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ABSTRACT

This study is a first step towards investigating the
climatic potential for agriculture in an area where more
intensive cultivation and an extension of the arable area are
possible. The Study area consists of a rectangular zone in the
northern agricultural areas of Manitoba andeaskatchewan,
stretching from 52° - 55°N. and 101° - 110%W.

An assessment of the agricultural climate of the area is
made using 11 meteorological stations as reference points.
Integration of the data available from these sites along with
estimation procedures has enabled most climatic variables of a
thermal nature to be treated. Directly measured-variables include
global rgdiation, sunshine duration and air'temperatgre. Esti-
mates have been made of net radiation and for arctic front
locations. Agrometeorological factors, whiéh have been shown to
be of operational significance, are also considered including
spring and autumm frost series, the frost free period and
temperature summations.

As each variable is analysed, the data base used is
critically assessed and the importance of the variable to crop
production outlined.

Results are presented in two sections. One deals with

radiation and the other with daylight and temperature. Although
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voluminous, the results are far from being a comprehensive
survey of the agroclimate of this area.

It is concluded that a great deal more analysis of past
weather records, more instrumental recording of variables with
agricultural significance and further basic research is required
in areas where thermal constraints to agricultural production

predominate.




CHAPTER 1

INTRODUCTION

(a) Objectives of an agroclimatic study.

In general, agroclimatic studies have tende& to move
in two directions (Domrgs 1974). On thé one hand, the effects
of climate on crop yields are analysed in order to quantatively
evaluate expeéted yields under given climatic conditions, or to
ascertain the reasons for possible damage or loss of yield
attributable to the climate. On the other hand the objective,
as in the present study, is to relate the climatic conditions
of a region to the general climatic requirements of cultivated
crops. Climatic potential is assessed -~ in orde; to identify
ways of increasing agricultural productivity. As Cocheme and
Franquin (1967, 1) have stated, "Any plaﬁ.for increasing
agricultural production can benefit from such a survey; whether:
the plan involves intensifying existing cultivations, extending
them, introducing new crops or techniques, or improving protection
against pests and parasites - whatever the plan may be, the
influence of climate cannot be ignored."

Despite the obvious importance of regional agroclimatic
studies, the number of major pﬁblications in English in this are?\

is limited. Those that are readily available indicate that




thermal limitations to agricultural production have been poorly
treated. The English language qualification is necessary since
125 agroclimatic handbooks have been published for all agri-
culturally important provinces, territories and repuﬁlics of the
U.S.S.R. (Sinelshikov 1965). Excluding these, seven agro-
climatological surveys deserve particular mention: Agricultural
climatologies of the Yass Valley and Katherine Area, N.T. by
Slatyer (1960a, b), in the semi~arid and arid zones of the near
East (Perrin de Brichambaut and Wallén 1963), a semi-arid area
in Africa south of the Sahara (Cochemé and Franquin 1967), the
highlands of Eastern Africa (Brown and Cocheme 1973), Ceylon
(Domrgé 1974) and England and Wales (Smith 1976).

The two early publications by Slatyer (1960 a,b) are
detailed treatments of the agricultural climate of two small
areas-in Australia. No consideration is given té the climatic
requirements of individual crop species. Smith's (1976) study
is also exclusively climatic in approach but relates to a much
larger and more di&erse region. To alleviate this problem,
results are presented for smaller agricultural areas and expected
local deviations about the mean value are also given.

Comprehensive analyses of both the agricultural climate
and the climatic requirements of local crops are presented in the
remaining four publications. Of these, three (Perrin de
Brichambaut and Wallén 1963: Cochemé and Franquin 1967: Brown
and Cochemé 1973) are interagency projects compiled under the

auspices of F.A.0., W.M.0., and U.N.E.S.C.0. Their objective was



to assess the possibilities of increasing agricultural productivity
in the selected regions. Similarily, Domrgs (1974) attempts to
devise an agroclimatic potential land classification and zoning

of Ceylon according to the crops under investigation.

Attention is drawn to the fact that in only three publi-
cations (Brown and Cochemé 1973: Domrgs 1974: Smith 1976) is
reference made to the possibility of low temperatures being a
factor in limiting crop growth potential and, in the first two
of these cases, this is clearly an altitudinal rather than a
latitudinal constraint. In England and Wales thermal constraints
result from a combination of both elevation and latitude. It is
evident, therefore, that considerably more attention is required
in areas where thermal constraints upon agricultural production,
rather than moisture constraints, pose the major problem - a view
shared by McKendrick (1976). One such area is tﬁe secondary agri-
cultural frontier (Prescott 1965) of Northern Manitoba and
Saskatchewan. As Laut (1973, 73) states;

"Comparison of mean May to September precipitation

with potential evapotranspiration suggests that the

northern agricultural areas of the Prairie Provinces

receive adequate summer precipitation for cropping
activities in most years and lack of soil moisture

should not be a widespread environmental restriction
on agriculture.

However energy receipts tend to be minimal for
the satisfactory production of a number of cereal
grain crops. Therefore it is necessary to examine
such measures of energy availability for plant
growth as are available."

The objective of the present study is to examine selected
climatic factors important to agriculture in Northern Manitoba -and

Saskatchewan.




Within Manitoba and Saskatchewan, work on the climate in
relation to agriculture has not been entirely ignored. In Manitoba
Shaykewich (1974) has mapped mean values of several climatic para-
meters of agricultural significance for the area south of Dauphin
(51o 06' N) and, in Saskatchewan, Frost (1972) has examined the
area south of 51° 30" N. Also in Saskatchewan, McKay et al (1967)
have presented a general analysis of temperature and moisture
conditions in relation to agriculture using stations with variable ‘
record length. Air temperatures and temperature sums are the only
thermal variables discussed in any detail in this publication.

Several earlier geographical studies (e.g. Taylor 1957:
Bennett 1959) have investigated the climatic limitations of more
northerly areas. However, these works have sought to demarcate
absolute limits to cultivation through a single index such as
temperature rather than to evaluate the climate as a‘resource
base for agriculture. Such indices have been important in agricul-
tural planning policy since the days of the first piqneers (Dunbar
1973) but the severe limitations of a markedlybdeterministic
approach are obvious. The present study makes no attempt to define

precise limits to cultivation.




(b) Study area and data base
The area selected for the study included the majority
of the agricultural area in the north which had not been included

in previous studies, as well as areas which may have agricultural

potential in the future. That more northern areas still have
considerable agricultural potential appears to be in little doubt.
"It is estimated that there are still about 16.2 million hectares

that are capable of development for agricultural use. Over one

half of this acreage may be found included in or adjacent to the
areas that are now being farmed. The largest zone for future
development is in the forested area of the presently occupied

farms in Manitoba, Saskatchewan, Alberta, British Columbia and

in the adjacent area of Yukon and N.W.T." (Agriculture Canada 1977).
Beacom (1974) has estimated that 1.2 million hectares of potentially
good to fair arable land exist in Northern Saskatchewén and

perhaps half this figure in Manitoba. A broad latitudinal zone,

from 52°N to SSON, was adopted in order to include the majority

of this area and in response to the fact that several of the
climatic parameters investigated have a direct or indirect reliance Q;f;;
upon latitude. In Manitoba, agricultural potential within this
zone, but to the east of 101° longitude, is severely limited by

both climate and soils so this area was omitted from the study

leaving a rectangular area extending from 52° - 55°N and 101° -
110°W. The area is shown in Figure 1.1.
Meteorological observations are currently made at numerous

sites within the study area. The observations and measurements



made at these sites generally conform with internationally
agreed regulations regarding instruments, their usage, and their
exposure,

In keeping with general practice a period of 30 years
was chosen for analysis. Since climate is continually changing
the most recent period for which data were available was considered
to be the most appropriate. This period was 1947-1976. However,
by adopting the standard time period and rejeéting those stations
which did not exist throughout this period, or which Varied in
location, the number of sites from which data were cdllected
diminished to 11; nine in Saskatchewan and two in Manitoba. The
locations of each of these stations and the records used in this
study are listed in Table 1.1; locations are also shown in
Figure 1.1. Although locational descriptions and site histories
are not readily available for Canadian meteorologicai stations
(Catchpole and Ponce 1976) it is not thought that locatiomal or
instrumental changes have led to significant inhomogeneity of the
data base since, at the level of analysis attempted here, small
changes in site are unlikely to be of significance.

In general, meteorological stations are sited in order
to present a representative sample of the type of area in which
they are located. Nevertheless, with such a small number of
stations in a relatively large study area it would be unwise to
assume that 11 stations adequately represent the whole area.
For this reason the use of mapping procedures to represent the

-

data was considered inappropriate.




55 1 i e . \

o Flin Flon

) | . The Pas

V\L_\ Choncelond
Prince Los’r River \
.Wosecc W

N ) H dson Ba
North Battleford -/ udson Bay
| / / Pllger

Saskatoon o Muenster

52_‘ f

R 1
110 7

°w

Fig. 1.1 Location of the study area and sites of meteorological
stations used in this study.



TABLE 1.1: MAJOR STATIONS USED IN STUDY

STATION LOCATION DATES
USED T S R
°x °%  ELEV. (M)
THE PAS A. 5358 10106 273 1947/1-1949/10 X
1949/11-1972/7 X X
1972/7-1976/12 X X X
46 31
FLIN FLON 54 101 335 1947/1-1976/12 X
CHOICELAND 539 1042° 442 1948/12-1976/12 X
HUDSON BAY 5292 1022 372 1947/1-1976/12 X
LOST RIVER 531? 104%3 387 1947/1-1947/6 X
53 104 387 1947/6-1976/12 X
NORTH BATTLEFORD A. 527° 108 548 1947/1-1975/1 X
1975/2-1976/12 X X
12 00
MUENSTER 52 105 576 1947/1-1959/12 X
1960/10-1976/12 X
25 09
PILGER 52 105 544 1947/1-1976/12 X
PRINCE ALBERT A. 53l3 10541 431 1947/1-1976/12 X X
SASKATOON A. 5210 106*1 501 1947/1-1976/12 X
WASECA 5308 10924 648 1947/1-1951/7 X

1951/12-1976/12 X

A - AIRPORT

T — TEMPERATURE
S - SUNSHINE

R - RADIATION



(c) Plan of thesis

Following the introduction, the climatic factors treated
in this thesis fall naturally into two distinct sections. The
first (Chapter II) covers aspects of the radiation balance within
the study area. Under (a) Background relationships, the reader
is introduced to the basic principles involved in radiation
receipt and the portion available-for photosynthetic processes.
This is followed by a more detailed treatment of solar, global
and net radiation and sunshine duration under the heading
(b) Specific topics.

The second section (Chapter III) considers daylength
variations over the study area and the temperature conditions at
each of the 11 stations. Daylength variations are presented here,
in preference to Chapter II, since the duration of the light
period operates in conjunction with temperature in stimulating
plant development. Plant growth, on the other hand, is affected by
the intensity of the light and this is the main theme of Chapter II.
Ieylength is treated first and the discussion then examines monthly
mean daily maximum, monthly mean daily minimum and monthly mean
daily air temperatures. This leads by logical progression to a
consideration of temperature sums, 0°C frost dates in spring and
aﬁtumn, and the frost free period.

Also included in this chapter is a preliminary assessment
of the relationship between cold air advection over the study area
and the location of the arctic front. While frontal locations
influence many climatic parameters, in this instance only temperatures

are being considered so this topic is best dealt with in Chapter 1I11.




10

CHAPTER II

RADIATION

(a) Background relationships

(i) The receipt of solar radiation

Radiation is a fundamental component in the energy

balances of the atmosphere and the earth's surface. All bodies

above a temperature of absolute zero emit radiant emergy in the
form of electromagnetic waves. Incessant molecular motion is the
source of this thermal radiation when, as a result of interactions
between molecules, part of their energy is transformed into radi-
ation. Conversely, radiation can be absorbed by molecules and
converted into kinetic and potential energy, therebf—raising

the temperature of the body. The emission and absorption of
thermal radiation are governed by the temperétuxe and the nature
of the emitting or absorbing substance (Van Wijk and Scholte

Ubing 1963,62).

The sun, which is the ultimate source of practically all
of the energy used on the earth for physical and biological pro-

o . .
cesses, has a surface temperature of about 6000 K, emits approxi-

mately 98% of its radiation in the wavelength range 0.25 - 4.0
microns( # ) and, by Wien's Law, has a wavelength of maximum
emission at 0.483 p . On the other hand, the earth, with a mean

surface temperzture of about 3OOOK, emits radiation in the range
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3-80 p and, again by Wien's Law, has a wavelength of maximum
emission at 9.66 u . Since the spectral range for the sun and
earth are almost mutually exclusive, the former source is said to
emit shortwave or solar radiation while the latter is a source of
longwave or terrestrial radiation.

The rate at which radiation energy falls on a unit area of
a plane surface is the radiant flux density or irradiance and is
distinquished from the corresponding irradiatidn. The latter is
the time integral of the irradiance or the amount of energy received
by a given area in a specific time interval.

The total energy flux on a surface normal to the sun's
rays is about 1400 Wm_z. This value, the so-called solar constant,
was measured in rocket experiments (Laue and Drummond 1968) and is
somewhat larger than the value of 1353 Wm._2 used in the Smithsonian
Meteorological Tables (List 1966). It is clear that this value is
not in fact constant and is subject to slight variations due to
the variable distance between the earth and éﬁe sun and also to
changes in solar activity.

On a H#@rizontal surface at the top of the atmosphere the
radiation intensity (iA) is proportional to cos O , where the
zenith angle ©® is the angle between the incident solar rays and

the direction normal to the surface. Hence:

Ty = % cos © (1)

where Io is the solar constant. The zenith angle depends upon the
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geographical latitude (@ ), the sun's declination ( § ), and the
solar hour angle (H; H=0 at solar noon). Therefore IA can be
computed as follows: IA = Io [ sin @ sin 8 + cosdcos é cos H:lD"2 2)
where D_2 is a correctional term for the eliptical nature of the

earth's orbit such that:

D2 = 1+ 0.0335 cos (6.28 d/365) (3)
where d is the day of the year and (6.28 d/365) is an angle in
radiaps.

Equation (1) is only valid for positive values of cos O .
The interval of time that cos O is pasitive is the length of day
and when the right hand side is negative I& = 0. Annual fluctuations
in day length result from changes in the sun's declination 8 . For
the northern hemisphere the value of & reaches a minimum (—23.40)
on December 22nd, a maximum (+23.4°) on June 2lst and, at the
equinoxes, it is zero. Finally, in order to obtain-the total
radiant energy received over a given period.IA must be integrated
with respect to time over the period in quesEion.

On a ﬁorizontal surface at the earth-atmosphere interface
the radiation intensity is given by:

IE=IsinB+D (4)

where\Iﬁ is the total radiation received; I is the irradiance of
the direct beam, entering at solar elevation 8 ; D is the diffuse
irradiance from sky and clouds. The depth of atmosphere traversed
by the solar beam is expressed by an air mass number (m). At sea

level, m = 1 when thé sun is directly overhead (i.e. f = 900).
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From f = 90° down to about B = 10° the path is longer and the
relationship m = 1/sinf holds. Apart from the effects of

solar elevation on the receipt of radiation at the surface there

is also the effect of atmospheric attenuation to be considered.
Atmospheric attenuation occurs as a result of reflection, scattering
and absorption.

