frequency to 
that of the associated rainfall event (Chow, 1962; Spencer and Dickinson, 
1970). Researchers have demonstrated that, at least in rural areas, these ap
proaches prove to be problematic as there is virtually no correlation between 
rainfall and runoff frequencies for selected events (Hiemstra and Reich, 1967; 
Matheson, 1975). In fact, as the manner in which the watershed system operates 
upon rainfall input varies dramatically from season to season, relationships 
between rainfall and runoff frequencies must be dependent upon seasonal vari
ables. 

Therefore, to identify aspects of rainfall input relevant to watershed response, 
it is important to consider the seasonal variability of extreme rainfall charac
teristics. A method of approaching this task is presented below with reference 
to data for Southern Ontario. 

2 Monthly rainfall extremes 
Monthly rainfall extremes of 5-, 10-,15-,30-,60-, 120-,360-, 720-, and 1440-
min durations have been analyzed for three stations in Southern Ontario. The 
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TABLE 1. Correlation coefficients for Gumbel extremal distributions fitted to monthly and annual 
rainfall extremes in Southern Ontario 

Time Interval 
Duration: 

minutes Apr May Jun Jul Aug Sep Oct Nov Year 

10 0.975 0.946 0.976 0.990 0.960 0.951 0.977 0.980 0.977 
30 0.983 0.949 0.978 0.983 0.952 0.921 0.970 0.984 0.968 
60 0.986 0.948 0.966 0.992 0.965 0.912 0.958 0.970 0.978 

360 0.978 0.969 0.966 0.973 0.983 0.963 0.960 0.979 0.977 
720 9.978 0.978 0.962 0.982 0.988 0.972 0.969 0.980 0.986 

1440 0.975 0.987 0.955 0.986 0.979 0.970 9.965 0.982 0.984 

monthly extremal information has been available for the months of April 
through November for London, St Thomas, and Toronto for periods of 35, 50, 
and 35 years respectively. Data for the winter months of December through 
March were not analyzed as most precipitation during this season is in the form 
of snow. Extreme rainfalls in these months are rare and are generally small in 
comparison to amounts occurring during the rest of the year. 

The Gumbel (double exponential) distribution was fitted to the extreme 
values for each month considered and each duration selected. The sets of 
annual extremes for the durations at each station were also fitted with the same 
form of distribution. Fitting was achieved in all cases by the method of 
moments, and the goodness of fit was examined with regard to both correlation 
coefficients and control curves. The average correlation coefficients shown in 
Table 1 reveal that the Gumbel distribution represents yearly and monthly 
rainfall extremes equally well. 

~~--------------------------------, 
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Fig. 1 Monthly and annual extreme value distributions for 30-min storm rainfall at 
London, Ontario. 
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Fig. 2 Monthly and annual extreme value distributions for 30-min storm rainfall at 
Toronto, Ontario. 

Although there has been no attempt in the study to fit other distributions to 
the rainfall extremes, consideration was given to the (jd(j~ ratio referred to by 
Jenkinson (1955) and Krishnan and Kushwaha (1975), where (jl is the 
standard deviation of the set of extreme values and (jz is the standard deviation 
of the greater members in pairs of extremes. The Gumbel distribution is most 
applicable when (jl = (I"~, tending to yield overestimates when (I"l > (I"z and 
underestimates when (I"l < (I"2. Determinations of the ratio for data sets for all 
months and the range of durations revealed an average ratio of 1.00 and no 
apparent trends with either season or duration. Sampling errors and the pres
ence of outlier points in the data appeared to be the causes of variations in the 
ratio. From these results, it follows that the Gumbel distribution should rep
resent the data well. 

Examples of the fitted monthly and annual extreme value distributions are 
presented in Figs 1 and 2. Although the periods of record considered were 35 
to 50 years in length, the results revealed considerable scatter attributable to 
sampling error. In order to reduce such effects, the data for the three locations 
were combined by means of a station-year approach to yield monthly and an
nual extreme value distributions for the lumped region of Southern Ontario. 
An example of these results is presented in Fig. 3. 

3 Seasonal variability of parameters 
Figs 1, 2, and 3 reveal that for the climatic region studied there is a pro

nounced seasonal pattern of rain extremes. The return period associated with 
selected rainfall amounts occurring during the summer months is considerably 
smaller than that associated with the same amounts occurring during the spring 
or fall. For example, the return period for a 20 mm rainfall occurring in 30 
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Fig. 3 Monthly and annual extreme value distributions for 30-min 
Southern Ontario. 

storm rainfall in 

minutes at a point in Toronto during a particular summer month is approxi
mately 10 years; for the same event occurring in a spring or fall month, the re
turn period is > 1 00 years. The amount of rain expected with a selected prob
ability of occurrence during the summer is about double the rainfall that might 
be expected to be exceeded at the same probability level during the spring 
and fall. 

The seasonal pattern was found to be the same for all durations, with the 
extent of variability a function of duration. The effect of duration is revealed 
in the variability of the means and standard deviations of the monthly extremal 
data, presented in Figs 4 and 5 respectively. The extremal distribution for any 
selected month and duration may be determined from the relationship, 

P[X ] 
_ _e-(a+x)/c 

~ X - e 
where P[X ~ x] = the probability of the variate X being equal to or smaller 

than the value x, 
a = 0.450ax - p., 
c = 0.780ax, 
p. = the mean of the monthly extreme rainfall, and 

ax = the standard deviation of the monthly extreme rainfall. 
Although the range of seasonal variability among the means appears most 

peaked for the middle durations in Fig. 4, the ratios of the means in relation to 

Seasonal Variability of Rainfall Extremes 291 



Jo r---------------~~~--~------------, 

APR MAY JI.IN JI.IL Aut; SEP OCT NOV 

Fig. 4 Means of monthly extreme rainfall distributions for selected storm durations in 
Southern Ontario. 

the April means reveals in Fig. 6 that the range decreases continuously as 
duration increases. The mean summer extreme rainfall of short duration is 
more than twice the April mean extreme, while the summer 24 hourly mean 
extreme is very similar to the April mean. 

Fig. 7 reveals that the range in standard deviations of monthly extreme rain
falls is greatest for the 30-, 60-, and 120-min durations. Although the slope of 
the monthly extremal distributions increases continuously with duration, the 
range of slopes decreases as duration grows shorter and longer than one hour. 

The seasonal pattern in rainfall extremes is attributable to an increase in 
short-duration convective storm activity during the months of June through 
September. The pattern in Fig. 7 would also suggest that the storm durations 
for which this activity is most pronounced is between 30 min and 2 hours. 
There is also evidence that, for rainfalls occurring in durations of less than 6 
hours and during the months of April through November, rainfall extremes are 
least in November. 

The seasonal variability of extremes in conjunction with storm duration can 
be summarized in the form of monthly depth vs duration curves for selected 
return periods. An example of this format is shown in Fig. 8. 

4 Annual extremes from monthly data 
If a year is considered to be composed of monthly intervals, and if for each 
interval there exists an independent extremal probability distribution for rain-
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Fig. 5 Standard deviations of monthly extreme rainfall distributions for selected storm 
durations in Southern Ontario. 

fall amounts occurring in specific durations, the probability of a selected rain
fall event not being exceeded in a year may be expressed as the product of the 
monthly non-exceedance probabilities. That is, 

Py[X < x] = PI [X < x] x P2 [X < x] x ... x Pn[X < x] 
n 

= Il Pi[X < x] (1) 
i= 1 

where Py[X < x] = the probability of x not being exceeded in a year, i.e. n time 
intervals, and 

Pi[X < x] = the probability of x not being exceeded in the ith time 
interval. 

