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An Effect of Finite Differences on the Estimation of Predictability

Philip E. Merilees!
National Center for Atmospheric Research?
Boulder, Colorado
[Manuscript received 2 October 1972]

ABSTRACT

It is shown that the use of finite dif- underestimation is not serious pro-
ferences tends to underestimate the vided the resolution is sufficient.
growth of small errors, but that the

1 Introduction

Recently, Lorenz (1972) discussed the instability of Rossby wave motion with
reference to the doubling time of small errors. He found that under certain
conditions the doubling time was about 33 hours. Further he stated that since
this doubling time was about half that obtained by Smagorinsky (1969) that
one might conclude that numerical methods tend to underestimate the growth
rate. It is the purpose of this paper to show that this is indeed the case, but the
underestimation is not significant as long as we have sufficient resolution.

2 The equations

The basic approach is the following. We imagine that we treat exactly the same
problem as Lorenz, but that we do it using finite differences. Further we suppose
that since we are interested in the stability of the Rossby wave, that the basic
equation we will integrate is that given by Lorenz as equation (5), namely

ag’ B o
rin l:koa +k0Acos(k0x)a ](C + k") 1)
where ' is the perturbation stream function, £’ is the perturbation vorticity, 3 is
the Rossby parameter, k, the wave number of the basic Rossby wave whose
amplitude is 4, and x is a coordinate which moves with the Rossby wave at a
speed

¢c=U — BJk2. )

Lorenz eventually solves this equation (1) for a disturbance of zonal wave
number 6; i.e., N = 6. To solve this equation using finite differences we shall
define a set of grid points x, such that

10n leave from McGill University, Montreal, Canada.
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Xx,=pd, p=12,..P 3)

where Pd = 27/N. We suppose that we have the same grid length in the north-
south (y) direction, and further, we specify that the flow is doubly periodic in
x and y of period 27D, so that for the basic flow to satisfy the same condition,
koD = N.

If we now suppose that P = 2K + 1, then it follows we can express the values
of ,’ as a trigonometric polynomial

Vi 0 = VG2 = B Ay, 0 T @

where k =0, =1, =2, ... =K. By assuming the form (4) we are in effect neglect-
ing any possible solutions of (1) which have longer x wavelengths than 2D/N,
as did Lorenz.

We further define the finite-difference operators L, and L, as

Ly ={ O = Opesbar ®)

Ly ={Oper + Opes = 20, 7 ©

Operator L, approximates 32/dx? and 32/3dy?, while L, approximates d/dx and
3/38y, depending on which direction we take the differences.

Following Lorenz, we choose to measure variables such that ko = 1 and
A = 1. Thus equation (1) becomes

%= _(B%+ cosx%)(C"‘"\l") @

whose finite-difference version is
a ’ X X 4
a—t(L’z‘ + L)Y '= —(BLT + cosxLY) (L3 + L3 + Y/, ®

where superscripts x or y on the operators indicate that they are to be applied in
the x or y directions, respectively. Since ko = 1, it follows that D = N in these
units, and thus if we consider the simplest possible modal solutions of (8) we
have

ViD= 3 X, ekpd glytio o)
PELS

where [ will be treated as a parameter, and A is the eigenvalue of the system (8).
In view of the required periodicity the possible values of / are multiples of 1/N.

If we now substitute the expression (9) into equation (8) and denote the
response functions of operators L, and L by R, and R, respectively, we obtain
aset of 2K + 1 homogeneous algebraic equations to solve, namely

IRi(DaY, -, + 2Bkaf R (k) + MY, + IR{(DatYs =0 (10
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for k = — K to +K, and with Y_x_; = Yx,1 = 0. In the above expressions
we have defined

. KPRy + PRy() — 1
G = kzsz(k) + lzsz(l) (1D
Y, = (1 — E*Ry(k) — PR, (D)X, (12)

while the response functions are defined as follows
R,(s) = sin 20/20, R,(s) = (sin 6/0)?, (13)

where 6 = sd/2. We note that as d > 0, the response functions approach 1, and
thus equation (10) is identical to that obtained by Lorenz.

3 Parameters, grid lengths and results

We solve the eigenvalue problem (13) in the same manner as Lorenz using the
same parameter values; that is, we choose N = 6, and a value of (dimensional)
A which corresponds to an rms northward velocity of 12 m s—*. In this case the
space and time scales are approximately 750 km and 12 h, respectively. We
choose to compare the finite-difference results to the most rapidly growing
mode considered by Lorenz, that is, for I = 2/3. In equation (13), the Kth
approximation corresponds to having 2K + 1 grid points in the fundamental
domain x = 0 to 2wD/N and thus the grid length corresponds to 2#D/N
(2K + 1). The first approximation will then have a grid length of approximately
1600 km, the second, about 1000 km, and the Kth, approximately 4800/
(2K +1) km.

TaBLe 1  Eigenvalues |A| for successively higher approximations for both
second-order finite-difference method and spectral method. The
Kth approximation has 2K + 1 grid points per fundamental wave-
length and 2K + 1 spectral components.