Absorption by atmospheric gases and water vapour is
wavelength specific. TFor example, ozone absorption occurs
mainly in the ultraviolet region (0.2 - 0.33ux ) and to a much
smaller extent in the visible band.' Absorption in the ultraviolet
region is extremely important to biological processes as excess
doses of this radiation are lethal.

Scattering is caused by the gas molecules of the atmosphere
(Rayleigh scattering), and by large particles such as dust, aerosols
etc. (Mie scattering). The former is inversely proéortional to
the fourth power of the wavelength while the latter is inversely
proportional to the wavelength. i

Reflection . in the atmosphere is principally by clouds but,
unlike absorption and scattering, reflection is almost independent
of wavelength.

(ii) Photosynthetically Active Radiation

It is clear from the above discussion that when incoming

radiation reaches the earth's surface it has not only changed in

. quantity but mayv also have changed in spectral quality. Not all

wavelengths of shortwave radiation are potentially productive in
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crop growth processes. The relationship between photosynthesis

and incoming shortwave irradiance is best evaluated by consideration
of that portion of the shortwave irradiance which is photosyn-
thetically active i.e. photosynthetically active radiation (P.A.R.).
Although the energy content of the 0.4 — 0.7 4 range has been

shown to be the best measure of the flux of P.A.R. (McCree 1972),
due to the problems of instrumentation, it is convenient to define

the ratio of P.A.R. to total shortwave irradiance as:

07 3-0 |
v =fEdi>\/fE>\d>\ (5)
03 ' 0-3 ’

where Ex<ik is an energy content of a wavelength interval dX
at A , with A in microns(Szeicz 1974). Due to an absence of
direct measurements of P.A.R. on a large scale several approxi-
mations to the above ratio have been proposed. An early analysis
by Moon (1940) obtained a ratio of 0.45 while Yocum et al (1964)
have reported that the 0.4 - 0.7 u spectral rangeiconstitutes
47% of the response of an Eppley pyranometer. A variable ratio
from 0.47 on clear days to 0.58 in very hea%y overcast was
obtained in New Zealand by McCree (1966). Variable ratios have
also been reported by Britton and Dodd (1976), Szeicz (1974)
and Yefimova (1971), the two latter studies opting for an
overall mean value of 0.50. Assuming that the ratio of P.A.R.
to total shortwave irradiance is 0.50 and confining analysis to
the visible spectrum, the quantum intensity of sunlight can be
computed as follows (Monteith 1965, 245):

At wavelength A ; the amount of energy per quantum is

34

he/ X where h is Planck's constant (6.63 x 10~ Js) and c is
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the velocity of light (3 x 108 m sec —l). If the energy in a

waveband dA is E \ d\ , the number of quanta in this waveband
is E A dN /hc. Integrating for the whole visible spectrum,

the number of quanta per unit emnergy is:

0-7 0-7
1/hcfiE)\d)\/fE>\d)\ = % /he (6)
04 074

where A is the mean wavelength in the range 0.4 - 0.7 u

weighted by eﬁergy. Assuming i = 0.553 p and given that omne

Einstein is N quanta (N = 6.02 x 1023 is Avagadro's number) then
2% /he = 4.63 Einsteins J_1 or alternatively he/2 = 0.217

*MJ Einstein —1.

Using the results of the above computations and following
an approximation to the work of Loomis and Williams (1963), a
theoretical maximum yield as a function of incoming radiation can
be calculated:

Assume a surface receipt of 20 MI m 2 d -1 of incoming
energy ( a realistic summer value for the study area). This
corresponds with approximately 10 MJ m ~2 d -1 of P.A.R. Since
one joule of incoming radiation contains 4.61 u Einsteins, on
average, the total quanta for 10 MJ would be 46.1 Einsteins m e,
With a mean visible albedo of 147 (Wang 1963, 81) and an inactive
absorption loss of 10%, the remaining quanta available for photo-
synthesis would be 35.1 Einsteins m _2. Taking the quantum
requirement for photosynthesis as 10,then 3.5 moles of carbo-

hydrate (CHZO) would be produced for every square meter. However,

with a respiration loss of one-third of the photosynthetic rate
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net production of CH,0 would be 2.3 moles m_2 or, taking 30 g

2
-1 . -2
mole CHZO’ this would be 70g.m .
If this net productivity represents 15671 J(g—l stored
in carbon compounds, then 1.1 MI m ~2 d -1 of shortwave

radiation ends up in the biomass. This represents 5.5% of the
total shortwave irradiance or about 117% of the energy received
as P.A.R. These figures are the same as those given by Hall
(1976) who used a different method of computation.

Actual values of net productivity and photosynthetic
efficiency are found to be very much lower than the above esti-
mates would suggest (Lemon 1969). Many factors can limit primary
productivity and it requires that only one of them be greatly
different from the optimum for productivity to decline, It coqld
be argued that the radiation climate of an area is the most
important of these factors yet it also tends to receive the least
attention. The following sections attempt to rectify the latter
for the study area. -

(b) Specific topics
(i) Solar radiation at the ﬁop of the atmosphere

Solar radiation at normal incidence at the top of the
atmosphere may be considered as the gross energy input at the
latitude of the study area. Table 2;1, computed from data given
in Russelo et al (1974) and Chang (1971), gives mean daily and
monthly totals of solar radiation at each of four degrees of
latitude for the summer months, as well as at the equator for

comparison.
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TABLE 2.1: MEAN DATLY AND MONTHLY TOTAL
SOLAR RADIATION AT THE TOP OF THE ATMOSPH ERE FOR _,
THE SUMMER MONTHS; 52° - 55°N AND AT THE EQUATOR (MJ:m = ).

LATITUDE (N) MAY JUNE JULY AUG. SEPT. MAY-SEPT.

55°

Daily Mean 38.3 42.1 40.3 33.7 24.4

Monthly Total 1188.4 1264.3 1250.8 1044.0 733.2 5480.8
540

aily Mean 38.5 42.2 40.5 34.0 24.9

Monthly Total 1194.2 1265.9  1254.4 1053.4 748.1 5516.0
53°

Daily Mean 38.7 42.2 40.6 34.3 25.4

‘Monthly Total 1200.0 1267.5 1257.9 1062.7 762.,7 5550.8
52°

Daily Mean 38.9 42.3 40.7 34.6 - 25.9

Monthly Total 1205.5 1269.0 1261.3 1071.6 777.2 5584.7
0°

Daily Mean 35.5 34.2 34.6 36.3 37.9

Monthly Total 1100.0 1025.8 1072.9 1125.6 1138.0 5463.8
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In all months, mean daily values increase from north to
south in the latitude of the study area. Peak daily values for
the study area occur in June where, at SZON, a value of 42.6 MJ
“-m © is reached on the 19th. Daily receipts decline rapidly on
either side of the peak value. By the end of September at 520N,
energy supply has been reduced by 50%. This decline is more
marked at higher latitudes.

Monthly total radiation receipts follow the pattern shown
for mean daily values, reaching a maximum in June and declining
sharply towards the equinoxes.

May to September totals, which characterise the growing
season in the area, are algo shown in Table 2.1. Over the five
month period gross energy receipts decline slightly from south
to north. At 55°N latitude, the summer (May to September) total
of 5480.8 MJm_2 compares favourably with an equatorial value of
5463.8 M m 2 over the same period. However, in winter, while
the energy supply at 0° latitude remains relatively constant, a
reduction by as much as 857 in daily values occurs at SSON. This
serves to illustrate the pronounced seasonality in energy
supply experienced at the latitude of the study area.

(ii) Global radiation, measurement and estimation

Of more direct significance for agriculture than solar

radiation at the top of the atmosphere is the amount of radiation

per unit area reaching a horizontal surface at vegetation height

both directly znd diffusely, via reflection and scattering, herein
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refered to as global radiation. Global radiation is important
to ecophysiological studies as it is the source of energy used
in evapotrapspiration and photosynthesis. Accurate measurements
of this component of the radiation balance are especially
important for planningiyrigation projects and when assessing

the water requirements and yield of many crops.

Direct measurementé of global radiation are still made
at comparatively few locations in Manitoba and Saskétchewan
(Table 2.2). Of the six stations having'radiation records in
the two provinces only The Pas Airport maintains current records
and lies within the belt from 52° - 55°N. Table 2.3 presents
monthly mean global radiation for The Pas A. The pronounced
seasonal variation is immediately evident and expected from
prior consideration of the solar radiation regime at this lati-
tude. However, peak values do not always occur in June when
solar receipts are at a maximum and there is considerable vari-
ation for any month from year to year. These factors are due
to differential atmospheric attenuation of the direct and
diffuse components on a day to day basis.

Global radiation records at The Pas A. are of short
duration relative to the optimum of 30 years suggested for
climatological purposes (W.M.0. 1960). Nevertheless, on.a daily
basis, records for this station are considered to be of an adequate
length to derive a relationship for estimating global radiation
receipts from duration of bright sunshine records; one of the

best ways to obtain such an estimate (Stanhill 1965: Bennett 1969).
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TABLE 2.2: STATIONS WITH RADIATION RECORDS IN
MANITOBA AND SASKATCHEWAN
STATION LOCATION RECORD LENGTH TYPE OF RECORD
. 45 04
Churchill A., 58N 947 W 1949 - 1961 Global Solar
Man. 1964 - ' Global Solar and
net Radiation
58 06
The Pas A., 537°N 1017w 1972 - Global Solar
Man.
Winnipeg A., 4954N 9714W 1961 - Global Solar
Man. 1976 - Sky Radiation
08 38
Saskatoon NRC, 52°°N 1067w 1953 - 1967 Global Solar
Sask.*
19 24
Bad Lake IDH 51""N 108" W 1971 - Global Solar,
102, Sask. Reflected Solar
- and Net Radiation
. 16 44 ”
Swift Current 507N 107 W 1959 - Global Solar

CDA, Sask.

* No simpgltaneous bright sunshine records.
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TABLE 2.3: MONTHLY MEAN GLOBAL RADIATION AT THE PAS A. (MJ m © d )
YEAR JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC.
1972 M M M M M M M 16.80 10.47 6.28 2.51 2.85
1973 3.39 7.00 11.93 16.93 22.83 17.47 20.24 18.39 12.70 5.82 2.85 2.64
1974 3.73  7.21 12.61 19.96 17.60 22,00 20.66 16.34 10.64 6.95 3.35 2.14
1975 2.93 7.16 13.87 17.60 18.56 19.44 21.28 15.50 10.35 6.87 3.64 2.51
1976 2.97 7.04 13.28 18.06 22.71 19.27 22.08 .18.14 13.41 ©NA NA NA
M - Period befo}e observations began

NA -~ Not available at time of analysis

1¢
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Bright sunshine data is treated more fully in Section (b)
(iv).

The first proposal of such a relationship came from
Xngstrgm (1924), whose equation took the general form:

Q = Qo (a + b n/N) (7)
VWhere Q is the actual receipt of incoming, direct and diffuse,
shortwave radiation; Qo is the total solar radiation received on
a horizontal surface at ground level with clear skies; n is the
number of hours of bright sunshine (bright being uﬁdefined) and
N is the daylength in hours. The constants a and b vary according
to season and location. gngstrSm (1924), fbr example, obtained
the values a = 0.25, b = 0.75 for weekly readings at Stockholm,
while Fritz and MacDonald (1949) have used the values a = 0.35,
b = 0.61 in the United States. Several workers have found this
form of the equation most useful (Kimball and Hand 1936 Hamon et
al 1954: Ganesan 1970: Dogniaux 1974) but most studies have incor-

porated the modified format where Qo is replaced by Q,, the total

radiation received at the top of the atmosphere (Angot's value).
The use of QA facilitates comparison between stations and, unlike
Qo, values of QA are available in tables. 1In this case the equation
is expressed as:

Q=Q, (a+b /N (8)

Since the computed values of the constants a and b vary
widely between stations, numerous studies of their values have been
undertaken (see Linacre 1967, 73-76: Chang 1971, 22-23). Values

obtained in other Canadian studies are given in Table 2.4.




TABLE 2.4: CANADIAN ESTIMATES OF THE RELATIONSHIP BETWEEN

GLOBAL RADIATION AND HOURS OF BRIGHT SUNSHINE

SOURCE LOCATION 'a' VALUE 'b' VALUE CORR. COEFF.
Mateer (1955)%* 6 Stations 0.35 0.68 0.93
Baler and Robertson (1965)*%* Ottawa/Edmonton  0.25 0.62 0.92
Driedger and Catchpole (1970)+ Winnipeg 0.23 - 0.51 0.41 - 0.76 0.84
Selirio et al (1971)++ Guelph 0.23 0.57 0.92
Pfesent Study The Pas A. 0.26 0.50 0.90

* Using summer monthly means 'and the original Angstrom equation
*% 856 dailly observations during the growing season.
+ Daily values 1950 ~ 1967, using oriéinal Angstrom equation.

++ 400 daily observations from four seasons with a sample of 20 per season for five years.

£C
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The Pas Airport climatological station, located at latitude
53958" N, longitude 101° 06" W, at an elevation of 273 meters
above M.S.L., was the recording site of all global radiation and
bright sunshine data used in this analysis. Data collected in
the Canadian climatological station network is published by the
Atmospheric Environment Service, Environment Canada (previously
the Meteorological Bfanch of the Canadian Department of Transport)
in the form of monthly summaries. From these summaries, daily values
of Q and n were obtained for the period 16th July 1972 to 3l1st
September 1976. Q values are measured by a Kipp pyranometer while
bright sunshine is measured by a Campbell-Stokes sunshine recorder.
Daily values of QA and N were obtained from Russelo Eﬁ.él.(1974)s
a source which eliminates the need‘for graphic interpolation
between points and therefore has advantages over the more commonly
used Smithsonian Meteorological Tables (List 1966). In total,
1445 usable observation pairs were available. Missing Q values
occur when the instrument is being recalibrated or when obstruction
of the recording surface reduces significantly the number of
hourly recordings. When a small part of a day has no record the
daily total is estimated and the entry is marked as such in the
monthly summary. Very few daily sunshine recordings were missing
save for the absence of published values in June 1975.

Flexibility in the analysis of the data was achieved using
program BMDPIR of the Biomedical (BMDP) package series (Dixon 1975).
This simple regression program facilitated computation of regression

equations on an all-data, annual, monthly and, for the summer months,
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10 day basis. Early examination of the graphic output given by

the program revealed that outliers were not associated with esti-
mated radiation values. The inclusion of estimates in all subsequent
analyses was therefore considered to be appropriate.

The constants derived in the analysis of the relationship
between Q/QA and n/N are given for an annual and all-data basis in
Table 2.5. Surprisingly little variation in either constant occurs
from year to year and each year analysed approximates well with
the mean annual values. This would tend to indicate that a general
value for a and b can be obtained from a small number of years of
data at any site with appropriate records.