Then the probability of x being equalled or exceeded in a year may be ex
pressed, 

n 

PlX ~ x] = 1 - Il Fi[X < x] . (2) 
i= 1 

When monthly rainfall extremes are represented with the Gumbel distribution, 
the probability of a selected rainfall event being equalled or exceeded in a year 
may then be expressed, 

PlX ~ x] = 1 (3) 
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Fig. 6 Ratios of monthly mean extremes for selected storm durations in Southern 
Ontario. 

where ai' C i = the parameters of the Gumbel double exponential distribution 
representing the extremes in the ith time interval. 

This approach was employed to estimate the distribution of annual rainfall 
extremes for each duration considered at the Southern Ontario stations. Exam
ples of the results are shown in Figs 1,2,3, and 8. 

The annual extremal distributions developed with expression (3) are not of 
double exponential form. However, except for data sets in which serious out
liers exist, these distributions closely approximate double exponential distribu
tions fitted to annual extremes. Where outliers do exist, the approach involving 
expression (3) greatly reduces the effect of outliers on the estimated annual 
distribution. 

S Summary comments 
Short-duration convective storm activity during the summer months causes 
a pronounced seasonal pattern in extreme rainfall amounts in Southern Ontario. 
The amount of rain expected with a selected probability of occurrence during 
the summer is considerably greater than the rainfall that might be expected to 
be exceeded at the same probability level during the spring or fall. Although 
the pattern is similar for all storm durations from 5 minutes to 24 hours, the 
extent of the seasonal variability varies with duration. Variations in slope of 
the monthly extreme rainfall relationships are greatest for a storm duration of 
one hour. 
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Fig. 7 Ratios of monthly standard deviations of extremes for selected storm duration 
in Southern Ontario. 
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Fig. 8 Monthly depth vs duration curves for storms of lO-year return period in Southern 
Ontario. 
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The implications of this seasonal variability are significant for the estimation 
of flood peaks and their frequency of occurrence. Nthough rainfall extremes 
are most likely to OCCUI during the summer months, peak streamflow in South
ern Ontario occurs most freq uently during the winter and spring period . There
fore, watershed moisture and cover conditions significantly moderate summer 
rainla lls but exert a much smaller effect on spring storms. lnformation regard
ing the nature of rainfall extremes in the spring months may lead to improved 
understanding and prediction of the runoff vs rainfall relationships not only 
during that period but also throughout the year. 
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CALL FOR PAPERS - ELEVENTH ANNUAL CONGRESS 

The Eleventh Annual Congress and Annual General Meeting of the Canadian 
Meteorological Society will be held at the Winnipeg Convention Centre, Winni
peg, Manitoba on 1-2-3 June 1977. The weather and c1imale of the plains 
areas of Canada and the United States will be explored in the congress theme, 
"The Meteorology of the Great Plains." Sessions are also planned on physical 
meteorology, weather forecasting, micrometeorology, hydrometeorology, 
agricultu ral and forest meteorology, air pollution, and other lopics according 
to the papers submitted. 

The Oceanography Division of the Society will be featu ring the Canadian 
Arctic, with additiona1 sessions on limnology, estuaries and coastal processes, 
and offshore oceanography. Contributions relaled to these areas are invited 
from all branches of oceanography and li mnology. Contributions from biolog
ical, chemical and geological oceanographers, and Iimnologists are particularly 
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encouraged. Invited speakers will present overview papers at the start of each 
session. 

Titles and definitive abstracts of up to 300 words should reach the Program 
Committee nO later than IS February 1977. Meteorological papers should 
be sent to Mr Hugh M. Fraser, Atmospheric Environment Service, 600 - 185 
Carlton Street, Winnipeg, Manitoba R3C 3J I. Oceanographic contributions 
should be addressed to Dr Noel Boston, Beak Consultants, Ste 602 - 1550 
Nberni Street, Vancouver, B.C. V6G lAS. 

The congress will use the modern facilities of the Winnipeg Convention 
Centre with accommodation in convenient hotels. Further information will 
appear in the Society'S journal Atmosphere or may be obtained from the Con
gress Coordinator, Mr A.H. Lamont, Atmospheric Environment Service, 
600 - 185 Carlton Street, Winnipeg, Manitoba R3C 3J I. 

SOLLICITATION DE PAPIERS - ONZIEME CONGRES 

Le onzieme congr.s annuel et I'assemblee generale annuclle de la Societe 
met<,orologique du Canada sc tiendra au Centre des conventions it Winnipeg 
au Manitoba, les 1- 2-3 juin 1977. Le temps et Ie dim at des plaines du Canada 
et des Etats Unis seront etudies dans Ie cadre du theme "La Meteorologie des 
Grandes Plaines." Des seances sur la meteorologie physique, la prevision du 
temps, la rnicromctcorologie, l'hydromctcorologie, Ja meteorologie [oresuere 
et agricole, la pollution de I'air sont egalement prevues. D'autres sujets seront 
indus suivant les papiers soumis. 

La Division oceanographique de la Societe aura comme sujet principal 
l'arctique canadien. Des seances supplementaires porteront sur la limnologie, 
sur les processus relatifs aux estuaires et aux littoraux et egalemcnt sur 
l'oceanographie au large des cotes. Nous invitons tOlltes les composantes de 
I'oceanographie ct de la limooJogie a participer par des contributions dans 
les domaines prccit.s. On encourage plus particulierement les oceanographes 
specialistes en biologie, en chimie et en geologie ainsi que les limnologistes a 
participer. Les conferenciers invites presenteront des syntheses de leurs do
maincs d'activitc. au debut de chaque seance. 

Les titres et les resumes definitifs con tenant jusqu'a 300 mots devront 
parvenir au Comito du programme avant Ie IS fevrier 1977. La documentation 
meteorologique devra elrc envoyec a M. Hugh M. Fraser, Service de l'environ
nement atmospherique, 600-185 rue Carlton, Winnipeg, Manitoba R3C 3J1. 
Les papiers sur I'oceanographic devront eire adresses au Dr Noel Boston, 
Beak Consultants, Stc 602-1550 rue Alberni, Vancouver, British Columbia 
V6G lAS. 

Le congres utilisera les instaUations modernes du Centre des conventions 
de Winnipeg et Jes invites seront heberges dans des hotels avoisinants. De plus 
amples renseignements seront donnes dans Ie periodique de la Societe, A tmo
sphere. On peut ega lement s' informer aupres du Coordonnateur, M. A.H. 
Lamont, Service de I'environnement atmospherique, 600-185 rue Carlton, 
Winnipeg, Manitoba R3C 3J I. 

Call for Papers - Eleventh Annual Congress 297 



Modelling Direct, Diffuse, and Total Solar Radiation 
for Cloudless Days 

P. W. Suckling 

and 

J.E. Hay 
Department of Geography, University of British Columbia, Vancouver 

[Manuscript received 14 June 1976; in revised form 1 October 1976] 

ABSTRACT 

A simple form of solar radiation 
model was analysed for cloudless days 
for Goose, Nftd., Port Hardy, B.C., 
and Edmonton, Alta. Performance for 
daily values of total solar radiation 
was satisfactory; however, data for 
Goose indicated that the model over
and under-estimated the direct and 

1 Introduction 

diffuse components of solar radiation, 
respectively. Modifications, including 
solving for an aerosol parameter k and 
substituting 0.6 forward scattering in
stead of the more commonly used 0.5, 
improved model performance for di
rect and diffuse radiation. 

Recently, interest in the spatial distribution of solar radiation has increased 
especially with respect to the potential utilization of solar energy (Chant and 
Ruth, 1975; Hay, 1975). It has been shown that interpolation of solar radiation 
values from existing measuring stations can result in significant errors (Wilson 
and Petzold, 1972; Suckling and Hay, 1976). An alternative is the numerical 
model utilizing standard synoptic weather data available for numerous loca
tions and this approach must be implemented in order to supplement the 
available solar radiation data. 