K A GriD % Difference | |sPECTRAL % Difference
1 0.101602 61.1 0.248599 4.8
2 0.209554 23.2 0.261118 0.3
3 0.232910 10.8 0.261072 0.1
4 0.246852 5.4 0.261050 0.0
5 0.252819 3.2 0.261049 0.0
6 0.255695 2.1 0.261049 0.0
7 0.257264 1.5 0.261049 0.0
8 0.258212 1.1 0.261049 0.0
9 0.258835 0.9 0.261049 0.0

10 0.259268 0.7 0.261049 0.0

In Table 1 we present the eigenvalues for successive approximations, and their
percentage differences from the true eigenvalue which is |A| = 0.261049 to six
decimals. The column labelled |A|sprcrrar corresponds to the eigenvalue
obtained if we use the spectral method of integration. We note that the grid-
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The Relation Between the North Pacific Sea Surface Temperature
Anomaly During the Sixties and Hail Damage in Alberta

John Dublin
Atmospheric Environment Service, Halifax
[Manuscript received 29 December 1972]

ABSTRACT

Coincident with anomalously warm
sea surface temperature in the North
Pacific during the period 1962-67
was a period of low hail damage in
the Province of Alberta. Investigation
of thirty-three years of hail insurance

cates a significant change in the sum-
mer upper air circulation over Alberta.
The mean jet stream is found to be
farther south and much stronger than
for the period 1950-61. Some evi-
dence is found to support the claim

records reveals a reduction in hail
damage during this period. Analysis
of monthly mean upper air data indi-

that the hail damage shifted southward
with the jet stream.

1 Introduction

In the past decade, considerable attention has been focussed on teleconnection,
the effect of large-scale air-sea interactions on the climate of distant areas.
Drought in the northeastern United States during the period 1962-65 was
accounted for by Namias (1966). The reason proposed was the interaction of
anomalously cold water along the Continental Shelf with the overlying
atmosphere. Bjerknes (1969) established a connection between equatorial sea-
surface temperature in the central Pacific Ocean and the strength of the extra-
tropical westerlies. The problem of teleconnection was attacked from a longi-
tudinal point of view by Namias (1969). He showed that the anomalously
warm sea surface temperature regime that existed over one-third to one-half
of the North Pacific Ocean from the fall of 1961 to the winter of 1967—68 led
to more severe winters over the eastern two-thirds of the United States. The
present study examines the relation between the sea surface temperature
anomaly documented by Namias and hail damage in Alberta which occurred
during the same period of time.

2 The anomalous regime

a Initiation

Namias showed that in the fall of 1961 an anomalously strong North Pacific
high pressure system developed, centred near 135°W and 35°N. Departures
from normal sea level pressure were in excess of two standard deviations. This
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area bounded by the southern and northern edges of townships eleven and
forty-five (in the south and north), respectively, and by the eastern and western
edges of ranges 13 and 26 (in the east and west), respectively. This area, which
will be designated as A, the small area, covers 58,040 km?. The second and
larger area, B, outlined by the irregular heavy line, will be designated as the
large area, and covers approximately 133,000 km?.

The western boundary of B demarcates (for all intents and purposes) the
western extremity of the cultivated land in southern Alberta. To the west of
this boundary are forested areas and the foothills of the Rockies. In an attempt
to use as much of the hail insurance data as possible, some areas with very
little or no insurance coverage were included in B. For example, B includes the
dry lands in the vicinity of Hanna and the Suffield Defence Research Establish-
ment (both north-northwest of Medicine Hat).

4 Time series analysis of hail insurance data

Attempts to determine trends in hail damage by examining the loss-to-risk
ratios for small areas were not very successful. To obtain an overall view, the
losses and risks for the individual townships were summed separately for
each year for both analysis areas. From these totals, the average annual loss-to-
risk ratios were obtained. The resulting time series are shown in Fig. 2.

One would expect the plot of loss-to-risk ratio versus time to exhibit a fair
degree of randomness. However, the plots for both areas of analysis show a
periodicity of close to four years. No explanation has been found for this
result.

Because of the very large variation in the average loss-to-risk ratio, the
time series was smoothed using the seven-point approximation to a Gaussian
filter given by Holloway’s formula 5.1 (1958):

Ft =0.016 r,_s+ 0.094 ri_os+ 0.234 r._,+ 0.312 re+ 0.234 reya
+ 0.094 riys + 0.016r;+3

where

r; = loss-to-risk ratio at time ¢,
7; = smoothed loss-to-risk ratio at time ¢,

The smoothed time series for each area shows a maximum centred at about
1945, followed by a minimum in 1949. The loss-to-risk ratios increased again
to a maximum in 1953, followed by a slow decrease. In the Sixties, the decrease
becomes more marked. In fact, the smoothed series reach their lowest points
at this time.

The anomalous sea surface temperature regime lasted from the fall of 1961
to the winter of 1967-68. From the point of view of hail production, the ano-
malous period was therefore from the summer of 1962 to the summer of 1967.
Listed in Table 1 are the mean loss-to-risk ratios for both areas for six-year
periods beginning in1938. The reduction is seen to be a unique event in the
period 1938-67. Since 1967, the loss-to-risk ratios have increased.
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TaBLE 1. Comparison of loss-to-risk ratios
(in %) for six-year periods begin-
ning in 1938,

Period Area B Area A
193843 6.52 7.10
194449 6.14 6.78
1950-55 6.34 7.60
1956-61 5.92 6.53
196267 4.55 3.59

A long-term downward trend in the loss-to-risk ratios can be seen as well. The
change toward larger, more economically viable farms may be responsible for
this trend. The resultant increased insurance coverage into areas less susceptible
to hail damage may account for the gradual reduction in the loss-to-risk ratios
in the two analysis areas. Summers (1966) mentions other possible causes.
Changes to crops more resistant to hail damage may be responsible for the
decrease. Long-term climatic changes may have occurred as a result of a change
in the large-scale weather patterns in western Canada, or the changes brought
about by man’s increased interference in nature by farming, forestry, mining
and manufacturing. The amount of risk written possibly could influence the
loss-to-risk ratio as well.