Several modifications to Equation 8 have been proposed
to improve the significance of the statistical relationship. 1In a
dry monsoonal environment, Fitzpatrick and Stern (1965) found that .
the exclusion of values where n/N = 0 and a hyperbolic relationship
gave a better fit for their data. However, as can be seen from
Table 2.5, the computation of a second mean annual regression

equation which excluded values where’ﬁ/N = (0 did not improve the

estimate of the relationship and a hyperbolic relationship was
deemed to be inappropriate in this case.

Using data from two British stations Collingbourne (1976)
has shown that the use of a polynomial curve does not add useful
extra precision when composed with a linear regression line, a
conclusion also reached by de Vries (in de Boer 1961, 539). Glover
and McCulloch (1958 a,b) analysed daily observations from seven

stations for periods ranging from two to nine years. While values



TABLE 2.5: ANNUAL AND MEAN ANNUAL VALUES OF THE CONSTANTS IN

THE RELATIONSHIP Q = QA (a+b n/N) FOR THE PAS A., 1972 - 1976

NO. OF CONSTANTS TURBIDITY CORR. COEFF. STD. ERROR OF
YEAR OBSERVATIONS a b atb=t ESTIMATE
1972 160 0.236 0.503 0.739 Q.918 0.072
1973 351 0.270 0.497 0.767 0.902 0.082
1974 346 0.263 0.498 0.761 0.874 0.089
1975 324 0.264 0.500 0.764 0.910 0.077
1976 264 '0.267 0.495 0.762 0.920 ' 0.065
1972 - 76% 1445 0.262 0.500 0.762 0.903 0.079

1972 - 76+ 1193 0.285 0.467 0.752 0.879 0.071

* All data included

+ Values where n/N = 0 omitted

9T
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of b were essentially constant from station to station, they found
that a varied with latitude, & . They proposed an equation:

Q/QA = 0.29 cosd + 0.52 n/N 9

This equation has not been widely accepted. Nor has a
proposal by Swartman and Ogunlade (1967) to incorporate a humid-
ity parameter.

Returning to Table 2.4, the mean annual values obtained in
the present study can be compared with those from other Canadian
analyses. Although it would appear at first that the results
differ greatly, this is probably due to differences in the data
base and.the method of analysis used. Mateer (1955) used the
original gngstram equation and summer monthly means for radiation
and sunshine data. The analysis undertaken by Driedger (1969,
61-62) suggests that the use of monthly means for universal
application is open to doubt. Baier and Robertson (1965) used
daily observations but for the growing season only. Driedger and
Catchpole (1970) found that variations in a and b could be
described as parabolic over the period of a year and that thé
least squares estimators of the parameters a and b could be
assessed for any five day period.

The method used by Selirio et al (1971) most closely
approximates to the present énalysis and also gives the closest
results. The variation in coefficient values which stilliexists
emphasises the need for station by station analysis of the global
radiation, sunshine duration relationship whenever adequate records

are available.
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On a monthly basis (Table 2.6) it would appear that there
is a seasonal fluctuation in the a and b values for The Pas A. as
noted by Driedger (1969) for Winnipeg. This apparent trend is
confirmedin Figure 2.1, where a pronounced annual cycle and inverse
relationship betweeﬁ the constants is evident. The a value depends
upon the level of diffuse radiation which, in turn, is directly
related to cloud and/or snow cover. This is exemplified in spring
when multiple reflection between snow cover and cloud base declines
and there is a corresponding decline in the value of a. With a com-
plete cloud cover the ratio n/N will equal zero and the value of a
will indicate Q/QA' Such a position is hypothetical however as
n/N = 0, although occuring frequently as a daily value, does not
exist as a monthly mean. According to Davies (1965, 362) the
value a, "... is to be regarded strictly as an index of the general
displacement of the scatter with reference to the ordinate from
month to month."

The slope of the regression equatiow, b, is related to the
attenuation of direct radiation and is apparently also an index of
the latitudinal gradient in the solar radiation, sunshine duration
relationship (Davies 1965). However, the mean annual value of b =
0.500 appears low when compared to results obtained from other
stations of similar latitude (Linacre 1967, 75-78). This may be due
to the continental location of The Pas A.

By setting n/N = 1 an index of turbidity (t) can be obtained.
Turbidity is defined as any condition of the atmosphere which reduces

its transparency to radiation and is a measure of the total aerosol




TABLE 2.6:

THE PAS A., 1972 = 1976

MONTHLY VALUES OF THE CONSTANTS
IN THE RELATIONSHIP Q = QA (atb n/N) FOR

29

NO. OF CONSTANTS  TURBIDITY CORR. COEFF. STD. ERROR OF
MONTH OBSERVATIONS a b t=atb ESTIMATE
Jan. 121 0.318 0.460 0.778 0.915 0.068
Feb. 104 0.387 0.375 0.762 0.917 0.051
Mar. 118 0.391 0.427 0.818 0.931 0.052
April 116 0.277 0.542 0.819 0.940 0.064
May 119 0.227 0.550 0.777 0.940 0.064
June 84 0.185 0.557 0.742 0.944 0.065
July 139 0.199 0.534 0.733 0.944 0.054
Aug. 151 0.207 0.517 0.724 0.945 0.053
Sept. 142 0.185 0.605 0.790 0.965 0.052
Oct. 121 0.208 0.522 0.730 0.920 0.073
Nov. 113 0.243 0.475 0.718 0.913 0.065
Dec. 117 0.302 0.449 0.751 0.884 0.079
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Fig. 2.1 Annual variation of regression constants a and
b linking global radiation and sunshine duration
(for daily totals) at The Pas A, 1972-1976, t=alb.
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in a column of atmosphere, the term usually applying to a cloud-
free portion of the atmosphere. Seasonal variations in monthly t
values (Figure 2.1) may be apparent rather . than real. Peak t
values in spring and autumn may be the result of increased atmos-
pheric transmission but it is not obvious why this should occur

at these times. While it is difficult to be conclusive about
variability in monthly t values, it is clear £hat stability
characterises annual values (Table 2.5). For the data as a whole

t = 0.762 was obtained which, although considerably lower than the
value of 0.87 obtained by Baier and Robertson (1965), agrees well
with both Selirio et al (1971); who derived a value of t = 0.77 for
Guelph, and gngstrgm (1957) who found an average value of t = 0.75.
In this case n/N = 1 is also hypothetical, not only as a monthly
mean but also on a daily basis since the Campbell - Stokes sunshine
recorder has a variable lower threshold recording level which, on
average, is 130 Wm —2. This in fact means that the sunshine
recorder fails to register bright sunshine when the sun's elevation
above the horizon is less than about 3° which constitutes a con-
siderable portion of the‘day during winter months. It is possible
to correct daylength values to take this fact into account.

In addition, 10 day values for a and b have been calculated
and the results are presented in Table 2.7. Comparably high corre-
lation coefficients with those obtained for monthly groupings would
appear to justify computations for the shorter period. As expected,

a and b values fluctuate around those obtained from monthly groupings.




TABLE 2.7:

10 DAY VALUES OF THE CONSTANTS IN THE

RELATIONSHIP Q = Q

(atb n/N) FOR THE PAS A.
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(SUMMER MONTHS ONLY), 1972 - 1976.
NO. OF CONSTANTS TURBIDITY CORR. COEFF. SID. ERROR OF
PERIOD OBSERVATIONS ‘a b t=atb ESTIMATE

May

+10 37 0.267 0.505 0.772 0.948 0.057
11-20 40 0.212 0.588 0.800 0.945 0.067
21-31 42 0.206 0.556 0.762 0.940 0.063
June

1-10 29 0.220 0.512 0.732 0.917 0.068
11-20 26 0.153 0.581 0.734 0.941 0.074
21-30 29 0.163 0.597 0.760 0.975 0.046
July :

1-10 40 0.160 0.576 0.736 0.948 0.048
11-20 45 0.223 0.504 0.727 0.928 0.065
21-31 54 0.192 0.552 0.744 0.961 0.046
Aug.

1-1 48 0.235 0.494 0.729 0.901 0.065
11-20 48 0.210 0.507 0.717 0.969 0.042
21-31 55 0.186 0.539 0.725 0.958 0.049
Sept.

1-10 49 0.187 0.590 0.777 0.977 0.042
11-20 43 0.171 0.626 0.797 0.962 0.058
21-30 50 0.193 0.604 0.797 0.959 0.055
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TABLE 2.8: MONTHLY GLOBAL RADIATION ESTIMATES
FOR PRINCE ALBERT A. AND ACTUAL MEASUREMENTS
AT THE PAS A. (MJ m2 a1)

Q T/N RATIO GLOBAL THE PAS A.
MONTH A (30 YR. AVG.) RADIATION EST.  MEASURED
Jan. 7.49 0.365 3.64 3.26
Feb. 13.03 0.429 7.14 7.12
Mar. 21.58 0.453 12.61 12.83
April 31.10 0.520 17.38 18.13
May 38.79 0.541 20.35 20.50
June 42.25 0.520 20.05 19.70
July 40.58 0.598 21.03 20.88
Aug. 34.28 0.597 17.68 17.00
Sept. 25.42 0.545 13.08 11.59
Oct. 16.24 0.441 7.12 ] 6.51
Nov. 9.17 0.312 3.59 3.05
Dec. 6.11 0.297 2.66 2.51

Q

A - solar radiation on a horizontal surface at the top of the
atmosphere at 53°N.

n - hours of bright sunshine

N - daylength
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Given a sufficiently long period of data, variations in a and b
can be studied as a function of time for shorter periods as in the
work of Driedger (1969).

In order to illustrate application of the estimation pro-
cedure, sunshine records for Prince Albert A. have been used (see
also Sec. (b) (iv)). The results of the computations along with
30 year n/N ratios aﬁd QA values for 53°N are shown in Table 2.8.
The annual cycle of values closely approximates recorded values
for The Pas A. Relatively high global radiation values are attained
from April to August but not all of this energy will be available
for crop growth. 1In April a significant proportion will be con-
sumed in snow melt, evaporation and soil heat flux so the remaining
energy available for warming the air and for photosynthesis will be
considerably reduced. Clearly the net energy available for each of
these processes is of fundamental importance. It is to this com—
ponent of the radiation balance, net radiation, that attention is
now turned. -

(iii) The estimation of net radiation

Net radiation can be defined as the difference between the
downward f£lux of shortwave global radiation and longwave sky radiation,
on the one hand, and the reflected shortwave radiation plus outgoing
terrestrial radiation, on the other (e.g. Rosenberg‘1974, 32). This

can be expressed algebraically as:

RY

Where Q‘q is the net radiation; Q is global radiation; «a is the

=Q-aQ+ RLW - RL4 (10)

reflection coefficient (shortwave albedo); Riy and Ry, are the

incoming and outgoing longwave radiation respectively.
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The longwave components, which are extremely difficult to
measure, are often combined to:

R VLY L

where RL is the effective outgoing longwave radiation. Combining

equations 10 and 11 we obtain:

Q= (1-a)@-R  (12)

In the absence of site measurements an example of the
magnitude of the net radiation component in the daily energy bal-
ance is appropriate and one is given in Table 2.9. Almost 607% of
the global radiation reaching the surface is available as net
radiation and, although the portions into which this net energy
will be divided varies appreciably under different situations, actual
values measured over a barley crop under clear, dry, summer con-
ditions in England are also given. Long et al (1964) also showed
that the value for expenditure in heating the air was positive
during the middle of the day (air gaining heat) and negative in
early morning and late afternoon (air supplying heat). The daily

total was -1.09 MJ'mfg i.e. the air supplied heat to the crop.

Of the two stations recording net radiation in Manitoba
and Saskatchewan (Table 2.2), neither lies within the area of
interest and one station, Churchill A., lies a considerable

distance outside the current and potential agricultural area.

This shortage of net radiation data is partially attributable to
the fact that direct instrumental measurements of met radiation is
even more difficult to achieve than with global radiatiom.

Available evidence (Latimer 1963: Boyd and Reynolds 1963: Holmes
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TABLE 2.9: THE DAILY RADIATION BALANCE MEASURED
OVER A BARLEY CROP: ROTHAMSTED JULY 23rd 1963

(ADAPTED FROM LONG et al 1964)

INCOME MI @ 2dt
Incoming energy at top of atmosphere 39.91
Global radiation at surface 20.57
Loss by reflection 4.90
Loss by reradiation , 3.39
Net radiation income 12.28 *
USE AT SURFACE
Expenditure as evaporation . 12.19
"Expenditure" in heating air - 1.09
Expenditure in heating soil 1.17
12.27 %

* Difference due to rounding errors in conversion.
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and Watson 1967) tends fo confirm the assertion that a satisfactory
and widely acceptable instrument for measuring net radiation has

yet to be designed (F.A.0. et al 1967, 180). A significant pro-
porticn of published data on net radiation continues to be from
sporadic observations in conjunction with specific experimental

work. This widespread shortage of net radiaticn data has prompted the
derivation of several equations which attempt‘to estimate net
radiation from more readily available climatié data, as well as
relationships expressing net radiation as a linear function of

global radiation.

Of the empirical formulae, the Penman equation is probab1§
the best known (Penman 1948, 139). Assuming a constant albedo, the
solution of this formula requires data on global radiation,
bright sunshine duration, air temperature and humidity. Penﬁan's
equation reads:

1
s

) (0.1+0.9 n/N) (13)
9

Q= (1-®)Q - 0T, *(0.56-0.008e
where o is Stefan-Boltzmann's constant (4.93x10 ~MJ m_-2 d_l); TK
the screen temperature in degrees Kelvin (OC + 273); e, is the
screen vapour pressure (Pa).

The four variables required to solve this equation are not
available for many climatological stations. By making appropriate
assumptions, Linacre (1968:1969) has attempted to deal with this
problem by deriving a series of expressions for net radiation with
increasing‘simplicity of estimation but apparently without severe

loss of accuracy. Four of the ten expressions derived by Linacre

(1969, 61-63) are given below:
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Q (1-)Q - 16x107" (0.2+0.8 n/N) (100-T) (14)

Q= (l-u)QA (a+bn/N) - 16x10'4(0.2+0.8 n/N) [100+0.006h -Q,
(a+bn/N) (lOO—l.ZA{] (15)

QN= (1-a)qQ - 16x10_4 [lOO—Q(102-1.2A+0.006h)] (0.8Q/bQA +

0.2-0.8a/b) (16)

Q= (1-a) (T+0.006h)
102-1.2A

i -5
- 32x10 © (100-T) [1“*3/1’ ¥ q, (102-1.24)

where each symbol is as previously stated and T is the screen
temperature (OC); h is the altitude (m); and A is the altitude in
degrees. Values of Q and QA>must be in cal cm-2 min_l.

Again, assuming a constant albedo, equation 14 has three
variables (global radiation, bright sunshine, temperature) while
the remaining expressions each involve only one climatic variable
(bright sunshine, global radiation and temperature respectively).

The choice of a value for the reflection coefficient,a,
is open to considerable debate. Shortwave albedo varies with the
season, with the nature of the ground cover, and with the time
of day.