Based on the original work of Houghton (1954), several researchers have 
developed and utilized a simple model for the estimation of solar radiation 
incident on a horizontal surface under cloudless skies (Monteith, 1962; Idso, 
1969, 1970; Hay, 1970a; Davies et aI., 1975). The model was shown to per
form well in these studies. However, some applications in the fields of solar 
energy and air pollution studies among others require the knowledge of the 
direct and diffuse components of the total solar radiation separately. It is the 
purpose of this paper to report on the performance of the Houghton model in 
this regard and on the modifications required to obtain reasonable estimates 
of the direct and diffuse components. 

2 Solar radiation model 
On cloudless days, solar radiation received at the surface (Kl-) is the residual 
of the extraterrestrial radiation at the top of the atmosphere, depleted by atmo-
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spheric absorption and scattering. As shown in previous studies (Idso, 1969; 
Hay, 1970a; Davies et aI., 1975) the direct beam radiation, S, at the surface 
can be expressed as: 

(1) 

where 10 is the solar constant (1353 W m-:!, Thekaekara and Drummond, 
1971 ), Z is the solar zenith angle and the"" terms are transmission functions 
after water vapour absorption, aerosol or dust absorption, water vapour scat
tering, Rayleigh scattering, and aerosol or dust scattering respectively. Follow
ing Houghton (1954), absorption of the solar beam was assumed to occur 
before scattering and half of the aerosol or dust depletion was assumed to be 
due to absorption. 

The scattered portion of the direct beam reaching the ground, D" can be 
expressed as follows, assuming half of the scattered radiation reaches the 
surface: 

(2) 

An additional term representing the first order component of the multiply
reflected radiation, D 1), was added following the work of Hay (1970a): 

(3) 

where a is the surface reflection coefficient or albedo and the b subscripts in 
the "" terms represent the transmissions for diffuse radiation with optical air 
mass m = 1.66. Albedo was assumed to be 0.2 with no snow cover and 0.8 
with snow. Equation (3) represents the first term of a geometric series. There
fore, 

(3a) 

where 

(3b) 

For computation, the first order term given by equation (3) was used. The 
incoming diffuse radiation (Dt) is the sum 

Dt = D .. + Do, (4) 

and global radiation is the sum of the direct and diffuse components: 

Kt =S+Dt. (5) 

The transmission functions used are those expressed by Davies et al. (1975) 
as follows: 

.frs = 0.972 - O.08262m + O.00933m2 - O.00095m 3 + 0.0000437m4
, (6) 

.fws = I - O.0225mu, (7) 

,!J
lVa 

= 1 - O.077(mu)O.3, (8) 

and (9) 
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where m is the optical air mass, u is precipitable water in centimetres and K is 
an aerosol or dust parameter. The formulations for "'r" and "''''. are from 
Houghton's original curves. The optical air mass was calculated for hourly 
periods using the formulation of Kasten ( 1966) for relative optical air mass, m,: 

mr(Z) = l/[cos Z + 0.15 (93.885 - Z) -1.253], 

and then corrected for pressure, p (in mb), as: 

m,(Z)p 
m(Z) = 1013.25 . 

(10) 

(11) 

Precipitable water u was calculated using 0000 and 1200 h GMT radiosonde 
observations by the method of Hay (l970b). The formulation for "'lOa is that 
proposed by McDonald (1960). For the aerosol or dust term, Houghton 
(1954) assumed equality between "'da. and o/d" 

"'da = o/ds = km, (12) 

where k was given the value 0.975. This corresponds to I( = 0.95 in (9). 

3 Performance of the unmodified solar radiation model 
Hourly meteorological data from the Atmospheric Environment Service of 
Canada were analysed for each of the following locations: Goose, Nftd., Port 
Hardy, B.C., and Edmonton, Alta. The available period of record is indicated 
in Table 1. These stations were chosen as a consequence of the availability of 
surface hourly, upper air, and radiation data and because of a desire for loca
tions representative of contrasting atmospheric environments. Days with cloud
less skies during the daylight periods were identified with allowance for up to 
four hourly observations of one-tenth cloud cover being accepted as "cloud
less." Table 2 lists the days utilized both for model development and subsequent 
independent testing. 

TABLE 1. Locations and periods of available data record used in this 
study 

----

Goose Port Hardy Edmonton 

Latitude 53°19'N 500 41'N 53'34'N 

Longitude 6Oo25'W 127°22'W 1I3°31'W 

Period of 
available 
data record 1964-1975 1968-1972 1960-1971 

Modelled values of solar radiation were calculated for hourly periods and 
summed to obtain daily totals for the first group of days for each location. 
These hourly and daily totals were compared to measured values as reported 
in the Monthly Radiation Summary (Atmospheric Environment Service, 
Toronto, Canada). Model performance is summarized in Table 3 using both 
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• TABLE 2. "Cloudless" days utilized in this study 

(a) Model Development: 
Goose 

Jan. 8 1964 
Jan. 19 1964 
Mar. 11 1964 
Mar. 14 1964 
Apr. 20 1964 
Jan. 24 1965 
Jan. 6 1966 
Mar. 18 1966 
May 17 1966 
Jan. 24 1967 
Feb. 3 1967 
Apr. 7 1967 
Dec. 11 1967 
Jan. 31 1968 
Mar. 21 1968 

Total # days: 15 

(b) Independent testing: 
Goose 

Jan. 6 1969 
Feb. 24 1969 
Feb. 26 1969 
Feb. 27 1969 
Feb. 17 1971 
Feb. 23 1971 
Feb. 20 1973 
Mar. 2 1973 
Jan. 26 1974 
Mar. 9 1974 
Apr. 28 1974 
Feb. 22 1975 

Total # days: 12 

Port Hardy 

Jan. 26 1968 
Feb. 9 1968 
Feb. 12 1968 
Feb. 15 1968 
Feb. 27 J968 
Mar. 6 1969 
Mar. 10 1969 
Mar. 11 1969 
Oct. 13 1969 
Jan. 16 1970 
Mar. 1 1970 
Mar. 9 1970 
July 27 1971 
July 29 1971 
Oct. 27 1971 

15 

Port Hardy 

May 6 1972 
Oct. 12 1972 
Oct. 16 1972 
Nov. 15 1972 
Dec. 3 1972 

5 

Edmonton 

Aug. 9 1960 
Nov. 27 1960 
Mar. 18 1961 
Sept. 13 1961 
Sept. 14 1961 
May 21 1963 
May 22 1963 
Sept. 28 1963 
Oct. 7 1964 
Oct. 8 1964 
Feb. 2 1965 
Mar. 19 1965 
Dec. 13 1965 
Jan. 19 1966 
May 6 1966 
May 8 1966 
Aug .. 22 1966 
Sept. 17 1967 

18 

Edmonton 

Feb. 10 1968 
May 19 1968 
Nov. 7 J968 
June 8 1969 
Oct. 17 1969 
Oct. 30 1970 
Nov. 4 1970 
Nov. 22 1970 
May 12 1971 
July 29 1971 

10 
---------------------------------

relative and absolute values of the root mean square error and the average 
bias error. The latter i, included in the RMS errors. Daily performance is shown 
in Fig. 1. Considering that measurement errors for solar radiation are com
monly 5 per cent of the measured flux (Latimer, 1972), Table 3 indicates that 
the accuracy of this model for daily totals of Kj, is acceptable. The root mean 
square error values of less than 1.5 MJ m- 2 day-l are considerably less than 
the average expected differece of at least ::!::3.5 MJ m- 2 day-l found by 
Suckling and Hay (1976) for extrapolations of measured solar radiation over 
distances of greater than 250 km. This latter study involved days with all sky 
conditions whereas the present study is for cloudless days only. Although 
greater relative errors are expected when considering all conditions, cloudless 
days tend to have high incident radiation and hence small relative errors might 
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TABLE 3. Performance of unmodified Houghton model for model development days 