Even if this long-term trend is removed, it can still be stated that, at the
time of the anomalous sea surface temperature regime, a marked reduction in
hail damage in Alberta occurred. Significance testing of the data is not possible
because the condition that the distribution of loss-to-risk ratios be normal is not
met.

S Shift in hail damage

To determine whether any latitudinal shift in hail damage occurred during the
anomalous period, the large analysis area was divided into six latitudinal strips,
each nine townships wide. For each strip, the annual loss-to-risk ratio was de-
termined. The time series obtained were smoothed, using the Gaussian filter.
The resulting series are shown in Fig. 3, plotted on a common time axis. From
the point of view of teleconnection, the most significant feature is the high loss-
to-risk ratios for townships 4 to 12. This strip is the only one for which the loss-
to-risk ratio is above normal for the period 1962-67, suggesting that a south-
ward shift in hail damage occurred. Confirmation of this shift would require
examination of the hail insurance records for Montana.

6 Objective analysis of the summer upper air circulation over Alberta

To examine the relation between hail damage and the mean upper wind fields,
analyses of monthly mean data for the 700-, 500-, 400-, 300- and 200-mb
levels for the years 1950 to 1970, inclusive, were performed using an objective
technique. The analyses were performed on an 8 X 9 grid (eight columns, nine
rows), shown in Fig. 4, which has the 381-km grid length used at the National
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Fig.3 Smoothed time series of loss-to-risk ratios for six strips,

Fig. 4 The objective analysis grid (dots) and the upper air sta-
each nine townships wide, in the large analysis area.

tions (squares) used in the analysis.



Meterological Center of the United States (referred to henceforth as NMC).
The grid is oriented parallel to 110°W instead of 80°W for the standard NMc
grid.

Summers and Paul (1967) showed that the bulk of the hail insurance claims
are made for storms occurring in July and August, and therefore the objective
analyses were performed for those two months only.

The analysis method used is basically that described by Cressman (1959)
and used by NMc. The program used was that of Linton e al. (1971), which is
essentially a revised and improved version of the Glahn and Hollenbach (1959)
program. Results of the objective analysis were compared with basic analyses
and with maps published in the Nartional Summary of Climatological Data of
the United States. The comparisons indicated that the objective analysis pro-
duced a very good height field in the area of interest.

Prior to 1956 in the United States, and 1959 in Canada, monthly vector mean
winds were not available. Therefore, the effect of missing wind data was tested.
After performing an analysis on data which included vector mean wind speed
and direction, the wind data were removed and the analysis was repeated. The
two results were in good agreement. The removal of wind data resulted in an
average decrease in height of 2.5 gpm over Alberta, and the gradients and their
directions differed by no more than six gpm per grid interval and eight degrees,
respectively,

7 Analysis of the circulation

Columns four and five of the 8 X 9 output height field were used to calculate
the geostrophic wind components at grid centres for the five levels analyzed,
using the following finite-difference equations:

U= — %n (Zo; = Zier,; + Zijes = Zivn,je1)
1)
v = 5;—: (Zij+1 = Zij + Zivr g1 — Zian))
where

u; = the eastward wind component
v; = the northward wind component
z;; = the geopotential height at grid point 7, j
f = the Coriolis parameter
g = the acceleration due to gravity
d = the grid interval (381 km)
m = 1.866/(1 + sin ¢) is the map factor for a polar stereographic projection,
secant at 60°N
¢ = the latitude.

The geostrophic winds at grid centres were then obtained, using:
Vi= u? + v?)? @)
0, = 270 — arctan (u,/v))
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Fig. 5 Strengths and positions of the monthly mean jet maxima for July and August for
the years 1950-70.

where

¥, = the wind speed

0, = the wind direction (deg).

These winds were used to construct monthly mean cross-sections one-half
grid interval west of 110°W, approximately through the middle of both analysis
areas. The 381-km grid interval introduces some smoothing to the wind field.
The actual vector mean winds at the southern stations are higher than the
computed mean winds. However, the method used allows us to compare winds
over a longer time span, as upper-air winds were not routinely observed prior
to 1959 in most of the area analyzed.

Isotachs and isogons were drawn by hand, and the monthly mean jet maxima
and positions were estimated to the nearest metre per second and half degree
latitude, respectively. The results, plotted in Fig. 5, show that on the average,
for the period 1962-67, the jet maxima weie stronger and displaced southward.

The extent of the change in the circulation over Alberta during the anomalous
period is shown in the averaged cross-sections, Figs. 6 a, b, ¢ and d, which were
constructed using the vector mean winds at each grid centre for the periods
1950-61 and 1962-67. The average increase in the jet maximum for the
period 1962-67 was approximately 11 m s~ for July, and 7 m s—* for August,
and the southward shift for both months was at least one grid length. A more
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precise estimate of the southward shift is not possible as the cross-sections do
not extend south far enough. The jet-stream structure during the anomalous
period is also characterized by much stronger horizontal wind shears on the
north side of the jet. After 1967 the upper wind structure reverted to a pattern
more like that prior to 1962.