Marked asymmetry is a characteristic of the diurnal dis-~
tribution of reflection coefficient values (Nkemdirim 1972).
Nkemdirim (1973, 233) stresses that, "The dependence of albedo on
zenith angle has been widely recognised but the dependence of the

values on period of day has not received the attention it deserves

in the literature." However, for present purposes, the adoption

% (T+0.006h) J(17)
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of average values is jusfified by the scale of analysis and the
lack of site measurements.

From measurements over a variety of crop surfaces Monteith
(1959) has shown that « is close to 0.25 when a complete vegetative
cover is present. Similar values have been reported in subsequent
work by the same author (Monteith and Szeicz 1961: 1962) as well
as by Fritschen (1967) in Arizona and Idso_gg_é; (1969) in Minnesota.
However, Graham and King (1961) have reported much lower values in
Ontario as have Fitzpatrick and Stern (1965) in a dry monsoonal
area and Decker (1966) in Missouri.

Kung et al (1964) have made airborne measurements of short-
wave albedo from northern Mexico to above the Arctic Circle in
Canada. They found that during the summer season values of a
were about 0.18 with little variation from north to south. in
winter, on the other hand, when a snow cover was present, the
meridiqgal profile of shortwave albedo values was markedly skewed.
The presence or absence of snow determines the greatest variations
of albedo and best illustrates the effect of the surface reflection
coefficient on net radiation. McFadden and Ragotzkie (1967) used
measured changes in shortwave albedo to estimate sensible heat
transfer to the atmosphere during the period of rapid snow dis-
appearance over central Canada in the spring of 1963. Values of
shortwave albedo recorded for the summer months were very similar to
those quoted for Kung et al (1964).

Judging from the above studies a summer monthly mean

reflection coefficient value of 0.20 would appear to be realistic for
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the study area. This value was found by Linacre (1969, 67-68) to
reduce to- zero the bias resulting from the use of equation 14
with weekly mean data.

The alternative to empirical formulae, which use other
climatic data for estimating net radiation, is the derivation of a
relationship between net radiation and global radiation. Fleischer
(1953) was the first to recognise such a relationship but its imp-
v%gggggationa may be attributed to Monteith and Szeicz (1961). The
development 6f this approach involves the definitive radiation
balance equation (equation 12) and two linear approximations:

Qq = cQ-d (18)

<t (1-a) g-dt (19)

QN
where ¢ and cl are regression coefficients and d and d1 are
constants. Values for c and d have been derived for several
locations (see Chang 1971, 37: Rosenberg 1974, 37). Given the
importance of shortwave albedo in determining net radiation, it may
appear obvious to assume that equation 19, which includes a reflection
coefficient'term,‘would produce a better regression of net radiation
on global radiation than equation 18 which does not include such a
term. Apparently this is not the case. Both Fritschen (1967) and
Idso (1968) have questioned the value of incorporating a shortwave
albedo term in the predictor while Davies and Buttimor (1969, 373)
in an analysis of data from Simcoe, southern Ontario assert that,
"...there is no advantage to incorporating albedo in the linear
relationship between net and net shortwave radiation.” 1In an

earlier paper, Davies (1967) amalgamated data from 14 globally
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distributed meteorological and research stations, including six
from Canada, to obtain an overall regression equation:

Q= 0.617 Q-1.01 owr a7l (20)

An extremely high correlation coefficient was obtained
(r=0.99) despite the range in types of cover and climate experienced
at each of the stations. The constant d was found to increase when
the negative values of net radiation recorded at night were included
but the coefficient ¢ was virtually independent of the period of
integration.

In order to obtain a working estimate of net radiatiomn for
the study area six of the above equations (equations 13, 14, 15, 16,
17, 20) have been evaluated using daily data from The Pas A. The
results (Table 2.10a) are presented as monthly mean values in MJ
J?m_zd_l. Table 2.10b lists the variables involved in each estimation
procedure.

In the absence of site measurements for comparison it is
difficult to make precise statements about the relative merits of
each of the methods used to estimate net radiation. However, some
general observations can be made.

Equation 17, which uses only temperature as a variable,
gives results which are very much higher than those of the other
equations. In a comparison between his estimation procedureé and
measured net radiation values Linacre (1969, 64) states that equation
17, "...is the least accurate in almost every case ...". This large
positive deviation results from using the approximation:

T = Q(102-1.24) -0.006h (21)
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TABLE 2.10a: COMPARISONS OF SUMMER MONTHLY ESTIMATES
OF NET RADIATION FOR THE PAS A. 1972 - 1976
M3 o2 a7

PENMAN LINACRE LINACRE LINACRE LINACRE DAVIES
MONTH EQ. 13 EQ. 14 EQ. 15 ©EQ. 16 EQ. 17 EQ. 20

May 9.89 10.74  10.80 10. 86 8.75 11.64
June  10.68  11.04 10.20 10.62 14.06 11.16
July  10.62  11.22 10.98 10.86 16.83 11.89
© Aug. 7.90 8.33 7.84 7.84 13.64 9.47
Sept.  4.04 4.34 4.04 4.04 6.03 6.15

TABLE 2.10b: VARIABLES INVOLVED IN EACH
ESTIMATION PROCEDURE

EQ. NO. 'VARIABLES USED
13 Q n T ea
14 Q n T
15 n
16 Q
17 T
20 Q
Q - global radiation T ~ air temperature
n - daily bright sunshine €4 vapour pressure
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which does not allow for the lag between temperature and the annual
radiation changes.

Despite the claim by Davies (1967, 115) that, '"They (linear
relationships between net and global radiation) are preferable to
the empirical formulae in common use which are very rough approxi-

" the use of equation 20 also appears to give

mations at best ...,
rather high results especially in May and September. It was pre-
viously stated that shortwave albedo is very important in deter-
mining net radiation. Yet equation 20 fails to take changing
albedo into account at all. This omission would be of particular
importance in spring and autumn when a low sup ‘angle would combine
with the possibility of a snow cover to considerably reduce the
net radiation value. The high correlation found in Davies's study
may be due to the short period of record used from each statiom or,
perhaps, the use of monthly rather than daily mean values. Of
more fundamental importance are the general shortcomings of this
approach which have been outlined by Gay (1971). Clearly there
exists a need for a detailed study éf methods of estimating net
radiation in the northern Prairies, with particular emphasis upon
the role of albedo in spring and autumm.

It has been argued that equations 17 and 20 are likely to
give poor estimates of net radiation but there is no evidence to
indicate which of the remaining four equations gives the optimal
estimate of net radiation. Since the values provided by equations 15
and 16 are so similar it was decided to take only one of these two

(equation 135) along with equations 13 and 14 to provide 10 day net




TABLE 2.11:

10-DAY ESTIMATES OF NET RADIATION
FOR THE PAS A., 1972 - 1976 (MJ m_zd_l)
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PENMAN LINACRE LINACRE

MONTH/PERIOD EQ. 13 "EQ. 14 EQ. 15
May 1-10 9.83 10.26 10.32
11-20 10.08 10.80 11.04

21-31 9.77 11.52 11.52

June  1-10 9.77 9.65 9.35
11-20 10.68 11.04 10.32

21-30 11.28 12.13 10.98

July  1-10 11.64 12.37 11.95
11-20 10.86 11.22 10.86

21-31 10.14 10.62 10.26

Aug. 1-10 9.41 10.08 9.77
11-20 7.84 8.27 7.72

21-31 6.64 6.82 6.40

Sept. 1-10 4.89 5.55 4.95
11-20 4.22 4.40 3.74

21-30 3.02 3.08 2.90
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radiation estimates for the May to September period. The results

of these computations are shown in Table 2.11. Of particular
interest %@ the low estimate of QN for the first ten days in

June. This was largely due to the very low solar radiation value
for this period which has, in turn, reduced the net radiatiom value.-

Again the results are very similar for the shorter time
period. This, of course, does not validate these estimates but,
in the absence of site measurements which are always preferable to
estimates, the values of net radiation given in Tables 2.10a and
2.11 may be useful in further agroclimatic studies.

(iv) Sunshine Duration

It has already been pointed out that, due to expense and
difficqlty of maintenance, few stations in Manitoba and Saskatchewan
record global and net radiation. 1In the absence of more sophisticated
equipment, the simplest measure of radiation is achieved by recording
sunshine and, as already indicated, bright sunshine can be used to
estimate global radiation. -

The Campbell-Stokes sunshine recorder is the sténdard
instrument used for measuring hours of bright sunshine at Canadian
stations. is instrument uses a glass sphere to focus direct
global radiation on to a specially treated card. 1If the radiation
intensity is sufficient to cause a perceptible discolouration of
the card (i.e. the card is burnt) bright sunshine is said to have
been recorded. Provided that the instrument has an unobstructed
exposure during daylight hours and that correct adjustments have

been made for latitude, level and azimuth acceptable records are
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TABLE 2.,12: STATIONS CURRENTLY RECORDING DAILY
BRIGHT SUNSHINE WITHIN THE STUDY AREA
(ENVIRONMENT CANADA 1976)

STATION LAT. LONG. ELEVATION STARTING DATES
Melfort C.D.A., 5249 10436 480 m. 1937/10 -
Sask.
Nipawin, Sask. 5320  104°° 374 m. 1973/8 -
N. Battleford A., 5240 108%° 547 m. 1975/2 -
Sask.
Prince Albert A., 5313 10541 431 m. 1940/9 -
Sask.
09 36
Saskatoon S.R.C., 52 106 497 m. 1948/1 -
Sask.
Scott C.D.A., 5232 108”0 660 m. 1930/1 -
Sask. )
. . 43 35
Pasquia Project 53 101 262 m. 1974/8 -
P.F.R.A., Man.
The Pas A., 5358 10106 273 m. 1949/11 -

Man.
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obtainable, but they may be difficult to interpret in periods of
intermittent sunshine (H.M.S.0. 1969, 147-150). Since these
instruments are relatively cheap and simple to use they are more
numerous than other radiation recorders. O0f the eight stations
currently recording bright sunshine, five have records beginning
before 1950 while the remaining three have only recently been

established (Table 2.12). Locationally the stations are poorly

distributed. Seven of the eight stations lie between 104°-109%w

and no station lies between 54°-55°N throughout the longitudinal

extent of the study area.

Monthly averages and annual totals, 1941~1970, were obtained
from-Yorke and Kendall (1972) for the five stations with long periods
of record. TFor two of these stations, Prince Albert A. and The Pas
A., records were collected in the form of actual monthly totals for
1947-1976 and 1949-1976 respectively. This allowed a more detailed
analysis of sunshine data for these two statioms.

In Table 2.13 the last column gives the average annual totals

of sunshine duration for the five principal recording stations.

From these figures it can be noted that the duration of sunshine jg,;;{g

over the area is. subject to comnsiderable fluctuations. The
highest wvalue is for Saskatoon with 2403 h. and a sharp gradient

exists between this station and Melfort with only 2058 h.

Summer season (May to September) totals are also shown in
Table 2.13. At four of the five stations the summer period receives
58-597 of the annual total, while at Scott the percentage is slightly

higher at 60.8%. Again, therefore, the highest May to September means



TABLE 2.13: MEAN MONTHLY, SEASONAL AND ANNUAL DURATION OF BRIGHT
SUNSHINE AT FIVE STUDY AREA LOCATIONS

J F M A M J J A S 0 N D  MAY-SEPT. JAN.-DEC.

| Melfort C.D.A. (1) 98 117 159 199 242 243 296 255 163 144 ?5 67 1199 2058
Prince Albert A. (1) 94 115 168 212 259 258 303 269 170 143 80 72 1259 2143
(2) 92 119 166 218 265 262 303 271 172 144 80 69 1273 2161

Saskatoon S.R.C. (1) 99 129 192 225 279 280 341 294 207 175 98 84 1401 2403
Scott C.D.A. (1) 85 113 151 209 273 269 326 275 181 150 84 62 1324 2178
The Pas A, (1) 103 129 172 217 277 263 301 246 147 120 63 70 1234 2108

(3) 102 131 176 221 276 266 300 260 160 120 63 72 1262 2148

(1) Yorke and Kendall (1972) using variable data base up to 1970.
(2) Present study using data from 1947 to 1976.

(3) Present study using data from 1949 to 1976.

8%




Fig. 2.2 Duration of bright sunshine, May - September at Prince Albert A,
1947 - 1976.
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are experienced at Saskatoon and the lowest at Melfort (1401 h.

and 1199 h. respectively). :Pronounced interannual variability exists
in both amnual and seasonal sunshine totals. This point can be veri-~
fied by refering to Figure 2.2 which shows year to year fluctuations
in May to September totals of sunshine at Prince Albert A. between
1947-1976.

As values were absent for one month in seven of the years,
estimates were made ﬁsing overall monthly means as a substitute.
Assuming a normal distribution for summer season.totals, the mean and
the standard deviation are also shown. With a standard deviation of
90 h. it can be expected that in four years out of five years the
May to September total will be in the range of 1158 h. to 1388 h.

‘The remainder of Table 2.13 gives the average number of
sunshine hours observed in each month. July values are always highest
while the minimum occurs in either November or Dece;ber. The greatest
annual range of sunshine duration, represented by the largest differ-
ence between the sunniest and least sunny moﬁfh, occurs at Scott with
a range of 264 h. TFor all the stations this represents an amplitude
of seasonal variation of 75-80% and largely determines the pronounced
seasonality in radiation receipts already noted.

Also of interest is a comparison of the results of Yorke and
Kendall (1972) with those of the present study-(Table 2.13). At
Prince Albert A. the results are very similar, the greatest deviation
occuring in December when a 4.1% deficit is noted in the up-dated values.
However, other variations at Prince Albert A. are so small that either

set of data could be considered representative. In the case of The Pas A.




TABLE 2.14: MEAN DAILY DURATICN OF BRIGHT SUNSHINE.PER MONTH,
SEASON AND YEAR AT FIVE STUDY AREA LOCATIONS

J F M A M J J A S 0 N D M-S J-D

Melfort C.D.A. (1) 3.2 4.2_ 5.1 6.6 7.8 8.1 9.5 8.2 5.4 4.6 2.5 2.2 7.8 5.6
Prince Albert A. (1) 3.0 4.1 5.4 7.1 8.3 8.6 9.8 8.7 5.7 4.6 2.7 2.3 8.2 5.9

(2) 3.0 4.2 5.4 7.3 8.6 8.7 9.8 8.7 5.7 4.7 2.7 2.3 8.3 5.9
Saskatoon S.R.C. (1) 3.2 4.6 6.2 7.5 9.0 9.311.0 9.5 6.9 5.6 3.3 2.7 9.2 6.6
Scott C.D.A. (L 2.7 4.0 4.9 7.0 8.8 9.0 10.5 8.9 6.0 4.8 2.8 2.0 8.6 6.0

The Pas A. (1) 3.3 4.6 5.5 7.2 8.9 8.8 9.7 7.9 4.9 3.9 2.1 2.3 8.1 5.8

(3) 3.3 4.7 5.7 7.4 8.9 8.9 9.7 8.4 5.3 3.9 2.1 2.3 8.2 5.9

(1) Adapted from Yorke, and Kendall (1972) using variable data base up to 1970.
(2) Present study using data from 1947 to 1976.