(a) Daily Totals: 

Location 

Goose 
Goose 
Goose 
Port Hardy 
Edmonton 

(b) Hourly Values: 

";' ",30 
a 

-0 
N 
'E 

~20 

.... 
'" -0 
~10 
o 
o 
u 

o 

Location 

Goose 
Goose 
Goose 
Port Hardy 
Edmonton 

(a) GOOSE 

Radiation 
Component 

K~ 
S 
D~ 
K~ 
K~ 

Radiation 
Component 

";-",30 
o 

-0 

"E 
~ 20 

.... 
'" -0 
!10 
o 
o 
u 

Root Mean Square Error 
(MJm- 2 day-I) (Percentage) 

0.56 
0.76 
0.72 
0.97 
1.45 

Root Mean 
Square Error 
(KJ m- 2 h-') 

75.3 
92.9 
73.4 

128.5 
134.5 

4.3 
7.5 

23.6 
7.3 
8.2 

Average 
Per cent 

Deviation 
From 

Measured 

0.0 
4.7 

-13.3 
+4.9 
-0.9 

(b) PORT HARDY (e) EDMONTON 

.... 
'" 
~ 10 

o 
u 

, 

o 0 

, 

U o~~-~~-~~~-
o 10 20 30 
Mea5Ured K.I 1M) m-2 day'l) 

u 0,..jL.~-~~-~~~- u o.jL---,.-,----,---,--,-----,-
o 10 20 30 0 10 20 30 
Measured K.I (M) m-2 day-l) Measured K.I 1M) m-2 day'1) 

Fig. 1 Daily performance of the unmodified Houghton solar radiation model for model 
deVelopment days. 

still create large absolute errors. Despite the above, this study shows that the 
model yields errors of small absolute magnitude. In relative terms, errors of 
less than 10% for daily totals of KJ, (including the average bias) were found. 
Further work is to be carried out modelling solar radiation under all sky con
ditions which will provide a more direct comparison with the extrapolation 
errors discussed by Suckling and Hay (1976). 

Diffuse radiation values were available only for Goose. The direct com
ponent is calculated as the difference between KJ, and DJ,. As shown in Table 3, 
daily totals of Sand DJ, were over- and under-estimated respectively. In fact, 

302 P.W. Suckling and J.E. Hay 



S was over-estimated for all but two days and DL under-estimated in all but 
one case and the root mean square error values were generally larger than those 
for KJ,. It can be seen that the deviations between calculated and measured 
values of Sand DJ, are large and systematic and therefore modifications are 
necessary to improve estimates of these components. 

4 Modified solar radiation model 
Thc partitioning of solar radiation between its direct and diffuse components 
can be effected by aerosol or dust scattering and absorption. The value of k in 
(12) was therefore evaluated for hourly periods for Goose by solving for 
I~d( = tPrla = tPr7s) in (1), 

f - ( S ) 1/2 
d - [0 cos Zfwafws'Prs. . 

(13) 

The hourly values of k were weighted according to the incident S when deter
mining daily mean values. The average of these daily values for the days indi
cated in Table 2(a) was 0.965 with a range of 0.947 to 0.fJ77. The calculated 
values of k are thus generally lower than the previously assumed value of 0.975. 
The use of the new value of k naturally leads to an accurate estimate of S on an 
average while the diffuse radiation was still under-estimated, but in this case 
by 12 % or with a root mean square error of 0.66 MJ m - 2 day -1. 

The unmodified model assumed that forward- and back-scattering were equal 
and thus half of the scattered radiation reaches the ground as diffuse radiation. 
While this is true of molecular scattering, scattering by other aerosol particles is 
directed preferentially forward (Robinson, 1963). With k = 0.965 for Goose, 

TABLE 4. Performance of the modified model for model development days 

(a) Daily Totals: 
Average 
Per cent 

Root Mean Square Error Deviation 
Radiation From 

Location Component (MJ m- 2 day-') (Percentage) Measured 

Goose K~ 0.64 4.9 -2.1 
Goose S 0.51 5.1 -2.1 
Goose Dt 0.48 15.7 -2.9 
Port Hardy Kt 0.57 4.3 -1. 1 
Edmonton Kt 1.36 7.7 -3.4 

(b) Hourly Values: 
Root Mean 

Radiation Square Error 
Location Component (KJ m- 2 h-') 

Goose Kl 78.2 
Goose S 68.7 
Goose Dl 49.4 
Port Hardy K~ 97.7 
Edmonton K~ 130.6 
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Fig. 2 Measured and calculated values of diffuse solar radiation from the unmodified 
and modified models for Goose for model development days. 

the ratio of forward- to back-scattering was varied in order to determine the 
value which minimized the error in the estimate of the diffuse radiation. Values 
of 0.6 forward- and 0.4 back-scattering in place of 0.5 in (2) and (3), 
respectively, tended to improve model accuracy. Lettau and Lettau (1969) 
have used values of forward- and back-scattering of 21:3 and 1/3, which are not 
dissimilar from the revised values considered here. 

Table 4 shows the performance of this modified model. For Goose, com
pared with the unmodified model (Table 3), the revised model shows a small 
deterioration in K~ estimation. However, substantial improvement is seen for 
both S and D~. Fig. 2 indicates the improved performance of the modified 
model in estimating daily values of cloudless sky diffuse solar radiation at 
Goose. 

In order to apply the modified model to stations without diffuse radiation 
data, a method for determining the aerosol parameter k in equation (12) from 
K~, rather than S must be developed. For a dust-free atmosphere (indicated by 
a prime in the following equations), 

S' = locos Z "'wa"'ws"'rs. 

D's = 0.6 locos Z "'wa (1 - "'ws"'rs) , 

D'b = a(S' + D's) (0.4 "'wab(1 - "'wsb"'rsb»' 

Therefore, the value of the dust-free cloudless sky global radiation is 

K,j,' = S' + D's + D'b. 
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A combination of (4), (5), and (17) can be used to derive a ratio X as 

KL S + Ds + Db 
X = KL' = S' + D's + D'b . 

(18) 

To facilitate computations, the first order component of the multiply-reflected 
radiation was omitted. Therefore, 

x . S + Ds 
= S' + D's' 

(19) 

Substituting from equations (1), (2), (14), and (15) into equation (19), 

+ 0.610 cos Z l/lwa - 0.610 cos Z l/lwal/lwsl/lrs). (20) 

If Y represents the denominator of equation (20), 

X = (10 cos ZI/JwaI/Jwsifrs -:.610 cos ZifwaifwsI/Jrs) I/J/ 

(
0.610 cos Zif;wa) .1. 

+ Y 'f'd' 
(21) 

which is in the form of a quadratic equation. Solving this, a positive value 
of l/ld can be determined and then substituted into (12) to obtain hourly 
values of the aerosol parameter k. Mean daily values were then calculated 
weighted according to incident Ki. With this method, an average daily value 
of k = 0.965 for the 15 days was again obtained for Goose, indicating that the 
decision to omit the first order component of the multiply-reflected radiation 
in the calculation of k does not generally invalidate this approach. 