8 Questions concerning the anomalous sea surface temperature regime

Fig. 5 shows that quite a strong monthly mean jet occurred as early as 1957,
and that as far as the strength of the mean jet is concerned, the anomalous
regime appears to be well established by 1959. The southward displacement is
not completely established until 1962. This leads to the question as to which
was responsible for the anomalous sea surface temperature regime:

the formation of the cold pool in the east-central Pacific, which eventually
led to the formation of the very strong high in the fall of 1961, or

the upper air circulation responding to influences elsewhere and resulting in
the production of the cold pool.

It does not seem logical that the cold pool would lead to the same atmospheric
response as the warm pool, i.e., an increase in the strength of the summer upper
air circulation. Namias (1969) admits that questions such as these are usually
unanswerable, and that his evidence for the claim that the anomalous regime
was initiated in the fall of 1961 is circumstantial.

In view of the fact that time constants for oceanic changes are very large
compared with time constants for atmospheric changes, it seems reasonable to
conclude that the anomalous sea surface temperature regime of the Sixties may
have occurred in response to atmospheric changes beginning as early as 1957.

The July and August monthly mean jet structures for 1967 were consider-
ably weaker than for the previous five years. Again the atmospheric circulation
changed before the sea surface temperature regime did. If a more satisfactory
mechanism for the initiation of the anomalous regime is proposed in the future,
it seems likely that the role of the atmospheric circulation will be emphasized.

9 Conclusions

Concurrent with the North Pacific sea surface temperature anomaly from the
fall of 1961 to the winter of 196768 was a marked reduction in hail damage
in Alberta for the summers of 1962 through 1967. Neglecting any effects which
have not been considered, this suggests that either the sea surface temperature
anomaly was responsible for the reduction, or that the mechanism responsible
for the anomaly also caused the reduction in hail damage.

The effect on the summer upper-air circulation over Alberta was a southward
shift of at least one grid interval (381 km) and a marked intensification of the
jet maximum. Some evidence was found to support the hypothesis that the hail
damage moved southward with the jet maximum.
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Seasonal and Annual Precipitation Efficiency in Canada

Stanton E. Tuller
University of Victoria
[Manuscript received in final form 27 March 1973}

ABSTRACT

Precipitation efficiency is the percent-
age of the total water vapor over an
area that falls to the surface as measur-
able precipitation on an average day.
This variable focuses attention on the
dynamic mechanisms that produce
different precipitation patterns in dif-
ferent areas. The concept of precipita-

seasonal and annual values are map-
ped for several Canadian stations.
Maximum seasonal values occur in
winter for all of the country. National
highs are found on the West Coast
and along the St. Lawrence Lowland,
a result of the cyclonic activity in these
regions,

tion efficiency is discussed and its

1 Introduction

The quantity of precipitation received by a station is controlled by three factors:
1) the amount of available water vapor in the air; 2) the initial degree of satura-
tion represented by this vapor; and 3) the presence of dynamic mechanisms
which provide the cooling necessary to produce saturation and cause the water
vapor to condense and form droplets large enough to fall to the earth’s surface.
These three variables have been listed as important considerations in forecast-
ing the quantity and location of precipitation as well as areas of large-scale
overcast (Jenrette 1961; Ferguson, 1962).

Precipitable water vapor is a measure of the total water vapor content of the
air. It is the depth of liquid that would result if all the vapor above a particular
point were condensed into a layer on the surface. Expressed as a depth this
measure of atmospheric moisture may be readily compared with measured
amounts of precipitation. Precipitable water vapor, like other measures of
humidity, is controlled primarily by air temperature, elevation and effective
distance from sources of evaporative moisture. The amount of available water
vapor sets an upper limit on the amount of possible precipitation. Latent heat
of condensation is a prime source of energy for storms and the amount of water
vapor in the air provides one measure of the energy available for their develop-
ment or maintenance.

Although it has been used to help determine the maximum possible amount
of precipitation in an area, in most cases total precipitable water vapor is only
poorly correlated with actual recorded precipitation (e.g., Semonin, 1960).
Bruce (1964) in a study of this relationship for the Canadian Prairies found a
significant relationship only during the summer season. The limits on which a
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column of air can rise means that all the precipitable water above a station
could never be precipitated. For periods greater than a few hours the continual
flow of moisture into an area can support rainfall totals exceeding the amount of
moisture above the area at any given time. For regions of similar elevation and
exposure to advected moisture precipitable water vapor is a rather stable
property over wide areas when averaged over any one season (see for example:
Reitan, 1960b, Bruce, 1964, pp. 139-141; Hay, 1970). Precipitation, how-
ever, is highly variable. Most regional differences in precipitation are caused by
variations in the initial degree of saturation of the air mass and the vertical
motions needed to transform water vapor into measurable precipitation. Jen-
rette (1961) presented a method of forecasting large-scale areas of cloud for-
mation and precipitation based on these two parameters. Bruce (1964) sug-
gests that the efficiency of storm mechanisms in the fall, winter and spring are
largely independent of atmospheric water vapor content leading to poor corre-
lations between precipitable water and recorded precipitation over the Prairies.
Dynamic mechanisms that initiate precipitation can vary widely in scale, from a
large cyclone to a small convective storm. On a national scale they often appear
to be strongly localized such as the orographic effects along the Coast Range
or the preferred route of cyclonic storms along the St. Lawrence. The distribu-
tion of precipitable water vapor is much more uniform.