(3) Present study using data from 1949 to 1976.
M-S May to September

J-D January to December

189
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Fig. 2.3 Seasonal variations in sunshine duration, on
a monthly basis, at Saskatoon S.R.C.

" Monthly sunshine totals (frequency polygon),
daily sunshine averages by months (histogram);
1948-1970.
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Fig. 2.4 Seasonal variations in sunshine duration, on
a monthly basis, at Melfort C.D.A.

Monthly sunshine totals (frequency polygon),
daily. sunshine averages by months (histogram);
1941-1970.
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the differences are somewhat larger with the up-dated values showing
an excess of 8.87 in September and 5.7% in August. While Yorke and

Kendall's data cover 21 years of record for The Pas A., the present

study utilises 27 years so the figures given by the latter should

be prefered in this case.

In June, global and net radiation values were slightly less
than might be expected from purely astronomical considerations and
this is also trfue for bright sunshine values. This is evident from
both the mean monthly total figures (Table 2.13) and derived daily
values which compensate for the varying number of days in each month
(Table 2.14). As a graphic illustration of this point attention is
drawn to Figures 2.3 and 2.4 which plot, for Saskatoon and Melfort
respectively, the appropriate data from the preceding tables.

Since bright sunshine is inversely related to cloud cover,
low daily and monthly values of bright sunshine in Jﬁne must be the
direct result of increased cloud cover. This is confirmed by the
work of Longley (1972, 64-65) which shows that, throughout the Prairies,
cloud cover peaks in June before declining sharply in July. During
the spring months (March to May), the boundary zone between cold
Arctic air, which has covered the Prairies for most of the winter,
and warmer air to the south is displaced northwards. Low pressure
or storm centres frequently form along this boundary bringing
widespread precipitation to the Prairies. Increased cloud cover
between May and June is compensated by increased daylength so that
May and June sunshine figures are highly alike in most areas. Sun-

shine again increases in July as the decrease in cloud cover,
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TABLE 2.15: OBSERVED MEDIAN, QUARTILE VALUES AND
10-YEAR EXTREMES OF SUNSHINE FOR MAY TO SEPTEMBER AT:

(a) THE PAS A. (1949-1976)

1in 10 LOWER UPPER 1 in 10
MONTH CLOUDIEST QUARTILE MEDIAN QUARTILE SUNNIEST

May 230 ’ 248 - 273.5 304 322
June 201 231 264 305 315
July 256 ‘ 278 299 323 332
August 211 236 262 285 293

Sept. 123 133.5 161.5 184 212

(b) PRINCE ALBERT A. (1947-1976)

1 in 10 LOWER UPPER 1 in 10
MONTH CLOUDIEST QUARTILE MEDIAN QUARTILE SUNNIEST

May 225 244 264 284 338

June 203 219 262 303 - 316
July 259 283 296 325 351
August 208 236 277.5 296 325
Sept. 127 150 172 - 198.5 217

(A1l values in hours)



(b)

Fig.
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associated with a change from widespread to localised storm tracks,
more than compensates for decreasing daylength.

Interannual variability in monthly sunshine totals can be
inferred from Table 2.15 which, using quartile values and one in
ten probabilities, indicates the range of values to be expected.
Variation about the median occurs from month to month at each
station as well as between stations. The interquartile range, which
gives an indication of the spread of the distribution, is smaller
for The Pas A. in June and August than at Prince Albert A. while
the reverse is true for May. Both the interquartile range and
the difference between the expected 10 year extremes are very similar
for these two stations in September. This indicates a similar dis-
tribution of sunshine totals.

Finally, the effect of daylength in controlling sunshine
hours at more northerly latitudes cannot be ignored; In order to
illustrate the effect of variable daylength, Figures 2.5a and 2.5b
plot monthly sunshine as a percentage of the “theoretical maximum.
The values shown will tend to underestimate actual values during the
winter months when the sun is at a low angle above the horizon. It
can be recalled that the Campbell-Stokes recorder has a mean lower
threshold recording level of 130 Wm_z. This value varies between
90 Wm_z and 260 Wm_z depending upon the moisture content of the
card or the presence of dew or rime on the sphere. Nevertheless the
pattern of annual change in the ratio of actual to possible sunshine
follows the pattern established previously for other components of

the radiation regime.

57
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CHAPTER III

DAYLIGHT AND TEMPERATURE

(a) Daylength

Shortwave fadiation provides the eﬁergy necessary for
photosynthesis and>hence plant growth. This process depends upon
the intensity of the light as well as other environmental factors.
Plant development is also affected by the duration of the light
period whiéh results in physiological changes upon which initiation
of the flowering period depends. The length of the daily exposure to
light is called the photoperiod and the plant's developmental
response to a photoperiod is termed photoperiodism. So low is
the light requirement for photoperiodic response that, strictly
speaking, civil twilight — the time interval between sunrise or
sunset and the time when the upper limit of the sun is 6° below
the horizon - should be added to daylength in the calculation of
photoperiod. The duration of twilight varies seasonally and
létitudinally as does daylength being as much as two hours in
June at the latitude of the study area. Table 3.1 lists, for May
to September, the daily mean and monthly totals of daylight hours
at 52° - 55°N. and at the equator for comparison. Both the
monthly and seasonal averages are higher for the study area than
at the equator,despite the absence of twilight time in the

figures. The seasonal pattern of change is a reflection of the one
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TABLE 3.1: DAILY MEAN AND MONTHLY TOTAL HOURS
OF DAYLIGHT DURING THE SUMMER MONTHS AT
520-550N AND AT THE EQUATOR (ADAPTED FROM

CHANG 1971, 19-21)

LATITUDE (N) MAY  JUNE  JULY  AUG. SEPT. MAY-SEPT.
55°

Daily Mean 16.1  17.3  16.7 14.9  12.7 15.6
Monthly Total 500.6 518.0 518.2 462.4 382.0  2381.2
54°

Daily Mean 16.0  17.0 16.5 14.8  12.7 15.4
Monthly Total 495.5 511.5 512.5 458.8 381.0  2359.3
53°

Daily Mean 15.8  16.8  16.3 14.7 12.7 15.3
Monthly Total 490.8 505.0 506.9 455.7 380.5  2338.9
52°

Daily Mean 15.7 16.6 16.2 14.6 12.7 15.2
Monthly Total 486.2 499.0 501.7 452.6 380.0  2319.5
0° )

Daily Mean 12.1 12.1 12.1 12.4 12.1 12.1

Monthly Total 375.6  363.5 375.6 373.5 363.5 1851.7
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shown for solar radiation at the top of the atmosphere (Sec. 2.b.1).
Decline in daylength towards the eqﬁinoxes is marked. By September
25th. at 55°N. daylength is 12.1 houré, equal to the mean value for
this month at the equator and in mid-winter daylength declines to
417 of its maximum value in June.

Four categories of plants can be identified according to
their photoperiodic requirements for floral initiation i.e. iong—
day, short-day, intermediate and day-neutral (Garner and Allard 1920:
Allard 1938). Long-day plants require a daylength of 14-16 hours while
short—-day plants need less than 8-10 hours. Intermediates demand
12-14 hours and are inhibited in reproduction by daylengths shorter
or longer than this period. Day-neutral plants can flower irrespective
of the period of illumination. From Table 3.1 it can be seen
that species demanding a lengthy photoperiod are likely to give
the best results in the study area. Species which favour a longer
photoperiod include spring barley, fescue, oats, ryegrass and
spring wheat.

The interaction of photoperiod with other environmental
factors, especially temperature, in affecting plant development
cannot be ignored. Within a species a particular variety may differ
in its photoperiodic requirements and hence in the temperature sums
necessary for a particular developmental stage to be reached. By
way of illustration, Table 3.2 shows the varying temperature sums
necessary to meet the requirements of wheat varieties with differing
photoperiodic thresholds. Variety S-801 appears to be indifferent

to the photoperiod while Marquis and Thatcher demand long periods of
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TABLE 3.2: VARYING DEGREE OF PRECOCITY OF WHEATS SOWN AT
DIFFERENT PLACES IN AMERICA WITH DIFFERENT PHOTOPERIODS
AT THE TIME OF HEADING (PASCALE 1972a, 90).

SUM OF TEMPS. ABOVE 0°C DURING THE
SUB PERIOD SPROUTING-HEADING

- DATE OF

LOCATION LATITUDE SOWING (1) @ 3) &) (5)
Maracay 10° 14 N 10.1.62 1323 817 742 - -
(Venezuela)
Pelotas 31° 45's 30.6.60 1258 - - - -
(Brazil)
Buenos Aires 34° 35's 21.7.62 1117 1140 815 1314 1321
(Argentina)
Ottawa 45° 24'N  17.5.62 740 860 - 753 774
(Canada)
Beaverlodge 55° 13'N  10.5.62 686 708 - 654 645
(Canada)

(1) Sinvalocho M.A.
(2) Pergamino Gaboto
(3) s-801

(4) Marquis

(5) Thatcher
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daylight. All the varieties increase their growth rate with a
lengthening of the photoperiod except Pergamino Gaboto which is
indifferent to the shorter days experienced at Maracay. Daylength

is the variable which makes Thatcher a late developer at Buenos Aires
and an early variety at Beaverlodge while the reverse is true for
Sinvalocho M.A.

Because of the interaction between daylength and temperature
sums the use of combined bioclimatic indices which incorporate both
elements has received some attention (Nuttonson 1955). This topic
will be dealt with in greater detail later (Sec. 3.c).

Also important in relation to photoperiod and temperature:
are the effects on development of chilling (vermalisation). Most
biennials will fail to flower if they have not experienced a period
of low temperatures irrespective of the photoperiod.

The effects of temperature on plant growth warrant greater

attention and it is to a more detailed examination of the seasonal

temperature regime in the study area that attention is now turned.

(b) Monthly mean daily maximum temperatures, monthly mean daily
minimum temperatures and monthly mean daily air temperatures.
Plant growth activity is essentially restricted to temp-
eratures between 0°C and 60°C where the lower value is the freezing
point of water and the upper value is the temperature level of
denaturation of proteins. Within this temperature range a wide
variety of cultivated species exists. However, it is apparent from
specificity in location that some species are adapted to low, moderate

or high temperatures. Over the past few decades the work of plant
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breeders has, to some extent, mitigated against thermal constraints.
Nevertheless, temperature is still of fundamental importance for
plant growth and development.

For each species there is a lower and upper temperature

level beyond which damage or death occurs via the destruction of
tissues, regardless of other environmental factors. Between these
extremes of temperature and the points at which growth begins or
ceases the plant remains at rest, without visible extermal changes.

Beginning at the lower growth threshold plant growth increases with

temperature until a temperature is reached at which there is the
greatest increase in dry matter production per unit time. This is
known as the optimal temperature. Above the optimum there is a
successive reduction in growth rate until the upper growth threshold
is reached, at which time growth ceases. The lower and upper

growth thresholds and the optimum temperature aré céllectively named
the cardinal temperatures. Attempts to delimit fixed cardinal

temperatures have met with little success. The physiological com-

plexity< . of the plant may preclude the definition of precise

cardinal points since each physiological process may differ in its

thermal requirements and therefore have different temperature
thresholds. For example, it is known that the optimum temperature

for photosynthesis is lower than that for respiration. As early as

1903 Pfeffer realised that, "... the cardinal points can never be
determined with more than approximate accuracy, since their position
is related to the external conditions, the duration of exposure, the

age of the plant and its previous treatment'" (Bierhuizen 1973, 89).



64

This statement suggests that cardinal temperatures also vary within a
species for each of the three major developmental stages i.e. germination,
' vegetative growth and reproduction. For some species a temperature of
OOC may be required before germination will begin while the same
temperature at the reproductive stage may be lethal.

Despite barriers to precise determination, approximate cardinal
temperatures are available for many crops. Chang (1968, 75) reports
that crops such as oats, rye, wheat and barley have a lower threshold
at O—SOC, an optimum range from 25-31°C and an upper threshold of 31-
370C. Cardinal temperatures for other crops have been presented by
Wang (1963,104) and Bierhuizen (1973, 90).

Air temperature is normally measured by mercury or alcohol
containing thermometers housed in Stevenson screens with the.bulb
approximately 1.2 meters above a short grass surface. The screen is
de;igned so as to shield the instruments from global and terrestrial
radiation without seriously impeding free ventilation. It is per-
tinent to consider to what extent recordings taken under the above
conditions are representative of temperatures actually experienced
by a field crop.

Wang (1963, 211) reports that dufing clear, calm nights the
air temperature in the shelter is lower than the air temperature
outside, while on clear, calm days, it is higher. Apparently the
temperatures experienced inside and outside the screen are similar
only on days which are windy and cloudy, wind acting as a natural
aspirator. Temperatures also vary in the vertical plane. During

the day lapse conditions are normally such that temperature decreases
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Fig. 3.1 Soil and air temperature measurements at
Flin Flon, 27th August 1975.
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(H.B.M.S. et.al. 1977, Fig. 12a)
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with height. Figure 3.1 gives soil and air temperatures recorded
on a calm, sunny day at Flin Flon. The temperature difference
ranged from 2-16°C and throughout the day soil temperatures were
above air temperatures. However, in a situation where sensible
heat advection is occuring this may not be true and a positive
lapse rate (inversion) may occur. Inversions are much more common
at night when, due to rapid radiational cooling of ground and crop
surfaces, air temperature increases with height. Witterétein
(Geiger 1965, 100) analysed the difference between screen and
grass (5 cm. level) minima and found a median difference of 2,6O C
on clear and 0.75 °C on overcast nights. Therefore screen temp-
eratures tend to underestimate the range of temperature conditions
experienced closer to the ground surface. This point should be
kept in mind throughout the following discussion.

Temperature recordings. are made at all 11 of the stations
analysed in this section although not all stations record with
equal frequency. At the four airport statioﬁé (The Pas A., North
Battleford A., Saskatoon A., Prince Albert A.) dry bulb temperatures
have been taken hourly for most or all of the period 1947-1976. This
was also true for Hudson Bay until 1974 when the number of recordings
per day was reduced from 24 to 4 (every six hours from 0000Z). For
all 11 stations maximum and minimum temperatures are recorded daily.
The monthly weather summaries in which all recordings are published
contain daily maximum, minimum and daily mean temperatures along

with computed monthly means. Throughout the period of analysis
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entries have been made in degrees Fahrenheit so this scale was used

in the computations to reduce the time required for conversions.

The results are nevertheless given in degrees Celsius in all cases.
Collection of data was confined to the published monthly means for
each of the three parameters over the 30 year period and the data were
punched on to computer cards. It would be extremely tedious to list
every descriptive statistic obtained from the output. However, as a
measure of central tendency, the means and, as a measure of dispersion,
the standard deviations for every month at each station are given in
Appendix 2. The monthly mean daily maximum and monthly mean daily
minimum temperatures are defined as the means of the individual daily
maximum and minimum temperatures, respectively, in each month. The
monthly mean daily air temperature is the average of the daily means
in each month. The annual range pf temperature is the difference
between the monthly means of the warmest and coldest months.