The same method, with the multiple reflection terms omitted, was also used 
to evaluate average values of k for Port Hardy and Edmonton. Values of 0.95 
(with a range in mean daily values of 0.924 to 0.965) and 0.96 (range 0.915 
to 0.977) were obtained for these two locations, respectively. Davies et al. 
(1975) obtained a value of K = 0.88 which results in, through (9) and 
(12), a value for k of 0.94 for the Lake Ontario area. Lower values in 
their study compared to the stations reported here are consistent with the 
general higher level of atmospheric pollution associated with the high concen
tration of industrial activity in the southern Ontario region. With the appro
priate mean values of k and a forward scattering factor of 0.6, Ki was calculated 
for Port Hardy and Edmonton. It is necessary to assume a value for this latter 
factor in the absence of diffuse radiation data for Port Hardy and Edmonton. 
Thus, the value of 0.6 used for Goose was assigned. Although absent in the 
calculation of k, the multiple reflection term is again included in the final 
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TABLE 5. Performance of the unmodified and modified models on independent data 

(a) Daily Totals: 
Root Mean Square Errors Average Per cent 

Deviation 
k unmodified modified from Measured 

for modified Radiation 
'"C Location model Component (MJ m- 2 day-I) (%) (MJ m- 2 day-I) (%) unmodified modified 

~ Goose 0.965 Kl 0.83 7.0 0.63 5.3 +5.5 +3.4 
(/J Goose 0.965 S 0.97 10.6 0.59 6.4 +9.5 +2.8 r:: 
(") Goose 0.965 D 0.31 11.4 0.37 13.7 -4.6 +7.3 
::s:: Port Hardy 0.95 Kl 0.67 5.3 0.41 3.4 +2.5 -4.2 S· Edmonton 0.96 Kl 2.06 13.4 1.77 11.5 +8.6 +5.8 (Jq 

~ 
:::l (b) Hourly Values: 0.. 
'--< Root Mean 

~ Square Errors 

::r: k (KJ m- 2 h- I) 
for modified Radiation 

~ Location model Component unmodified modified 

Goose 0.965 Kl 99.6 82.4 
Goose 0.965 S 117.5 82.5 
Goose 0.965 D 41.9 46.6 
Port Hardy 0.95 Kl 78.3 60.3 
Edmonton 0.96 Kl 188.7 167.4 



calculation of the radiation fluxes and is thus comparable to the calculations 
for Goose. Performance of this modified model for these stations is also shown 
in Table 4. Whereas the modified model showed slight deterioration for KJ
estimation at Goose, comparison of Tables 4 and 3 indicates slight reductions 
in the root mean square errors, both in absolute and relative terms, for Edmon
ton and substantial reductions for Port Hardy. 

5 Independent data tests 
The cloudless days listed in Table 2 (b) were used to test the modified model 
with independent data from each of the three locations. The values of k found 
in section 4 were used for the modified model, and for comparison, the un
modified model discussed in section 3 was also used to evaluate solar radiation 
for these days. The performance of these two models for KJ-, S, and Dt estima
tion at Goose and for Kt estimation at both Port Hardy and Edmonton is sum
marized in Table 5. For both daily totals and hourly values, root mean square 
errors for the modified model were generally less and in some situations appre
ciable reductions in error were achieved. This indicates that the above modi
fications are advantageous. One exception is for diffuse radiation estimation 
at Goose where a deterioration occurred in the independent testing of the modi
fied model, despite substantial improvement in the initial testing of the same 
model. 

6 Conclusion 
A simple form of the solar radiation model for cloudless skies based on the 
original work of Houghton (1954) performed well for daily totals of solar 
radiation for Goose, Nfld., Port Hardy, B.c., and Edmonton, Alta. However, 
values of direct and diffuse radiation were over-estimated and under-estimated 
respectively for Goose, Nfid. Modifications including solving for the aerosol 
parameter k and substituting 0.6 forward scattering for the original 0.5 assump
tion improved model performance considerably for both hourly and daily values 
of direct and diffuse solar radiation, except as noted in section 5. Slight improve
ments in total solar radiation estimation were also evident for Port Hardy and 
Edmonton. Tests on independent data confirmed the usefulness of the previ
ously calculated k values. These modifications may not be warranted when 
considering total solar radiation only; however, the above results indicate that 
they are certainly advantageous when the direct and diffuse components are 
desired. 

In order to use this model, a value of k in (12) must first be chosen. Based 
on this study, a value somewhat lower than Houghton's 0.975 would seem to 
be appropriate. With knowledge of air mass (from (10) and (11» and pre
cipitable water, the direct and diffuse components of solar radiation can be 
found utilizing (1) through (4) and the total solar radiation from (5). 

Subsequent work to extend this model will involve the incorporation of days 
with cloud under a variety of synoptic regimes. 
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NOTES AND CORRESPONDENCE 

ACCESS TO STATION HISTORIES FOR STUDIES OF 

CLIMATIC CHANGE: AN APPEAL FOR IMPROVEMENT 

AJ.W. Catchpole and C. Ponce 
Department of Geography, University of Manitoba, Winnipeg 

The mid-seventies are witnessing a surge in public concern with climatic change. 
Journalists, economists, and politicians are posing questions which, to them, 
appear to be simple and direct, and they expect the climatologist to respond 
with precise answers about climatic change. Of course, the climatologist is 
aware of a multitude of factors that obscure the nature of climatic change, and 
one such factor is the inhomogeneity of many long-term climatological records. 
As weather stations change their locality, as obstacles develop near instrument 
enclosures, or as instruments are replaced, repaired, or adjusted, so too the 
quality of climatological data changes. Consequently, all studies of long-term 
trends in climatic data should endeavour to discriminate between the real effects 
of climatic change and the effects of changes in the circumstances of obser
vation. 

This note refers to an attempt to survey the history of observational practices 
within a network of widely scattered stations in Canada. The survey procedure 
was predicated on the assumption that at each station there would be on file 
dates of change in location of the station, dates of re-siting of instruments within 
the station, dates when inspection detected faulty instrument exposure, dates 
when instruments were replaced, repaired, or adjusted, and dates when inspec
tion detected faulty instrumentation. It was assumed that it would be a simple 
matter to retrieve this information from the station files and that the survey 
could be conducted by correspondence. The results of this survey are dis
appointing since they indicate that crucial historical information cannot easily 
be obtained. 

This survey was associated with a study of long-term variations of total 
annual bright sunshine measured by the Campbell-Stokes sunshine recorder 
at 19 Canadian stations. Changes in station location and site conditions can 
seriously affect the performance of this instrument. The Canadian Atmospheric 
Environment Service publishes an Annual Meteorological Summary for selected 
stations and this summary contains a general station history. A scrutiny of these 
histories indicated that they generally contain insufficient data for the purposes 
of this research. The information sought in this survey was solicited in a letter 
that outlined the objectives of the research and requested information on the 
history of sunshine duration observations at each station. At first sight, it ap
peared that little comparative information could be extracted from the ] 9 
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Table 1. Classification and distribution of information in letters from each station. The stations are arranged roughly according to 
the nature of their responses. In alphabetical order, the stations are: Calgary Int. A., Dauphin A., Edmonton Ind. A., Harrow 
CDA, Kamloops A., Lethbridge CDA, London A., Medicine Hat A., New Liskeard, Oak Ridges, Ottawa CDA, Prince George 
A., Prince Rupert A., Regina A., Saskatoon SRC, Swift Current A., Toronto, Turbine, Victoria Gonzales Hts. 
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replies. They varied greatly in length, detail, and focus of interest. However, a 
systematic analysis of the replies allowed broad comparisons to be made be
tween them, the results of which are given in Table 1. This table contains a 
classification of the different types of statements that appear in the letters and 
it indicates wnich of these classes occur in each letter. 

The first six classes of statements embrace the information that was solicited. 
One of these classes is an undated statement that circumstances of observation 
had changed. This is useful information since it warns of a loss of homogeneity, 
but it is much less valuable than a dated class. Only 12 letters gave actual dates 
when location, site conditions, or instrumentation changed. Three of the re
maining letters stated that changes had occurred without dating these. The 
seventh and eighth classes in Table 1 were statements intended to qualify the 
use of the information contained in the letters. Thus, 9 of the letters advised 
that this information was based wholly or partly on personal recollection or 
verbal communication, and 5 letters warned that the relevant files are incom
plete or non-existent at the recording station. It is significant that 7 of the 12 
letters containing dated information provided this qualifying advice. The final 
three classes in Table 1 advise the questioner that the information requested 
should be sought elsewhere, or that it is inappropriate to ask these questions. 
Three letters referred the questioner to the historical descriptions in the relevant 
Annual Meteorological Summary, one gave an alternative address, and two 
stated, or impiied, that the question was unnecessary. One of the last two stated 
that site conditions and instrument changes do not affect the quality of sunshine 
duration data, and the second implied that the stringent inspections of the 
Amospheric Environment Service assure the homogeneity of meteorological 
data. 