In summary, the precipitation received by a station is the result of a combi-
nation of factors. The quantity of available moisture is the enabling factor,
dynamic mechanisms provide the causal process, and the degree of saturation
controls how active these mechanisms must be to be effective.

2 Precipitation efficiency

Precipitation efficiency is the measure of the effectiveness of dynamic mechan-
isms in releasing the moisture in the air. It is defined as the percentage of the
average precipitable water vapor that is released and falls to the surface as
measurable precipitation on an average day:

average precipitation per day % 100

Pere (%) = average precipitable water vapor

Precipitation efficiency is usuaily averaged over a monthly or annual time
period. Maps of this parameter reveal the areal patterns of the effects caused
by dynamic mechanisms and degree of saturation on the recorded precipitation.
Monthly and annual maps of precipitable water vapor for Canada have been
published by Hay (1971) and Tuller (1972). Figs. 1-3 show the winter, sum-
mer and annual mean patterns determined by Tuller from upper air sounding
data for a ten-year period.

Saturated precipitable water shows a distribution pattern very similar to that
of actual precipitable water vapor. The precipitable water relative humidity
(W.R.H., degree of saturation of the total depth of the atmosphere involved in
precipitation processes) showed only a small variation over the country for
any one month when available upper-air data were used. This is especially truc
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Fig. 1 Mean precipitable water vapor (cm) over Canada, January.
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Fig.2 Mean precipitable water vapor (cm) over Canada, July.
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Fig.3 Mean precipitable water vapor (cm) over Canada, Annual.

of the winter season (January) when values for 20 stations ranged from 59%
to 67% and had an average of 63%. The spring and fall seasons had the
greatest variations, the range reaching 15%. Some regional variations were
seen, however, and these will be discussed here briefly to present the basis for
the later discussion of precipitation efficiency. The yearly patterns of wW.R.H.
for four stations, representative of different regions of the country, are shown in
Fig. 4.

Most stations in Canada have a minimum W.R.H. in the spring with the ex-
ception of stations along the east coast (e.g., Stephenville) where w.R.H. is
highly variable throughout the year. The West has a bimodal pattern with
another pronounced low in the fall and maxima in summer and winter. Sta-
tions in the East (such as Trout Lake) and the North have a fall maximum.
During the summer, wW.R.H. values are higher in the northeastern portions of
Canada and are lowest in the southwest where the drying influence of the
Pacific sub-tropical high pressure cell is evident. During the winter the Pacific
Coast has the highest relative humidities and the north-central interior regions
form a pocket of somewhat lower values. In most cases, however, the gradients
and variations in W.R.H. are not large, although exceptions are quite possible
over the western mountain areas where data are not available.

The regional variations in the long-term mean monthly relative saturation
of the air are small enough that the distribution pattern of P can be thought
of as resulting primarily from the relative effectiveness of dynamic mechanisms.
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Fig. 4 Seasonal trends of precipitable water relative humidity at selected stations.

A major value of the index of P is that it helps focus attention on the fac-
tors responsible for creating a particular precipitation regime throughout an
area. Regions of low total precipitation and high efficiency are limited in their
total precipitation by a shortage of available water vapor even though the
mechanisms are present to facilitate its release. Areas with low totals and low
efficiency are more limited by the ineffectiveness or absence of the dynamic
mechanisms. High precipitation totals and high efficiency mean that the dyna-
mic mechanisms are active in releasing the abundant vapor in the air. High
totals and low efficiency emphasize that even though precipitation is abundant
there is a great deal of moisture in the air that is not being utilized.

The use of P in conjunction with the usual precipitation totals helps pro-
vide a better understanding of the processes involved in producing the observed
precipitation distributions. Since the patterns of seasonal and annual precipita-
tion in Canada are well known this report presents the corresponding patterns
of Py “Seasonal” and annual maps are included and a brief discussion of each
pattern is given in simplified terms.

3 Methodology

Monthly and annual precipitation efficiencies were computed for 73 stations in
Canada using Eq. (1). Precipitation data were obtained from the Meteorologi-
cal Branch (1967). Mean monthly and annual values of precipitable water
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Fig. 5 Station locations.

vapor were taken from a study by Tuller (1972). In addition, precipitable
water data published by Reitan (1960a) for 10 U.S. stations near the Cana-
dian border were used. One station, Barter Island, Alaska, was incorporated
using Tuller’s (1972) precipitable water data, and data for another, Yakutat,
was taken from an earlier study by Tuller (1971). Station locations are shown
inFig. 5

Precipitation is an element that can vary greatly from station to station as
a result of local siting and exposure factors. Although efforts are made to the
contrary, the reported precipitation is often strictly representative only of a
very small local area. This is especially true in the mountainous West. For this
reason a dot pattern was used to represent P at each station rather than at-
tempt to draw isolines through areas of pronounced climatic discontinuities. A
graduated scale of dot size was employed with larger dots representing greater
precipitation efficiency. The resulting pattern is sufficient to illustrate the re-
gional variations and relative values of the index without creating an unwar-
ranted impression of accuracy. To interpret this index the problems involved
in the accurate measurement of precipitation itself should be kept in mind. Any
errors in the published precipitation data will carry over into the Py index.
Likewise the short period of record for the upper air data used in computing
precipitable water vapor may produce some variation in these results.
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Seven categories of Py are used: 0-4%, 5-9%, 10-14%, 15-24%, 25-
44%,45-74%, and over75% . These are sufficient to empbhasize the areas of
high and low efficiency and illustrate the regional differences between the
majority of stations clustered at the low end of the scale.