Seasonal temperature characteristics for the area are strongly
influenced by the annual course of solar income and by the advection
of warm and cold air through the mechanism of the general circulation.
In the absence of any temperature -mopderatinge maritime influence the
area has a marked continental temperature regime. This can be demonstra-
ted by the use of Conrad's (1946) continentality index (k) which takes ihe

form:
k = (1.7A/sin ( ¢ + 10%)) - 14 (22)

where A is the annual range of temperature in °¢ and ¢ is the latitude
angle. In the use of this type of index it is the relative magnitude
of the values obtained which is important. A lower value of about

zero is obtained for the oceanic regime of Thornhavn in the - Eaeroes

and an upper value of about 100 for the extremely continental climate
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_TABLE 3.3: VALUES OF CONRAD'S CONTINENTALITY

INDEX (k) FOR 11 STUDY AREA LOCATIONS

STATION k STATION "« k
The Pas A. 62.7 Prince Albert A. 60.1
Flin Flon 62.4 Saskatoon A. 58.6
Muenster 59.2 Choiceland 60.1
N. Battleford A. 56.9 Lost River i 60.1
Waseca 54.6 Hudson‘Bay 59.6

Pilger 59.0
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of Verschojansk in Siberia. Using the data in Appendix 2 the
solution to equation 22 for each station is given in Table 3.3.
Spatially, the values have a tendency to increase in an easterly
and a southerly direction but the difference in relative values is
small. This, of course, is a reflection of the close similarity
between monthly mean daily temperatures at each station. In winter
the lowest January means are experienced by~The Pas A. (-22.8°C),
Flin Flon (—22.5°C) and Choiceland (—22.1°C) while the highest
monthly means are for Saskatoon A. (—19.3°C), Waseca (—19.30C) and
North Battleford A. (—18.90C) giving aﬁ overall range in monthly
means of 3.9°C. However, of great importance during the winter
months is the expected deviation from year to year in this overall
mean as indicated by the standard deviation. In no case is the
standard deviation of January means less thaﬁ i'3.500 and it goes as
high as iﬁoc at two of the stations. Assuming a normal distribution
it is possible to infer that in 68% of cases at North Battleford A.,
for example, the mean January temperature will lie between -14.0%
and -23.8°C. Therefore, during winter, the mean is a poor'représen—
tation of the group as a whole. This conclusion can be compared
with the corresponding position for the summer (May to September) months.
- The coolest July means are at Choiceland (16.900), Waseca
(16.90C) and Hudson Bay (17.300) while the highest are at North
Battleford A. (18.200), Flin Flon (18.20C) and Saskatoon (18.5°C).
The range of means in this case is considerably smaller (1.60C), as
is the range of standard deviations (1.20—1.4QC). So the inference

this time is that in 68% of cases the mean July temperature at North
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Battleford A. will lie in the range 16.9°-19.4°%. Since a similar
narrow range of means and standard deviations applies for all of

the summer months at each station, the mean can be said to give an
adequate measure of the group as a whole for these months. It

seems unnecessary therefore, to list additional statistical charac-
teristics for every station during these months. However, to give

an indication of the expected spread around the central value, data
from two stations may be of interést. Table 3.4 lists some charac-
teristics of summer monthly mean temperatures at Prince Albert A. and
North Battleford A. Entries in this table are self explanatory.

What has been said about monthly mean daily temperatures can
be repeated for the monthly mean daily maximum and monthly mean
daily minimum temperatures i.e. the mean value is not representative
of the grdup in winter but in summer these values are broadly
representative.

Monthly mean daily maximum and minimum temperatures can also
be used to estimate the diurnal range of temperature (thermoperiodicity).
Thermoperiodicity is an important parameter for an agrometeorological
assessment of the temperature conditions and resources in a regiomn
especially in relation to net photosynthesis. The two main physio-
logical processes involved in plant growth are photosynthesis and
respiration. Photosynthesis proceeds mainly under daylight temperature
conditions and the higher those temperatures are, up to a certain
point, the greater the amount of dry matter produced. Respirationm,
on the other hand, is a continuous 24 hour process and a low night

time temperature will reduce respiratory losses. Therefore, the best
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TABLE 3.4: SOME CHARACTERISTICS OF MEAN MONTHLY
TEMPERATURES IN SUMMER AT (a) PRINgE ALBERT A.
(b) NORTH BATTLEFORD A. ( C)

(a) MAY JUNE  JULY  AUG.  SEPT.
Mean 9.7 14.6 17.5 16.2 10.0
Standard Deviation 1.3 1.3 1.2 1.4 - 2.0
Quartile Range 2.0 1.2 1.6 2.1 2.1
Extreme Range 5.5 5.3 5.5 5.2 9.2

Lowest 6.2 12.3 14.8 13.6 5.3
Q1 8.9 13.8 16.8 15.1 9.1
Median 9.8 14.4 17.3 16.3 10.0
Q3 10.9 15.0 18.4 17.2 11.1
Highest 11.7 17.6 20.3 18.8 14.4
) MAY JUNE JULY AUG. SEPT.
Mean 10.9 15.4 18.2 17.1 11.1
Standard Deviation 1.5 1.4 1.2 1.6 2.1
Quartile Range 2.0 1.3 1.4 2.5 2.4
Extreme Range 5.5 6.3 5.7 6.2 9.5
Lowest 7.8 12.7 15.2 14.1 6.0
Ql 10.0 14.7 17.7 15.9 9.8
Median 10.7 15.4 18.0 17.5 11.2
Q3 12.0 15.9 19.1 18.4 12.2
Highest 13.3 19.0 20.9 20.3 15.5
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TABLE 3.5a: PERCENTAGE CORRECTION FACTORS USED TO ESTIMATE
THERMOPERIODICITY USING MONTHLY MEAN DATLY MAXIMUM -
MINIMUM TEMPERATURE RANGE (CROWE 1971, 65)

O  monTH J F M A M J J A S O N D
55 40 55 70 75 80 80 80 80 75 70 50 30
50 55 75 75 80 85 85 8 85 80 75 65 50
TABLE 3.5b: ESTiMATES OF THERMOPERIODICITY FOR THE SUMMER
MONTHS AT FLIN FLON, 1947-1976
MAXTMUM-MINIMUM THERMOPERIODICITY
MONTH RANGE ESTIMATE
May - 11.6°C 9.3%
June 10.2 8.1
July 10.4 8.3 R
August 10.1 8.1

September 8.5 6.4




conditions for some plants exist when there is a combination of a
high day time temperature and a low night time temperature i.e. with
a large diurnal temperature range. It would appear to be a simple
matter to subtract the monthly mean daily maximum and minimum temp-
eratures to obtain an average monthly estimate of the thermoperiodicity
for the area. However, Crowe (1971, 63) points out that this method,
"... can never give too small a range but almost everywhere it yields
values in excess of the variation which we are endeavouring to assess.”
He goes on to say, "The 'error' involved is a purely statistical one;
it is introduced when these values are averaged out over a month ..."
(Crowe 1971, 64). It is possible to apply an empirical correction
factor which varies according to latitude. Crowe (1971, 65) presents
the reduction values at 5° latitude intervals in the northern hemis-
phere and those of greatest relevance to the present study are given
in Table 3.5a. It is now a relatively simple Tatter to apply these
corrections to any of the 11 statioms. The resulting values for the
summer months at Flin Flon (54° 46'N) are given in Table 3.5b.
(c) Temperature sums |

In the previous section the discussion of the influence
of temperature on plants was largely confined to the effects that
variations in temperature have on plant growth. However, the overall
development of some plants is also closely related to temperature.

The original notion of plants having an accumulated temp-
erature requirement to reach a given stage of maturity was published

by Reaumur in 1735. He summed mean daily air temperatures for April,

73
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May and June and noted that this sum was virtually constant for the
development of any plant from year to year. Subsequent work led to a
wide assortment of other indices (see Thornthwaite and Mather 1954:
Wang 1960: Robertson 1968: 1973 for reviews of this work) which can
all be considered a sub-group of general temperature efficiency
indices (see Klages 1942, 238-265). Of all these indices the calcula-
tion of temperature sums is carried out witﬂ the greatest ease and the
application of this index has drawn wide attention.

Two types of temperature summations can be identified
(Todorov and Pali-Shikhulu 1974, 72). Firstly, active temperature
summations consider the whole temperature above the lower growth
threshold. If the latter were 6°C then a mean daily temperature of
15°%¢ would give an active sum of 15° since the mean is abqve the
lower threshold. Any temperature below the threshold is considered
equal to zero. Secondly, effective temperature summations consider
temperatures above the lower cardinal growth temperature relative to
this threshold. 1In this case temperatures bélow the threshold are
assumed equal to the threshold. For example, if the minimum cardinal
growth temperature, also referredto as the base temperature, for a
given crop is 6°¢C and the mean temperature on a given day is again
15°C, the temperature sum or degree days for that day is 15°-6°=9°,
Expressing effective temperature summations (TS) in equation form
we have:

M

TS =p. (T - To) (23)

where T is therean daily air temperature; To is the base temperature

and the summation is made from the date of planting (P) to the date of
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maturity (M). Although values of TS are normally assessed for the
whole growth period (P to M), the major interphase periods may also
be computed. Apart from temperature summation or degree day a variety
of terms have been proposed to describe the above summation. Many of
these terms include the words 'heat' or 'thermal'. However, Smith
(1967, 276) points out that, "Temperature is not and never can be,
a measure of heat, although it is clearly a manifestation of its
effect. In continental areas there is often a high correlation between
air temperature and net energy, but the use of temperature as an
expression of radiant energy without corroborative evidence is to be
deprecated."

Clearly, if no daily temperatures lie below the base
temperature then equation 23 becomes:

TS = t (Tm - To) (24)
where t is the number of days and Tm is the mean teﬁperature for the
period t. TUsing this relationship in conjunction with field trials
it should be possible to plot T against the reciprocal value of t,
giving a linear relationship from which the two unknowns (TS the
slope and To the intercept) can be calculated. The regression
equation takes the form:

™ = TS 1/t + To (25)
Equation 25 is only one of several ways in which the base temperature
for various crop species has been evaluated (Arnmold 1959). This
method apparently gives results comparable with those obtained
using the coefficient of variation method (Nuttonson 1955) but

has been criticised by Robertson (1968). 1In computing degree day
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data in North America the base temperature is normally taken as

5.6°C (Williams and MacKay 1970) but for individual species the

value used may range from 4.4°C for peas to 10°C for corn (Holmes and
Robertson 1959).

Use of equation 24 gives satisfactory results so long as the
base temperature does not fall between the maximum and minimum temp-
eratures. .In such a case equation 24 underestimates the true degreé
day value. Several methods have been proposed to overcome this
problem (Arnold 1960: Lindsey and Newman 1956) and comprehensive
tables using the Lindsey and Newman method, where required, have been
given by Williams and MacKay (1970).

Values of degree day normals are tedious to compile and
may be difficult to obtain. However, it is possible, using an
approximation procedure, to estimate degree day normals for monthly
periods using mean monthly temperatures and standard deviations of
mean monthly temperatures. This relationship, first derived by Tham
(1954) and reitterated in relation to crop growth by Holmes and
Robertson (1959) takes the form:

TS = t [('fm - To) + L4t ] (26)
where TS, t and To are as before and Tm" is the mean monthly temp-
erature; ¢ is the standard deviation of the mean monthly temperature
and L is a coefficient of propotionality obtained from a table in
vhich it is entered with a value of H = (Tm - To)/94f t. The table
is given in Thom (1954, 5).

Equation 26 was used to calculate degree day mormals for

five summer months at all eleven stations using the temperature means
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TABLE 3.6a: SUMMER MONTHLY AND SEASONAL ESTIMATES
OF DEGREE DAYS AT ELEVEN STUDY AREA LOCATION
1947-1976 (DAY-DEGREES CENTIGRADE)

STATION MAY JUNE JULY AUG.  SEPT. MAY-SEPT.
The Pas A. 94 263 379 336 147 1225%
Flin Flon 116 277 391 344 147 1275
Muenster ‘A 150 280 375 349 162 1317
N. Battleford A. 169 296 391 356 179 1392
Waseca ' 150 259 353 314 154 1230
Pilger 164 287 383 355 180 1369
Prince Albert A. 137 270 370 329 153 1259
Saskatoon A. 167 299 402 368 181 1417
Choiceland 151 _257 352 319 143 1223
Lost River 137 269 366 323 147 1242
Hudson Bay 124 267 366 325 143 1225

* Totals may not equal sum of months due to Frounding.

TABLE 3.6b: AVERAGE SUMMER MONTHLY AND SEASONAL DEGREE DAYS
AT FLIN FLON 1965-1974 (H.B.M.S. et al 1977)

MONTH MAY JUNE JULY  AUG. SEPT. MAY-SEPT.

Degree day value 122 278 378 358 139 1275
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and standard deviations given in Appendix 2. All calculations are
based on a 5.6°C threshold temperature and the results are given in
Table 3.6a.

The first point to note is that each station displays the
same relative order in monthly totals. July always has the highest
values followed by August then June, with May and September being lower
and very similar. This point is illustrated graphically for three
stations in Figure 3.2.  Seasonal totals (May to September) are also
given in Table 3.6a. Saskatoon A. has the highest value of 1417
degree days while the lowest, atvChoiceland is 1223 degree days, a
difference of 18%. Spatially the values decrease in all directions
away from Saskatoon, the only increase being at Flin Flon with an
apparently -anomalous total of 1275 degree days. It was possible to
check both the validity of the value given for Flin Flon and the
relative accuracy of the estimation procedure in genéral using the
results of a study undertaken locally (H.B.M.S. et al 1977). This
study computed monthly values of degree days Irom May to September
using daily mean temperatures over the period 1965-1974. The same
base temperature was used and the results(using graphic interpolation)
are presented in Table 3.6b. Comparing these results with the estimates
for Flin Flon (Table 3.6a) it can be seen that they are very similar.
The largest individual monthly difference is 6% in September. These‘
small differences may be due to inaccuracy in interpretation of the
graph. Only the May to September total was available without graphic
interpolation and in this case the results are identical at 1275

degree days. It can be concluded, therefore, that the Flin Flon values




Fig. 3.3 Average seasonal accumulation of degree days for Waseca, 1947-1976.
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are a valid estimate and that the estimation procedure in general
gives values which would be obtained using daily temperatures. How-
ever, this does not imply that the temperature recordings taken at the

Flin Flon site are representative of the area in general. Only in a

comparison with records taken close-by, at Flin Flon Airport, for
example, could a hypothesis of non-representation be tested.
So far only monthly values have been considered, but daily

averages can be obtained by plotting mean daily values on the mid-

day of each month, and joining the points. Daily values can then be

read directly from the graph. Of more value, perhaps, than individual
daily values or monthly means would be estimates of degrée days over
any given period during the warm season. This is made possible by
plotting cumulative monthly totals, as in Figure 3.3 for Waseca. By
reading off the expected degree day accumulations by 3lst. May (mean’
date of last spring frost) and 8th. September (mean date of first
autumn frost), the normal frost free period accumulation can be

derived by subtréction (950 degree days). Using the standard deviations

of the frost dates, the degree of variability in accumulations can be

estimated. It should also be noted that in the period planting to

emergence soil temperatures are often used in place of air temperatures.
From the discussion so far it might be deduced that the use

of degree days for predicting plant development is the best method

available. This is not the case since the method suffers from several

major faults (Wang 1960: Robertson 1968:1973: Pascale 1972b). These

deficiencies can be considered under six major headings:
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(1) The effects of temperature vary for many species from
one phenological stage to the next. Degree day summations fail to
take ;his into account by implying, for example, that a cool spring
followed by a warm summer is the same as a warm spring followed by a
cool summer. Work at Vollebekk in Norway by Strand (reported in Smith
1967) over the period 1940-1951 and involving trials with 49 barley
varieties showed that in all cases the highest yields followed cool
spring conditions. Therefore, degree days do not provide an accurate
assessment of the yield of such crops.