The results of this analysis indicate that the station records of sunshine dura
tion, as currently kept, do not provide a totally reliable guide to the history of 
the observations of these data. It is also clear from the letters that most respon
dents fully understood the significance of the questions put to them and have 
made substantial efforts to supply the information requested. Since this infor
mation is not, in most cases, easily retrievable from station files, this note rec
ommends that precise information on station histories should be maintained 
and be readily available to researchers investigating climatic change. 

The current observational practices are undoubtedly adequate to detect and 
measure spatial variations of climate at the global and continental scales, and 
weather variations over short time periods. However, the amplitudes with which 
each of these vary are usually great in comparison to the amplitude of long-term 
climatic change. It is for this reason that an appeal is made for more sensitive 
practices to be developed for the monitoring of climatic change. 
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BOOK REVIEWS 

WEATHER IN THE WEST. Bette Roda Anderson . American West Publishing Company. Palo 

Alto, Cali fornia, 223 pp. Distributed in Canada by John Wiley & Sons Canada Ltd , 
Rexdale, Ontario. $21.25 

Belying its outward appearance, Weather in the West is much more than a coffee-table 
ornamenl. Its pages are slick and filled with ravishing pictu res, but the text of this hand
some, oversize volume is equally creditable. Published as part of a ser ies on the Great 
West , its purpose is to provide an understanding of the weather and climates of the 
western half of the United States. In successfully achieving tbis purpose, the book serves 
as a fine introduction to meteorology and climatology. 

Though its focus is the West, the book is not at all parochial in outlook. Sections are 
included on the sun , clouds, paleoclimates, forecasting, urban climatology, atmospheric 
optics, and cloud seeding in addition to those devoted more specifically to the ditTerent 
weather and climatic regimes of the American West. Even if it were devoted entirely 
to western climates, this would not be too severe a constraint because, as the author 
explains: 

Nearly every type of climate that occurs in the world 's temperate zones can be 
found somewhere in the American West. This is hardly surprising, for the area covered 
in this book has a land mass as great as all of Europe outside the Soviet Union. It 
ranges from subtropical desert at its southern limits to arcti c· li ke tundra on its 
mountain peaks. And it stretches two thousand miles east from a foggy seacoast to 
the deep heart of the North American continent. 

The author confron ts her subject with zest and writes with flair , Any reviewer would 
be tempted to quote passages at length. One more will have to suffice. from the preface 
to a group of chapters called The Weather Machine: 

Of aU the ingredients that combine to make weather, sun is the sultan, the only energy 
source powerful enough to cause the endless variety of our skies. Nearly everything 
relates eventually to it: clouds, winds, precipitation patterns around the globe
everything except the seasons; tbey ebb and flow because of a simple accident of 
nature that the earth is tilted first toward then away from the sun. 
Technical subjects arc treated non·mathematically but almost always accurately. The 

author does not avoid such difficult and controversial topics as climate change and weather 
modification, but presents them fairly and with well judged balance. 

Adding interest to the book are sections on the history of settlement in the West and the 
history of meteorology itself. Anecdotes, fact, and folklore about early settlers and their 
reaction to the weatber arc liberally included in the chapters on particular regions. The 
book ends with a glossary of meteorological terms and a thoughtfully arranged and 
thorough reading list. 

This volume is a splend id layman's guide to western weather and should serve to 
introduce younger readers to the fascination of atmospheric science. Even the professional 
meteorologist should find the book interesting, especially if be needs to be reminded of 
the power of meteorological forces in shaping not only the physical environment, but 
social patterns as well. 

312 Book Reviews 

R.R. Rogers 
McGi ll University 
Montreal 



No.1 
No.2 

Index to Volume 14, 1976 

Page Numbers of Issues 

1- 60 No.3 
61-144 No.4 

10th Annual Congress Issue. 1 ~4 

Section A : Index of contributions by author 

Section B: eMS subject index 

Section C: General subject index 

Figures in ltaHcs refer to lOth Annual Congress Issue 

Section A: Index of Contributions by Author 

145-244 
245-316 

BAlN, S.E. (with C.L. Mateer and W.FJ, Evans) MeteorologicaL and ozone data for the 
project STRATOPROBE balloon flights of 8 and 22 July 1974 147 

BEAUDOIN, c. (with 1. Derome) On the modeHing of stationary planetary waves 245 
BOOTSMA, A. A note on minimum temperature and the climatological day at first order 

stations S3 
BOYD, DONALD W . Review of Environmental Faciors in file Hearing 0/ Buildings (L.E. 

Anapol'skaya and L.S. Gaodin) 240 
BRANDLI, H ,W. (withJ.W. Orndorff) The round lake 56 
BRUIN, J.T. see B.A. Ridley 
CANN, M.W.P. (with R.W. Nicholls; W.FJ, Evans; and OJ . McEwen ) Theoretical 

simulation of solar ultraviolet fluxes measured on the 8 July 1974 STRATOPROBE I flight's 
205 

CATCHPOLE, A.J.W. ( with C. Ponce) Access to station histories for studies of climatic 
change : An appeal for improvement 309 

CLARK, T .A. (with DJ.W. Kendall) The measure.ment of minor st ratospheric constituent 
concentrations by far infra·red emission spectroscopy 155 

DALEY, R. (with C. Girard; J . Henderson; and 1. Simmonds) Shortwterm forecasting with 
a multiwlevel spectral primitive equation model Part I-Model formulation 98; Part 
lI-flemispheric prognoses and verification 117 

DEROME, J. see C. Beaudoin 
D[CKINSON , T , Seasonal var iability ofrainfall extremes 288 

EVANS, W .F.J. Review of Chemistry 0/ the Atmospizere (MJ. McEwan and L.F. Phillips) 
60; (wi th C.K. Lin and C.L. Midwinter) The altitude distribution of nitric acid at 
Churchill 172; (with 1.B. Kerr and 0.1. Wardle) Intercomparison of NO, NO~, and 
HNOJ measurements with photochemical theory 189; see also S.E. Bain; M,W.P. Cann 

FISSEL, D. (with S. Pond and M . Miyake) Spectra of surface atmospheric Quantities at 
ocean weathership P 77 

GIRARD, D. see R. Daley 
HAY, J.E. A revised method for determining the direct and diffuse components of the 

total shorlwwave radiation 278; see also P.W. Suckl ing 
HENDERSON, J. see R. Daley 
KENDALL,O.J .W. seeT.A. Clark 
KERR, J.B. (with C.T. McElroy) Measurement of stratospheric nitrogen dioxide from the 

AES stratospheric balloon program 166; see also W .F.l. Evans 
LESTER, P.F. Evidence of long lee waves in southern Alberta 28 
LIN, C.t. see W .F.J. Evans 
LOZOWSKJ, E.l'. Review of Clouds. Rain, and Rainmaking (BJ. Mason ) 142 

Index 313 



MCD EAN
I 

G.A.. Scaling turbulence in the planetary boundary layer 254 
MCCONNELL, J .C. see B.A. Rid ley 
M CELROY, C.T. see J.B. Kerr 
MCEWEN, D.J . (with H.T Meredith ) Solar ultrav iolct nux measuremcnts 199; see also 

M .W.P. Cann 
MATEER, C. L. see S.E. Bain 
MEREDITH, H.T. see D.J. McEwen 
MERll.EES,I'.E. Foreword to Vol. 14, no. 3 , special issue 145 
MIDWINTER, C.L. see W.F.J . Evans 
MIYAKE, M . see D. Fissel 
l'lICHOLLS, R.W . see M .W.P. Cann 
OKE, T .R. The distinction between canopy and boundary-layer urban heat islands 268 
ORNDORPF, J.W. seeH.W. Brandli 
PONCE, C. sec AJ .W. Catchpole 
POND, S. see D. Fissel 
RIDLBY, n .A. (with J.T. Bruin; H.J . Schiff; and J .C. McConnell) Altitude profile nnd sunset 

decay measurements of stratospheric nitric oxide 180 
ROOERS, R.R. Review of Cloud Physics and Wealher M odification (Yu. S. Sethmov, cd.) 