4 Results

Figures 6, 8, 10 and 12 present the seasonal march of the pattern of Py in
Canada. In general, the efficiency decreases from south to north and from the
coasts toward the interior of the continent.

a Winter

Precipitation efficiency reaches its seasonal peak in the winter when cyclonic
storms dominate the weather patterns. January (Fig. 6) represents the winter
months, December, January and February. Fig. 7 shows a compilation of winter
storm tracks taken from Klein (1957), the interquartile range of the position
of the Arctic front in January (Barry, 1967) and zones of confluence deter-
mined from streamline analysis by Bryson (1966). Frontal zones and storm
tracks are widely spread over the country and well developed during the winter
season producing rather high efficiency indices throughout Canada with the
exception of the high Arctic.

Two areas of maximum efficiency are dominant in the winter. Along the
Pacific Coast orographic effects and the proximity to a consistent source of
moisture contribute to the high values. The Gulf of St. Lawrence, lies along
the preferred track of cyclonic storms through eastern Canada.

Lowest values in the southern part of the country are found in Saskatchewan.
The distinct dry zone in the southern Prairies was formally recognized as long
ago as the late 1850’s in the reports of John Palliser, A more recent examination
of this “Canadian Dry Belt” by Villimow (1956) reduced the areal extent of
the actual dry belt to a region in southwestern Saskatchewan and southeastern
Alberta. The dry zone experiences considerably fewer cyclonic storm passages
than areas north or south, and is a region of subsidence and horizontal diver-
gence. Although the station network in the current study is not dense enough
to reveal the outlines of Villimow’s dry belt the lack of dynamic mechanisms is
corroborated by the low values of precipitation efficiency for Kindersley, Sas-
katchewan, during all seasons of the year.

b Spring

In the spring (March-May) P, values decline throughout the country (Fig.
8), especially along the West Coast and in the St. Lawrence region accompany-
ing the slow northward movement of the Pacific sub-tropical high pressure cell
and the decrease in cyclonic activity, respectively. These two regions, however,
still maintain the highest efficiencies in Canada. Frontal zones, particularly the
Arctic front, move northward (Fig. 9). The interior valleys of British Columbia
have particularly low efficiencies in this season. Late spring is also the time of
the annual low for most stations in the North.
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Storm tracks (Klein, 1957), interquartile range of the Arctic front from maps by
Barry (1967), and confluence zones from streamline analysis (Bryson, 1966);
January.
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Fig. 9 Storm tracks (Klein, 1957), median position of the Arctic front interpolated from
maps by Barry (1967), and confluence zones from streamline analysis (Bryson,
1966); April.
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¢ Summer

There is a rather uniform pattern of P, throughout the country in summer
(June—August). Values are lower than in the spring, averaging about 8% to
12% in July (Fig. 10).

A comparison of Figs. 10 and 11 illustrates very well that most stations with
higher P are located near mean storm tracks or the frontal and confluence
zones. The ability of precipitation efficiency to focus attention on the dynamic
mechanisms responsible for creating precipitation, means that this index could
provide an additional method of locating mean storm tracks or frontal zones
over regions of uniform relief.

Although summer is the time of maximum precipitation in the North, Pes is
low. Increased precipitation results from greater vapor content associated with
warmer air, more immediate sources of evaporation and inflow of moist air
from adjacent water bodies.

The British Columbia valleys partake of the general west coast pattern of
protection offered by the sub-tropical high pressure cell. They are further
protected by the leeward location with respect to the mountain ranges that
parallel the coast. Another example is Sandspit in the lee of the Queen Char-
lotte Islands.

The region of highest summer efficiency is the East, especially Quebec and
the Maritimes. Unstable (mT) air masses, which are very warm and humid in
their surface layers, along with surface heating, land-sea temperature contrasts
and available storm tracks all contribute to the higher efficiencies in this region.

d Fall

Fall P, (Fig. 12) rapidly increases along the West Coast as the sub-tropical
high pressure cell withdraws to the south and more cyclonic storms affect the
coast. The south-north gradient in P which is quite clear during the other
seasons is somewhat reversed during the fall. West of Hudson Bay the highest
efficiencies are located in the North along the most frequent storm paths and
the Arctic front (Fig. 13). By December the winter pattern is again well de-

veloped.

e Seasonal Trends

Stations in different regions of the country show different seasonal regimes of
P, Patterns for four typical stations, (Fig. 14) illustrate the ideas discussed
previously. West Coast stations (Quillayute) show a pronounced winter peak.
The summer minimum is associated with the presence of the Pacific sub-
tropical high pressure cell. East Coast stations (Stephenville) have a similar
pattern but orographic effects are lacking and late summer convective activity
is better developed. The annual range, therefore, is lower than that found on
the West Coast. The Prairie curve (Edmonton) is bimodal with summer con-
vective storms and winter cyclones producing equal efficiencies. The North
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Fig. 14 Seasonal trends of precipitation efficiency at selected stations.

(Baker Lake) has low P, values throughout the year. The minimum is in the
late spring, the season of highest mean air pressure for northern regions. The
autumn is warmer with a more unstable atmosphere.