(2) The base temperature from which effective temperature
accumulation starts is not constant and varies during the life cycle
of the plant. The base temperature for tomatoes has been given as
15%¢ (Holmes and Robertson 1959) but the lower threshold varies as
each phase of development procedes (Wang 1963, 350). Only occassionally
is the adverse effect of temperatures above the optimﬁm taken into
account (Bilbro 1963 in Pascale 1972c) and although this is not a
serious omission at higher latitudes for a whole season, detrimental
effects of high temperatures ﬁay occur on individual days.

(3) Neither the varying of lower thresholds nor the adjust-—
meﬁt of upper thresholds improve the correlation between degree day
totals and rate of development (Thornthwaite 1952 in Wang 1960, 787).
This is also t¥ue when summations are made over growing periods of
various lengths (Wang 1960).

(4) The principle of cardinal points suggests that plant
response with respect to temperature is not linear over the entire

temperature range, especially near the upper and lower threshold
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temperatures. To overcome this problem, use of an exponential index
is sometimes suggested (Klages 1942, 243) based on the van't Hoff
Arrhenius principle. A temperature coefficient can be defined as the
ratio of a rate of reaction at a given temperature to its rate at a
temperature 10°%¢ higher and is designated by the symbol QlO' Since,
in general, metabolic processes give a value of Qlo = 2.0, use of an
exponential index is assumed to be justified. The obvious fault with
this method is that temperatures above the optimum are ascribed an
increasingly high efficiency when, in fact, these temperatures may be
detrimental to the development rate.

(5) As indicated previously, the temperaturesrecords used
in computing degree day values are not necessarily representative of
the environment within which growth and development také place. More
research is needed into models which relate air temperature to
"effective crop temperature" such as the one devised by Robertson
(1953 in Robertson 1973).

(6) Finally,aﬁd;most importantly, témperature is mnot the
only variable influencing plant development. Ideally the effects of
planting date, soil characteristics (type, temperature and moisture
content), plant population demsity, light intensity, diurnal temperature
changes, global radiation, wind, daylength and weather variability

should all be taken into consideration. Attempts have been made to

overcome some of these deficiencies by the use of combined indices.
Chen (1973), for example, has incorporated Monte Carlo

simulation techniques to develop a stochastic model which will account

for weather variability in predicting temperature summations. The‘

stochastic model developed was:
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TS =é>[T (n,9) - To} (27)

where T (u,d ) is the randon daily average temperature; u and ¢

are the mean and standard deviation of the month, respectively.
Daylength has been incorporated as an important variable in

the work of Nuttonson (1948). His photothermal concept can be expressed

as:

M .
PTU = DY, (T - To) o (28)
P

where PTU is the number of photo-thermal units and D is the average
daylength. Nuttonson found that this equation gave values which were
more constant from station to station than temperature sums alone.
Both photoperiod and diurnal temperature changes have been
taken into account in Robertson's (1968) biometeorological time
scale. The basic model can be expressed:
r = dM/dt = F

®). 7, (D) (29)

1

where r is the average rate of maturity (M) per unit of time (t) and

2

Fl(D), F2(T) are appropriate non-linear functions of photoperiod and
day and night temperatures respectively. The degree of maturity can-
not be observed numerically and so was given a stochastic value of

one for each phenological period i.e. from one phenological stage S

1’
to another SZ' Therefore, integrating equation 29 over time leads to:
fsz s,
rdt = M = _f F. (D). F (T) dt = 1 (30)
Sl S1 1 2

The final form of the expression for which coefficients were

evaluated was:

S

1 = Z[{al (D—-ao) +a2 (D—ao)z} —{bl (Tmax—bo)
S
1
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2
+ b2 (T max - bo) + C1

. ' . 2 '
(T min bo) + C2 (T min - bo) }] (3D
where T max and T min are the daily maximum and minimum temperatures

1° a2, bo’ bl, b2’ cl, C2 are coefficients to

respectively and a a
be evaluated.

This model is a definite improvement over earlier work and
has been used to estimate those locations on the Prairies at which
Marquis wheat can be expected to reach maturity (Williams 1969: 1971).
It was estimated that wheat would ripen at all locations tested in
Manitoba and Saskatchewan. South of 530N the period from planting to
ripe stage exceeded 100 days at only about 2% of the locations while
north of 53°H in Saskatchewan the duration was less than 98 days at
about half the points (Williams 1971, 6-7).

In response to the poor results obtained when degree days are
used to predict soybean development (Major et al 1975a) a model
similar to that of Robertson's has been devised for-this crop (Major
et al 1975 b).

A major assumption of all temperature based models is that a
close relationship exists between radiation and temperature. However,
Chang and Root (1975) have analysed monthly data from 442 stations in
seven climatic regimes defined according to the Koppen classification.
The correlations were poor especially in A and E climates. Therefore,
there would appear to be a need for models which incorporate both
radiation and temperature, such as the solar thermal model developed
by Caprio (1974) for lilacs. Meanwhile the simple degree day system
will continue to be used, "... because of its value in satisfying

practical needs, rather than for its accuracy or theoretical soundness"
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(Wang 1960, 786). This is evident from the recent update of Holmes
and Robertson's 1959 publication (Edey 1977). As Smith (1967, 277)
points out, "The surprising feature is that so much information can

be obtained by using such a simple parameter ...".

(d) Last spring frost, first autumn frost and the frost free period. -
As the temperature drops below the lower threshold for active

growth there comes a point at which irrepairabledamage occurs in the

plant cells. The extent of damage depends not only upon the actual

temperature reached, but also upon the duration of the cold period

and the rapidity with which the cold point is reached. For example,
a short period of chilling may not cause any damége while one which
lasts throughout a night may be much more serious. Also, several
days of near freezing temperatures may harden plants and prevent
serious damage. On the other hand, damage occurs when ice crystals
form within the plant or the plant itself freezes. .Therefore,
rapid cooling, which can result in large ice crystal formation, is
more destructive. For this reason, the term freeze is often pre—
fered to frost. 1In the present discussion freeze will refer to any

low temperature which is potentially detrimental to plant growth and

frost will refer to a screen temperature of 0°C or below. Problems
of interpreting the latter with respect to actual crop conditions

have already been discussed (Sec. 3.b).

In northern areas lethal minimum temperatures are obviously
of considerable importance in limiting plant growth. The temperature

level at which freeze damage occurs is species specific and also
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depends upon the stage of development. Ventskevich (1961, 138-139)
lists the resistance of selected crops to low temperatures in
different developmental phases. Those crops showing the highest
resistance include spring wheat, oats and barley which can tolerate
temperatures of -7° to -10% during germination, -1° to -2°¢ during
flowering and -2° to -4°¢ during fruiting. Slightly less resistance
is offered by flax with values of -50 to —70C, -2° to —30 C and —20
to -4°C for each of the three developmental phases. It should be
noted that these data (also presented in Rosenberg 1974, 267) give
no account of the plants growth history, degree of toughening or
duration of low temperature conditions.. .

Despite the problems of specifying freeze temperatures
adequately, the occurence of 0°C at screen level is generally con-
sidered as an appropriate temperature at which analysis can begin.
There are two main reasons for this:

(1) Prolonged periods of time with temperatures at GOC or
below is regarded as harmful to most plant tissues involved in
vegetative activity.

(2) The physical change of state, water to ice, occurs at
this temperature.

Therefore the last and first dates at which this temperature
occurs during the year, limit the period of time in which most temp-
erate crops can safely vegetate.

For each of the 11 stations the dates on which the last frost
in spring and the first frost in autumn occured were derived for the

30 year period 1947-1976. These dates were changed into days of the
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year, allowances being made for leap years, and the resulting values
were used to compute the length of the frost free period. In some
cases the number of frost events recorded was less than 30 due to
deficiencies in the data base. These data were punched onto computer
cards in order that descriptive statistics of the frost series could
be obtained.

Previous work in Iowa (Thom and Shaw 1958) has shown that

freezewdateaseriesuare"randomlywand»normallyﬁdistributed‘-AThiswsuggestsA,

that the sample mean and variance are jointly sufficient for estimating
the frost distribution function. In order to verify the normality
hypothesis for frost dates and for the frost free period in the

study area, use was made of the skewness and kurtosis measures given

in the BMDP P2D package program printout. Pronounced skewness indi-
cates that a distribution is affected by extreme values while kurtosis
gives a measure of the flatness (longtailedness) of éhe distribution
curve. The standard errors of the estimates of these two moments

1 i
* and (24/N) * respectively, where N is

are given by (6/N)
the sample size. Using this information, 90% and 95% confidence
intervals were computed for these statistics for the required

range of N values. 1In nearly every case the hypothesis of

normality was verified so the mean and standard deviation can be

said to give an adequate measure of the frost series and frost

free period. For two stations, however, the hypothesis of normality
could be rejected for at least one of the frost series on both

the skewness and kurtosis measures at the 95% confidence level.

In these cases Hampel's estimate of central location is given. This

estimate reduces the weights assigned to extreme observations and it
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TABLE 3.7: FROST STATISTICS FOR 11 STUDY
AREA LOCATIONS (DATES ARE GIVEN AS DAYS OF THE YEAR).

DATE OF LAST DATE OF FIRST FROST FREE

SPRING FROST AUTUMN FROST PERIOD (DAYS)
STATION MEAN STD.DEV. MEAN STD.DEV. MEAN STD.DEV.
The Pas A. 148 9 262 10 114 12
Flin Flon 144 10 263 9 120 13
Muenster 147 14 253 12 107 20
North Battleford A. 140 11 259 10 118 16
Waseca 151 13 251 12 100 19
Pilger 150 12 258 9 108 15
Prince Albert A. 155 11 248 12 93 13
Saskatoon A. 145 11 257 11 112 15
Choiceland 155 17 249 12 93 21
Lost River * 154 259 95
Hudson Bay * 152 253 ' 101

* Hampel's

estimate of location (Andrews et al 1972)
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is a robust estimate in the sense that the statistical variability of
the measure is never much greater than that of the mean and the
median, but is considerably less for long-tailed symmetric parent
distributions (Andrews et al 1972)

It is clear from the high standard deviations of the frost
measures given in Table 3.7, coupled with the independence of the
values of consecutive years, that inter-annual variability of each
frost measure will be high. This is illustrated by Figures 3.4 and
3.5 which plot annual values for each of the three frost measures.
Also shown are the mean and standard deviation of each measure for
Saskatoon A. and Hampel's estimate of location for Hudson Bay.

For the nine stations which have normally distributed data,
it is possible to estimate the probabilities that the last spring
or first autumn frost will occur on or after specified dates. This
can be done using normal probability paper by plottiﬁg the mean at
50% and the means plus or minus two standard deviations at 2.275%
and 97.725% respectively. This procedure has been followed for
Waseca and the result is presented in Figure 3.6. In spring, for
example, there is a 15% chance that a frost will occur after
June 1l4th (day 165).

It hés also been shown that the dates of the occurence of
the last spring and first autumn frosts are independent of one
another (Thom and Shaw 1958). This enables a specified length of
growing season to be calculated. By way of illustration dates of
last spring and first autumn frosts were correlated using BMDP

P8D for Saskatoon A. and The Pas A. Results gave correlatiomn




Fig. 3.6 Probability plot of the frost hazard in spring and autumn at Waseca.
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coefficients for the two stations of r=0.15 and r=0.21 respectively.
Therefore the mean and standard deviation of the frost free period can
be closely approximated by assuming that the mean frost free period

is the difference between the spring and autumn means and that the

standard deviation of the frost free period is the square root of
the spring and autumn frost variances. In fact there is no need to

complete these calculations as the actual frost free period means

and standard deviations for the nine stations with normally dis-

tributed frost series are given in Table 3.7. Again these values can

be plotted on normal probability paper, thus allowing the probability
of a given length of frost free period to be specified. This has
been done for Waseca (Figure 3.7) and it can be seen that there is
a 2% chance of the frost free period being less than 60 days
(e) Cold air advection and the Arctic Front

Two main factors determine the temperature of the air at any
location:

(1) The balance between incoming and outgoing radiation

(2) Advection or the horizontal transfer of air masses with

different temperature characteristics.
This has led Biel (1961) to distinguish between radiationm frosts,
which occur within homogeneous air masses during clear, calm nights

and are characterised by the presence of inversions, and advection

frosts which result from large-scale air mass transportation. Rosenberg
(1974, 268) however, points out that radiation and advection frost

types are not mutually exclusive. Often, the advection of cool, clear
dry air will enhance radiational losses from soil and plant surfaces.

On the other hand radiational processes contribute to heat exchange
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during cold air advection.

Since the radiation b%lance at any place is influenced by
such factors as soil type, slope, aspect etc. the occurence of
radiation frosts tends to be a localised event. For this reason,
frost protection measures are often successful and a large number of
methods to achieve this goal are available (W.M.0. 1963). Advection
frosts, on the other hand, may occur over many thouéands of square
kilometers, are not accompanied by low level inversions and protection
is not generally feasible. Since many of the crops grown within the
study area are resistant to a moderaté degree'éf frost, it is advection
frosts which are of considerable significance in limiting crop
growth in general.

It is frequently stated that the last spring and first
autumn frosts are due to radiational cooling. To verify this asser-
tion Rosenberg and Myers (1962) have undertaken a detailed investi-
gation of radiation and advection frosts in and along the Platte
River Valley of Nebraska. They found that 69-93% of last spring
frosts and 57-82% of first autumn frosts were of the radiation
type. Since protection against damage from radiation frosts is
practical, Rosenberg and Myers defined a 'potential growing season'
as the number of days between the last spring and the first autumm
advection frosts. The mean length of this period was found to be
from 15-32 days longer than the frost free period based on a 0%
shelter minimum temperature definition. Most of this difference
was accumulated in spring when the last advection frost preceeded,
by as much as 20 days, the last radiation frost. Although protection

against damage from radiation frosts is not economically practical
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in the north, calculation of a 'potential growing season' by assessing
the nature and occurence of cold air advection is useful, if it is
accepted that the hardy nature of northern crops miligates against
severe damage by radiational cooling alone.