58: Review of Wealh er in Ih e We .... ' ( n.R. Anderson) 3 12 
SCHIFF, 11. 1. see B.A . Ridley 
SIMMONDS, I. see R. Daley 
SUCKLING, P .W. (wi th LE. Hay) Modelling direct, diffuse , nnd total solar rad iation for 

cloud less days 298 
SUNDQVIST, Ii. On vertical interpolation and truncation in connexion with use o f sigma 

system models 37 
TABATA, s. The gene ral circul ation of the Pacific Ocean and a brief account of the ocean

ographic st ructure o( the north Pacific Ocean Pa rt II- Thermal regime and influence 
of climate I 

""MP1ERI , P. see C. Tomasi 
TOMASI , c. (with P. T ampieri) F ea tures of the proportionality coefficient in the relation

ship between visibi lity and liqu id wa ter content in haze and fog 61 
VOWINCKSL. E . Review of Envirollmelltal Data from Historical Documents by Content 

A IIalysis (Manitoba Geographical Studies No.5) 59 
VU IJ P U1 URI, R.K.R. The stead y-state structure of the natural stratosphere and ozone 

distribution in a 2-D model incorporating radiat ion and O-H-N photochemistry and the 
effects of stratospheric pollu tants 214 

WALK ER, E.R. Review of M eteorology alld Clima tology I (J.P. Danilina and A.P. Kapitsa, 
cds) 241; Review of Physica l alld Dynam ic Climatology (Proceedings of Symposium, 
Leningrad ) 242 

see W.FJ. Evans WARDLE, D.T. 
WlLSON , C. Review of World Survey oj Climatology (S. Orvig, cd. ) 139 

Section B: eMS Subject Index 

Annual Congress ( 10th), 2&-28 May 1976, 
Universite Laval , Quebec 

Abstracts 16 
Program 3 
Summary of sessions } 

Annual Genera l Meeting (lOth). Agenda 
55 

Annual Reports for 1975 
AwardsCommiuee 68 
Centres 74 
Cita tions Committee 68 
Edi torial Committee 66 
Financial Statement 62 
Nom in ating Committee 65 

President 57 
Public Information Committee 69 
Scien tific Committec 70 
Treasurer 59 

Appel de Texles, OnzU:me Congres Annuel 
243 , 297 

Budget 64 
Call for Papers, Second Conference on 

H ydrometcorology 267 
Call for Papers, Eleventh Annual Con

gress 242, 296 
Notice of motion from Council 72 
Oceanography Division 73 

3J4 Index 



Seclion C: General Subject Index 

Book reviews, by author of book 
Anapo) 'skaya. LE. and L.S. Gaudin 

Environmental Factor,\' in ,ht Healing 
0/ Buildings 240 

Anderson, B.R. Weather ill the West 
312 

Danilina. I.P. and A.P. Kapitsa, eds 
Meteorology and Climolology I 241 

McEwan. M.l . and L.F. Phillips Chern
i~· try a/the A Imosphere 60 

Manitoba, University of, Oepl of Ge
ography Environmental Data from 
Historical Docmnems by Content 
A rraiysis 59 

Mason, BJ. Clouds, Rail!. curd Raill
making 142 

OrviC, S., ed. World Survey of Clima
rology 139 

Phy.fical alld Oymun;,. Climatology. 
Procecrungs of Symposium, Leningrad 
1971 242 

Sedunov, YU.S., ed. Cloud Phy.sics alld 
W eather Modification 58 

Canopy and boundary-layer urban beal is
lands, The distinction between 268 

Forecasting with a muhi·leve l spectral 
primitive equation mode l, Short-term: 
Part I- Model formulat ion 98; Part 
II- Hemispheric prognoses and verifi
cation t 17 

General circulation of the Pacific Ocean and 
a brief account of the oceanographic 
structure of the north Pacific Ocean, 
The: Part II-Thermal regime and 
innuence on the climate I 

Haze and fog, Features of the proportion
al ity coefficient in the relationship be-
tween visibility and liquid water con
tent in 61 

Long lee waves in southern Alberta, Evi
dence of 28 

Meteorological and ozone data (or the pro
ject STRATOPROBE balloon fl ights of 8 
and 22 July 1974 147 

Nitric acid at Churchill , The allitude dis
tribution of 172 

NO, NO~. and 111"103 measurements with 
photochemical theory, I ntercomparison 
of 189 

Notes and Correspoo.dence 
"Argos" space-based platform location 

and data collection system 237 
Cl imat ic change, Access to station his

tories for studies of: An appeal for 
improvement 309 

Minimum temperature and the climato
logical day at first order stations, A 
note on 53 

Photochemical air pollutants in the urban 
airsheds of Edmonton and Calgary 
137 

Round lake, Tbe 56 
Snow devils, On 13 5 

Rainfall extremes, Seasonal variability of 
288 

Short-wave radiation, A rcvised method for 
determining the direct and diffuse com
ponents of the total 278 

Sigma-systcm models, On vertical interpola
tion and truncation in connexion with 
use of 37 

Solar radiation for -cloudless days, Model
ling direct, diffuse, and total 298 

Solar ultraviolet Hux measurements 199 
Solar ultrav iolet fluxes measured on the 8 

Jul y 1974 STRATOPROBE 1 fligh ts, The
oreticru simulation of 205 

Stationary planetary waves, On the model
ling of 246 

Steady-state structure of the natural strato
sphere and ozone dislrjbution in a 2-D 
model incorporating radiation and 
0-1'1- 1"1 photoche:mistry and the effects 
ofstralospheric polluttllllS, The 214 

Stratospher ic constituent concentrations by 
far infra-red emission spectroscopy, 
The measurement of minor 155 

Stratospheric nitric oxide, Alt itude profile 
and sunset decay measurementS of 
180 

Stratospheric nitrogen dioxide from the 
AES stratospheric b:l1loon program, 
Measurement of 166 

Surface atmospheric quantities al ocean 
weathership P, Spectra of 77 

Turbulence in the planetary boundary 
layer, Scaling 254 

Index 315 



INFORMATION FOR AUTHORS 

Editorial policy. A Imosphere is a medium for the publica tion of the result s of original research. 
survey articles. essay~ and book reviews in all fie lds of atmospheric ~cience. It is published 
quart erly by the e MS wilh the aid of a grant from the Canadian Government. Articles may be in 
either Engli sh or French. COniribulOrs need not be members of the eMS nor need they ~ 
Canadian ; foreign contributions are welcomed. All con tributions wi ll be subject 10 a crit ical 
review before acceptance . Because of space limitations articles should not exceed 16 printed 
pages and preferably shou ld be shorter . 

Manuscripts should be submi tted to : A rmosphere, Dept. of Meteo rology. McGill Uni versity. 805 
Sherbrooke 51 W. , Montreal. Quebec. HJA 2K6. Three copies should be submitted . typewritten 
with doublespacing and wide margins . Headingand sub· headings shou ld be clea rly designated. A 
concise, rele .... ant and substant ia l abstract is required. 

Tables shou ld be prep~lred on separate sheets. each wilh concise headings. 