S Summary and conclusions

The index of precipitation efficiency is a useful supplement to standard precipi-
tation maps to help focus attention on the efficiency of dynamic precipitation
mechanisms in an area, and illustrate the relative importance of available mois-
ture and these mechanisms in producing the observed precipitation pattern. In
effect the influence of atmospheric water vapor content is removed. Many areas
such as the North and East have highest precipitation totals during the summer
but highest efficiencies during the winter. This illustrates the effect that low
available moisture has on limiting the winter precipitation. On the West Coast,
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however, both the precipitation totals and efficiency follow the same seasonal
pattern.

Low precipitation can result from either a lack of moisture, want of precipita-
tion mechanism, or both. Cloud seeding is one method of increasing the effi-
ciency of the dynamic mechanisms. It would have little additional effect if most
of the available moisture was already being converted to precipitation.

Fig. 15 shows the annual P for Canada and illustrates the major distribu-
tional patterns seen during individual seasons. The West Coast has the national
high followed by the St. Lawrence-Maritimes region. Cyclonic activity is the
major source of precipitation. In most cases the pattern of P shows a good
correlation with mean storm tracks and frontal zones. Orographic effects are
well illustrated on the West Coast. Lower values are found in the interior of
the country and in the North mainly because of remoteness from continuous
moisture sources, lack of orographic effects, and the relatively large distances
from cyclone tracks.

Sellers (1965) reported the average value of annual P for the world to be
12% . Franceschini (1968) obtained 11% for the United States. The present
study gives values for all of Canada except the North above these figures.
This is especially true in the East and West. Canada, therefore, is better en-
dowed than many countries with an effective system of dynamic mechanisms
that are efficient converters of available water vapor into measurable precipi-
tation.
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Forecast Research Symposium

Paul E. Carlson
Atmospheric Environment Service, Toronto

Approximately 140 people attended a Forecast Research Symposium on May 3,
1973 at the Toronto Headquarters of the Atmospheric Environment Service
(AEs, Environment Canada). The Symposium was sponsored by the Meteoro-
logical Services Research Branch (MsRB, Atmospheric Research Directorate),
which has components located in Toronto and in Montreal, as the culmination
of an annual conference of the Branch. Those who attended or participated
came from other components of AEs Headquarters, Regional Weather Centrals
and Weather Offices, various universities and industries, the Government of
Ontario and the U.S. National Weather Service. The diversity of this represen-
tation indicates the widespread interest in the scientific and practical problems
of forecast research encountered by a national weather service, especially since
the Symposium was the first of its kind to be held in Canada.

Joseph Clodman, Director of MsRB, chaired both morning and afternoon
sessions which mainly dealt with mission-oriented research and development
work currently in progress on weather forecast procedures. Pre-prints of most
of the papers had been made available for preliminary study so that more time
could be devoted to discussion instead of more formal presentation. The dis-
cussions were enhanced by the participation of William Klein, Director of the
Techniques Development Laboratory (TpL) of the U.S. National Weather
Service, who also presented a comprehensive review of related work at TDL.

André Robert, Chief of the Dynamic Prediction Research (DPR) Division
of MsRs, outlined the progress already made to create an operational primitive
equations model for the Canadian Meteorological Centre (cmc). He quickly
reviewed early DPR activity in this field before describing the semi-implicit time
integration scheme developed from 1969 to 1972. Some of the results are
reflected in the S-1 scores of Fig. 1. Predictions obtained by the implicit method
compared quite favourably with those obtained by an explicit technique, even
though the implicit model ran about four times faster. Methods for parameteriz-
ing physical processes were examined, in order to improve performance of the
current highly-“tuned” operational model. At cMc the change-over to the
primitive equations model is planned for the fall of 1973 after a cbc cys 7600
computer has been received.

Bernard Muller, Chief of the Forecast Research Division of MSRB, gave an
overview of the problems that should be considered in developing a mission-
oriented forecast-research program relevant to the needs of a national weather
service. He summarised work on the development of the MSRB Regional Update
Model (RUM), which is designed to update standard NWP prognostics using
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Fig. 1 Smoothed monthly mean S - 1 scores for 36-h surface prognostics, cMC Analysis
and Prognosis Unit.

hourly surface data. Results obtained over 5 months with the first version were
entirely comparable with operational subjective updating and are considered
encouraging (Fig. 2). Frank Winninghoff outlined several potential refine-
ments including the introduction of terrain-induced vertical motions, the param-
eterization of physical processes such as surface heating and cooling, and the
release of the latent heat of condensation.

In a highlight of the Symposium Dr. Klein of TDL explained the methods
used to obtain improved forecasts of local weather elements. The “perfect
prog” method specifies local weather by means of regression equations derived
from observed circulation parameters and then applied to the output of numeri-
cal prognoses. It has been successfully used in the operational prediction of
maximum and minimum surface temperatures, extratropical storm surges along
the Atlantic Coast and Lake Erie water levels. This technique has a special ad-
vantage in that the forecast output automatically improves as the results from
numerical models improve. The second method, Model Output Statistics (M0s)
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requires that output from numerical models be archived and correlated with
local weather. Mos has been applied operationally to produce forecasts of pre-
cipitation probability and type, surface wind, ceiling, visibility, showers and
severe local storms. Plans are underway to combine the two methods and
extend them to elements such as sky cover, fog and surface humidity. The
numerical-statistical output is expected to give accurate forecast guidance for
nearly all local-weather parameters.

A planetary boundary-layer prediction model under development at MSRB
was described by Jacob Padro and is a variation of similar ones in operation at
the U.S. Air Force Global Weather Central and the U.S. National Meteorolo-
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gical Center. The model is slated to undergo comprehensive testing using con-
ventional aerological reports for input data, together with the series of hourly
m.s.l. pressure analyses available for the hours between the aerological report-
ing time and the start-up time for each run. Improvements will then be tackled
for both data assimilation and model design.