Figures should be provided in Ihe fo rm of three copies of an o riginal which shou ld be retained by 
the author for later revision if required . A li sl of legends shou ld be typed separalely. Labelling 
should be made in generous size so that characters after reduction are easy to read. Line drawings 
should be drafted with India ink al least twice the fina l size on whi le paper or traci ng cloth . 
Photographs (halflones) should be gloosy pri nt s at leas l twicc the fin al size. 

Units . The Internationa l System (51) of metric units is preferred. Units shou ld beabbre .... iated only 
if acco mpanied by numerals. e.g .. "to m;' but "several metres." 

Footnotes 10 Ihe lex t should be a .... oided. 

Li terature citations should be indicated in the text by aUlhor and dale . The list of refercnces 
shou ld be arranged alphabetically by author. and chronologically for each author. if necessary . 

RENSEIGNEMENTS POUR LES AUTEURS 

Polilique tdi rotiale, A rmospflere est un organe de publ ication de rt!Suitals de recherche originaJe, 
d'arti cles sommaires, d'essa is e t de critiques dans louS les domaines des sciences de I'almo· 
sphere. II eSI public par In SMC a I'aide d'une subvcntion accordee par Ie gouverncment canadien. 
Les an icles peuvent ei re en angiais ou en fran~ais. II n'cst pas nckessaire que les auteurs soient 
mcmbre de la SMC; les contribut ions clrangeres son t les bien venues. A cause des limitations 
d'espace les al1icles ne doiven t pas dcpasser 16 pa$es dans Ie format finol. TOllt article sera 
soumis a un crit ique independant avant d'et re accep le . 

Lesmanuscritsdoi .... en t eire envoyes a: Atmosphere, Dep. de meteorologic, L·Uni .... e rsite McGill . 
805 Sherbrooke 0" Montreal. Quebec, H3A 2K6. lis doivent eire sou mis en troi s exemplaires 
dacty lographies a doubles inl eriignes a .... ec de larges ma rges. Les tit res el sous·tilres dol .... ent 
eI re c1ajremenl indiques . Chaque article doit componer un resume qui soit concis. pertinent et 
subslantieJ . 

Les tableaux doi .... enl eIre prepares el presemes separement accompagnes d'u n lilre concis et d 'un 
numero, 

Us graphiques doivent ei re prcscntcs en trois copIes donlies onginallx de .... mien t eIre conserves 
par I'auteu r au cas eu 115 seraient necessaire de les reviser. Une liSle des legendes des graphiques 
doi t eire daclylographiee separement. L 'etiquettage doit eIre de grand format de fayon a ce qu'j) 
soit fac ilemenf li sible apres reduction du format . Le rra~age des lignes doil s' cf[ectucr au moyen 
d 'encre de chine en doublant. au moins, Ie format final. Ie tout su r papie r blanc ou sur papier a 
ca lquer et ident ifie adequatement. Les photographics (demi·teintes) de .... ra.ient eire presentees sur 
epreu .... es glacees au doub le du format final. 

Les unites. Le Systeme Internat ional (S l) d'unile s metriques est preferable. Les unites devrdient 
etre abregees seulemenl lorsqu'c lles sont accompagnees de nombres , ex; " 10m," mais " plu· 
sieu rs metres," 

US notes de renvoie au texle doivent etre e .... itees. 

Les citations litteraires doi .... enl etre indiquees dans Ie lex Ie scIon I'auteu r ct la dale . La liSle des 
n!fercnces doil et re presentee dans I'ordre alphabelique, prarauteur ct, si necessaire . dans I'ordre 
chronologique pour chaque auteur, 



The Canadian Meteorological Society! La Societe mHeorologique du Canada 

The Canadian Meteorological Society came into being on January I, 1967, replacing the Canadian 
Branch of the Royal Meteorological Society, which had been established In 1940. The Society 
exists forlhe ad va ncement ofMeteoroJogy, and membership is open to persons and o rganizations 
having an interest in Meteorology. At nine local centres of the Society, meetings are held on 
subjects of meteorological interest. ATmosphere as the scientific journal of the e MS is distributed 
free to all members. Each spring an annual congress is convened to serve as the National 
Meteorological Congress . 

Correspondence regarding Society affairs should be directed to the Corresponding Secretary . 
Canadian Meteorological Society, c/o Dept. of Geography. Simon Fraser University . Burnaby 2, 
B.C. 

There are three types of membership - Member, Student Member and Sustaining Member. For 
1977 the dues are $20.00, $5.00 and $6O.00(min.) , respectively . The annual Institutional subscrip
tion nlte for Atmosphere is $15.00. 

Correspondence relating to CMS membership or to institutional subscriptions should be directed 
to the University of Toronto Press. Journals Department, 5201 Dufferin St., Downsview, On
tario. Canada, M3H 5TS. Cheques should be made payable to the University of Toronto Press. 

La Societe meteorologique du Canada a ete fondee Ie 1"" janvier 1967. en replacement de la 
Division canadienne de la Societe royale de meteorologie. etablie en 1940. Celte societe existe 
pour Ie progres de la meteorologie et toute personne ou organisation qui s'interesse a la 
meteorologie peut en faire partie. Aux neuf centres locaux de la Societe, on peut y. faire des 
conferences sur divers sujets d ' interet meteorologique. Atmosphere, la revue scientlfique de la 
SM C , est distribuee gratuitement a tous les membres . A chaque printemps, la Societe organise un 
congres Qui sen de Congres national de meteorologie . 

Toute correspondance concernant les activites de la Societe devrait etre adressee au Secretaire
correspondant , Societe meteorologique du Canada, DCpartement de Geographie , L'Universite 
Simon Fraser, Burnaby 2, B.C. 

11 y a trois types de membres: Membre , Membre-eludiant , et Membre de soutien. La cotisalion 
pour 1977 est de $20.00, S5 .00et $60.00 (min.) respectivement. Les institutions peuvent souscrire 
a A tmosphere au cout de $15.00 par annee . 

La correspondance concernant les souscriptions a la SM C au les souscriptions des institutions doit 
etre envoyee aux Presses de l'Uni\lersitc de Toronto , Departement des periodiques, 5201 rue 
OutTenn. Downsview, Ontario, Canada, M3H 5T8. Les cheques doivent etre payables aux 
Presses de~ ' Universile de Toronto. 

Council! Conseil d'administration 1976-77 

President/President - J . E. Hay 
Vice Presidelll /Vice-Presidenl- K.F. Harry 
Past PresidenllPresidem sorlOnl -

P.E. Merilees 
Corresponding 

S eernary IS ecreUl ire-correspondanl -
R.B. Sagar 

Treosll rer/Tresorier- D.G. Schaefer 
Recording Secrelaryl 

Secreraire d 'oSJe mbtee - L . E. Parent 

Call nei II or s-a I-large /Conseil I ers 
- M.G . Ferland , 0 .8 . Frase r, 
A.D.l . O ' Neill 
Chmrmtn of Loeal Ctntrts/P,isidtn/J dtJ ctntrts 

Oceanography Division/Division 
d'oceanogrophie: 

Ch airman/Presiden t - n .M. Farmer 
Seoelory/S ecretaire - P.H. LeBlond 
CoullcillorslConseiIJers - E. P. Jones, 

B. Sundby 

ATMOSPHERE 

Editor/Redacteur - I. n. Rutherford 
ASl'ociale Editors/Red(fcleurs ad joints - J . Derome, C. East , J . B. Gregory , W. Gutzman , P.H . 

LeBlond, R. List , C .L. Mateer. G.A. McBean, D.N. McMuUen , P.E. Merilees , R.R. Rogers, 
V.R. Turner, R.E . Thomson , E .1. Truhlar. E. Vowinckel 

Technical EdilOr/Edireur techniqu e - L. Burton 

SlIsteJining MemberslMembres de sou/jen - AirCanada. -MacLaren Atlantic Ltd . 