Tom Agnew outlined the development and prediction of a Relative Air
Pollution Potential Index (RAPPI) for use in comjunction with the Regional
Update Model. The value of the index, when related to climatology and accu-
mulated over a given number of hours, is in inverse relation to the predicted
dispersive effects of vertical diffusion and horizontal ventilation.

The general planning of an automated weather-element prediction system
was discussed by Don Bellows. Attention is being focussed on the production
of basic fields of weather elements over a regional grid with 127-km spacing.
Point values would then be related statistically to the set of surrounding grid-
point predictions and predictor fields.

Bill Harley explained a diagnostic and forecast technique applicable to con-
vective storms in terms of calculations of the total instability energy available in
given atmospheric layers. The performance of instability indices he has devel-
oped is being compared, using a relatively large data sample, with the perform-
ance of other indices in common use.

A program for automatic tracking and prediction of digitized weather-radar
echoes was described by Cliff Holtz. Significant echoes are automatically lo-
cated, identified, tracked and predicted using cross-correlations between
matched echoes in consecutive data sets. In addition, Geoff Austin (Depart-
ment of Meteorology, McGill University) reported successful results in about
30 test cases using cross-correlation vectoring to predict mean echo motion over
the total area of radar coverage as well as for selected sub-areas.

The present status regarding automation of upper-air observations in the
AES was discussed by Oscar Koren. It appears economically justifiable to do
this, even in the relatively short-term, for upper winds but not for the GMD
sounding program in its entirety.

Bryan Kerman described a similarity model for the viscoelastic sub-layer.
He showed that a contradiction arises if parallelism is assumed between stress
and shear, an assumption which is made in eddy viscosity and mixing-length
theories for boundary-layer models. Some basic results arising from his model
for co-existing waves, turbulence and mean flow were also presented.

Procedures for updating short-range (6- and 12-h) forecast fields with ob-
served data in order to estimate the prevailing state of the atmosphere were
described by Ian Rutherford. Examples were given of the coupled updating ap-
proach, in which all variables are updated in such a way as to maintain an ap-
proximate dynamic balance. Simple geostrophy was used to relate the correla-
tion functions for the forecast errors in the wind-components to those for the
geopotential height. Test results, using a barotropic primitive equations model,
suggest that further balancing of the updated fields may not be necessary.

William Creswick outlined the implementation of a new six-hourly cycle at
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cMc to assimilate data from routine surface observations as well as from the
latest available asynoptic upper-air temperature profiles as determined by satel-
lite. The urgency of this project was heightened by the prospect that the U.S.
will terminate their ocean weather-ship program. A six-hour forecast is made
from a special analysis and prognosis run that assimilates the six-hourly
satellite and surface data, which provide initial fields for the next twelve-hourly
analysis and prognosis cycle. Tests have shown that this initialization produces
improvements at 1000 mb which continue out to 72 hours.

Dave Davies described the manner in which large-scale moisture effects are
being incorporated into the DPR primitive equations model. Dewpoint depres-
sion is selected as the primary moisture parameter, special techniques provide
for a gradual transition from saturated to unsaturated conditions at the grid-
points, and predicted precipitation is broken down into large- and small-scale
components. The small-scale moisture effects are being re-designed by combin-
ing empirical techniques, used in the regular operational scheme, with parcel
ascent techniques.

The current stage of development of a multi-level spectral primitive-equa-
tions model was described by Roger Daley. Considerable effort has been ex-
pended to refine the initialization procedure, improve the vertical discretiza-
tion, increase the versatility of the input/output operations and implement a
semi-implicit algorithm (time-integration method). Encouraging results have
been obtained on running the model with real data for forecast periods up to
thirty-six hours.

The Symposium served as a forum in two ways: to present the details of
continuing research programs and to permit scientists in common areas of
work to test their concepts among themselves. Dr. Klein’s participation marked
a new stage in cross-fertilizing the development of forecast research in Canada
and the U.s., where a parallel program has been in progress for about eight
years. Since this Symposium was successful in promoting the exchange of in-
formation and ideas, it is planned as an annual event of the Meteorological
Services Research Branch Conference. Next year’s Symposium will likely be
lengthened to two days to allow more time for both presentation and discussion.
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on peut y faire des conférences sur divers sujets d’intérét météorologique. Atmosphére, la
revue officielle de la smc, est distribuée gratuitement A tous les membres. A chaque prin-
temps, la Société organise un congrés qui sert de Congrés national de météorologie.

Toute correspondance concernant les activités de la Société devrait &tre adressée au Sec-
lécgglrl;:-aorrespondam, Société météorologique du Canada, C.P. 160, Ste-Anne-de-Bellevue
, P.Q.

Il y a trois types de membres: Membre, Membre-étudiant, et Membre de soutien. La
cotisation est, pour 1973, de $15.00, $5.00 et $50.00 (min.) respectivement, Les Institu-
tions peuvent souscrire & Atmosphére au cofit de $10.00 par année.

La correspondance concernant les souscriptions au sMcC ou les souscriptions des institutions
doit étre envoyée aux Presses de I'Université de Toronto, Département des périodiques,
Campus Front, Toronto, Ontario, Canada, M5S 1A6. Les chéques doivent étre payables
aux Presses de I'Université de Toronto.
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