The dates of last spring and first autumn frost defined by
a 0°C screen minimum temperature have already been presented for
the study area (Sec.‘3.d.). It would also have been interesting to
investigate the incidence of advection frosts by recording their dates
of occurence in a manner similar to that used by Rosenberg and Myers.
Unfortunately temporal and data constraints precluded such a
detailed investigation. However, as advection frosts over the study
area are normally associated with the presence of Arctic air, it
would be of considerable interest to study the southern extent of this
air‘mass during the summer season. Therefore, a preliminary analysis
of cold air advection has been undertaken by recoréing fluctuations
in the position of the arctic front - the assumption being that the
occurence of advection frosts over the area is related to the move-
ments of this frontal zone. |

The arctic from is one component of the four air mass, three
front model favoured by Canadian meteorologists in analyses of the
baroclinic structure of the atmosphere over North America. The
model can be bresented as follows;

AIR MASS FRONT
CONTINENTAL ARCTIC (cA)
MARITIME ARCTIC (mA) (continental) ARCTIC FRONT (A)
MARITIME POLAR (mP) MARITIME ARCTIC FRONT (63))

MARITIME TROPICAL (mT) POLAR FRONT ®)
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Throughout the winter period cA air dominates both the
study area and its environs at all times. The presence of this air
mass is evident from extremely low temperatures, negligible mixing

ratios and very little cloud cover. Stability in cA air is witnessed

by the fact that potential temperatures may increase by well over
20°k from the surface to 700 millibar level, ruling out convective
processes (Crowe 1971, 274).

During the summer months the normal source regions for cA

air are covered with thawing ice, ice-melt water and cold, muddy land.

Therefore the term 'continental' is a misnomer for this season,
although it is often retained to indicate that the geographical
source region is similar to that of the winter type and all three
frontal zones appear on most surface frontal analyses. 1In reality,
cA air during the summer season closely approximates with mA air
from the Pacific.

Detailed investigations of the average position of the

arctic front and, by implication, the southérn extent of cA air,

have been undertaken by two authors.
Bryson (1966) used three different techniques to establish ’fkf{ﬁ

mean frontal positions. These techniques were:

(1) Surface air mass trajectories for each 5o latitude and

longitude grid intersection in July for the ten years

1945-1951 and 1954-1956.
(2) The resolution of the daily maximum temperature dis-
tribution into partial collectives for July 1948-1957.

(3) An analysis of monthly resultant wind streamlines from

1930-1945.
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All three methods employ the use of surface data although it
is no means clear to what extent the air mass types determined em-
pirically by these methods relate to those of the four air mass,
three front model.

Barry (1967) has employed frontal contour charts for the
850 millibar level to determine the position of the arctic front
along each 10 degree meridian from 50° to 160° W. Daily positions
were recorded at 00 GMT for January, April, July and October in the
years 1961-1965. The method involved the use of microfilm records
which may be subject to enlargement errors but this was not con-—
sidered to be significant. Although the results are related to
surface vegetation zones, the relationship between the 850 millibar
frontal contour and its corresponding surface location waé only
briefly discussed.

The objective of the present study was to aﬁalyse the surface
location of the arctic front in relation to the study area using
the data available from surface synoptic charts. The method, although
similar to the one used by Barry (1967), was originally conceived as
an adaption and extension of that employed by Catchpole et al
(1977) to assess the poleward extent of mT air at 850W. Results
are presented for summer monthly (May to September) and 10 day groupings
and are related to those obtained by Bryson (1966) and Barry (1967).

Synoptic surface charts for western Canada are prepared at
Winnipeg International Airport for the purposes of daily weather
analysis and forecasting. These charts employ the four air mass, three

front model so, when the arctic front can be identified it is recorded.
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Charts are prepared every three hours at a scale of 1:10,000,000
using a Polar Stergraphic Projection true at 60°N.
A preconstructed latitude, longitude grid overlay was used

. . g . . o
to determine the meridional location of the arctic front at 3

[0} o o (o]

intervals from 95°W to 110 (i.e. at 95°, 98°, 101°, 104°, 107°, 110°).
Estimations were made to the nearest degree of latitude so results
should be within + 56 km. Data were only estimated from 00 GMT
charts although ewry chart was inspected to obtain an indication
of intermediate locational changes of the frontal zone. It was con—
sidered desirable to assess the position of the front throughout the
period when last spring and first autumn frosts are likely to occur
within the study area, as well as the intervening summer period.
Therefore locations were estimated from lst May to 10th October. The
most recent year for which records were conveniently available was
1975 and it was hoped that a continuous 10 year peribd, up to and
including this year, would be available. However, much of the data
for the summer of 1966 could not be located; "charts prior to this
year being stored in the‘Federal Public Archives in Winnipeg and
more recent charts remaining at the Winnipeg Airport. For this
reason, 1965 was substituted for 1966 and the 10 year period became
1965, 1967-1975. For ease of ahalysis, each set of daily estimations
was punched onto computer cards. |

All charts were available for the 10 year period considered
but the arctic front was not always present. Two reasons can be
advanced to explain the absence of the front over part or all of the

survey area. Firstly, in mid summer differentiation of cA air from
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mA air becomes increasingly difficult and no arctic front may be
demarcated. Secondly, in spring and autumn the outbreak of cA air
southward may result in a fragmentation of the frontal zone as the
characteristics of the cA air are progressively modified (Palmen
1951). An indication of the frequency with which no arctic front

was recorded over the survey area is given in Table 3.8. As expected,
the arctic front is absent most frequently in mid summer and the
table also indicates that the frequency of non-occurence increases
from west to east in all months. It is also interesting to note that
the front is most frequently present in June, a fact indicative of a
highly significant change in the circulation pattern between June

aﬁd July.

The results of the monthly analysis can be grouped into
two sections:

(1) The central tendency and degree of variability in
arctic front locations, represented by the median and quartiles
respectively. If the assumption is made that, when the arctic front
is present, all air lying to the north of it is cA air, then the
median and quartiles also indicate levels of cA air frequency. That
is, at the lower quartile (Ql) the cumulative percentage frequency
of arctic air occurence is 25%; at the median 50%, and at the upper
quartile (Q3) 75%.

(2) The percentage frequency of arctic front occurence in
latitudinal sectors. This method of presentation takes into account
the fact that the front is not always present but its occasional

absence prevents the estimation of a cumulative percentage frequency.
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TABLE 3.8: MONTHLY PERCENTAGE FREQUENCY OF SURFACE
ARCTIC FRONT ABSENCE FROM THE SURVEY AREA:
1965, 1967 - 1975.

°W LONGITUDE

MONTH 110 107 104 101 98 95

May 11.0 13.2 15.2 17.7 20.0 25.5
June 9.3 11.7 13.7 14.3 16.3 16.7
July 35.5 37.4 39.3 39.7. 40.6 41.0
Aug. 22.9 25.5 27.7 29.7 - 31.3 32.6

Sept. 13.7 15.7 18.3 19.0 20.0 22.3
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Figures 3.8a to 3.8e ghow the median locations of the
surface arctic front for May to September as well as the quartile
ranges. The quartile lines delimit the central 50 per cent of the
frequency distribution and this area can be considered as the main
frontal zone for each month.

In May (Fig. 3.8a) the frontal zone is well established over
most of the study area. The median line starts at 1100W,, 59°N and
dips sharply from west to east but there is no indication of increased
variability in either direction. By June (Fig. 3.8b) there has been
a marked northward shift in the frontal zone. Over the study area the
probability of occurence is generally less than 25%. Another north-
ward dislocation occurs between June and July (Fig. 3.8c). During
the latter month the frontal zone reaches its most northerly limits.
Taking into account the fact that the front may be absent for up to
40% of the time during July it is hardly surprising &hat frosts are
virtually unknown throughout the study area in this month. There is
a tendency in both July and August for variability in the frontal
zone to increase from west to east, a trend which is absent during
the other months. The median frontal location dips southward only
slightly from July to August (Fig. 3.8d). However, the southward
shift in the lower quartile line is quite marked. This movement of
the frontal zone may by reflected in the infrequent, although not
insignificant, occurence of first autumn frosts during the latter
part of August. By September (Fig. 3.8e) the cycle is complete and
the possibility of the arctic front bisecting or lying to the south

of the study area again approaches 50 per cent.
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Fig. 3.8 Median (M) and quartile (Q) locations of the

arctic front between 950W and 110°W for:
(a) May (b) June (c) July (d) August
(e) September.
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The results.presented for May, June, August and September
cannot be easily compared with the work of either Bryson (1966) or
Barry (1967). Only Bryson considers these months and then only in
the case of the method using the streamlines of surface resultant
winds. Comparing results from the latter technique with the median
arctic frontal positions presented here leads to the conclusion that
in July and August both methods give similaf locations but in May and
June the confluence zones demarcated by Bryson appear far to the
south of the median locations preseﬁted here and in September to the
north.

Only the month of July is‘incorporated within all three
studies. The median position shown for July (Fig. 3.8¢) coincides
well with the line given by Bryson to represent the modal position
of the front between Arctic and Pacific air (Bryson 1966, 235).
Comparing the median line with the Arctic air mass frequency dis-
tribution presented by Bryson (1966, 230) it can be noted that the
median location presented here corresponds well with the 40% Arctic
air line given by Bryson but lies to the south of his 507% line. This
difference can be attributed to the high frequency of arctic front
absence in July. When the front is not present in this month the
major reason is the absence of distinguishable cA air. Therefore,

the median line, which only represents cases when the front is present,

overestimates the southern extent of Arctic air. A similar conclusion

can be drawn for August.
The frontal zone shown in Figure 3.8c can also be compared
with the presentation by Barry (1967, 41) for this month. Barry's

zone lies approximately 5 degrees northward of the presently estimated
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position. Apart from differences in the frequency with which the
surface and 850 millibar frontal contours are present, this varia-
tion is most probably due to two factors. One is that the 850 milli-
bar frontal contour can be expected to lie Poleward of the surface
front. The other is the different periods of analysis as well as
their length, 1965 being the only year common to both studies.

July 1965 was computed independently and it was found that the
difference between the two methods was reduced by up to 2 degrees.

As the above discussion indicates the method of presentation
used in Figures 3.8a to 3.8e is suboptimal due to its failure to
take into account cases when the arctic front is not present. As a
means of overcoming this problem Figures 3.9a to 3.9e have been
prepared, For each month the percentage frequencies of arctic front
occurences at 98° W, 104°W and 110°W have been plotted against 3°
latitudinal sectors. These sectors have been chosen~so that the
study area corresponds to one sector closely. 1In this case it is
52°-54° which, recalling that data was recorded to the nearest
degree of latitude, in fact represents 51.5° to 54.5°,

The area enclosed between each curve and the vertical axis
represents the total percentage frequency of arctic front occurence
during anv month. Subtracting this total from 100% gives the per-
centage frequency of non-occurence (Table 3.8). Therefore, comparing
June (Fig. 3.9b) with July (Fig. 3.9c), it is evident that along
each meridian the arctic front is absent more often in July than in
June. Sizilar visual comparisons can be made between other months.

4s previously stated, the above data were also analysed on
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Percentage frequency of arctic front occurence
in 3° latitude sectors for 98° W., 1040W., and
110° W. in: (a) May (b) June (c) July

(d) August (e) September.
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Fig. 3.10 10 gay median (M) and quartile (Q) locations of the arctic front at
104~ wW. (1965, 1967-1975).
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a 10 day basis. To present all of these results in a similar
manner to those used for monthly calculations would be impracticable.
Nevertheless, Appendix 3 lists, for each 10 day period from lst May
to 10th October, the median and quartile values of the frequency
distributions along each of the six meridians. A brief analysis of
the 10 day values in relation to those plotted in Figures 3.8a to 3.8e
reveals that the‘higher level of resolution offers a more detailed
picture of the trends evident for monthly groupings. In Figure 3.10
the 10 day median and quartile locations of the surface arctic front
have been plotted for 104°W. The sharp transition between June and
July, noted for monthly groupings, is evident and this change appears
to be continuous from mid June to mid July. More marked is the south-
ward shift in the frontal zone occuring in early September indicating
that the end of the warm season is more abrupt than its beginning.
This section will conclude by taking a tentative step
towards relating the frontal locations to the occurence of last
spring and first autumn frosts. This has been achieved by examining
and selecting two cases where it would appear that the location of
the arctic front had an overwhelming effect upon frost incidence
within the study area. Considering first of all a case in spring,
attention is drawn to Figure 3.11. In May 1970, 10 of the 11 stations
used in this study experienced their last spring frost on one of three
days. By plotting the average latitudinal location of the arctic
front during this period there is a strong indication that the final
spring frost occured as a result of an outbreak of Arctic air. No

such relationship exists for the one anomolous station (North Battleford
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Fig. 3.11 Average lat1tud1na1 position of the arctic front

(101° - 110 W) 10th - 31st May 1970.

Numbers relate to the number of stations in the

study area having their last spring frost on the
date indicated.
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Fig. 3.12 Average latitudinal position of the arctic front

(101° - 110°W) 9th - 24th September 1969.

Numbers relate to the number of stations in the
study area having their first autummn frost on
the date indicated.
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A.) which experienced its last spring frost some 11 days earlier,
perhaps indicative of a radiation frost.

Turning now to the autumn of 1969 (Fig. 3.12) a very simi-
lar pattern emerges. The arctic front moved south over part of the
study area on 10th September but no frosts were recorded. However,
five days later a much more vigorous southward thrust of the front
led to first frost recordings at all but one of the stations (Flin
Flon). It was not until the 23rd of September, when yet another
southward movement of the front was taking place, that this station
recorded its first frost.

These two examples give indications of a relationship
between arctic frontal positions and frost occurrences. However,
the examples were chosen because most of the frost events were grouped
into a few days and were therefore likely to be associated with
advectional processes. Nevertheless these examples offer sufficient

evidence to warrant a further, more probing, analysis of this topic.




119

CHAPTER IV

CONCLUDING REMARKS

In the introduction it was noted that there is a paucity
of agroclimatic research in areas where thermal rather than moisture
constraints pose the most severe limitations to agricultural pro-
duction. As a preliminary step towards remedying this situation,
this thesis has analysed selected climatic factors of importance to
agriculture in a high latitude area. The area chosen for study, which
lies astride the secondary agricultural frontier in northern Manitoba
and Saskatchewan, forms a rectangular zone from 52°-55°N and 101°-
110%w. A considerable portion of this zone is already under culti-
vation and much of the remainder shows promise for future expansion.
Therefore, a study of this nature, which is essentially an inventory
of thermal resources for agriculture, is of co;siderable practical
significance.

The primary data base for this study included the records of
radiation, bright sunshine and air temperature recorded at meteoro-
logical stations within the study area as well as surface synoptic
charts compiled at Winnipeg International Airport. 11 Stations were
chosen for their consistency of location and continuity of records,
although not all of the climatic elements were recorded at every
station. Radiation records were analysed on a daily basis from 1972

to 1976, bright sunshine and air temperatures on a monthly basis from
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1947 - 1976 and synoptic charts on a daily basis (May to October
only) for 1965 and 1967 - 75.

Most variables of a thermal nature have been discussed
although soil temperature has been omitted. A comprehensive analysis
of the latter is being undertaken in many areas of Manitoba by the
Manitoba Soil Survey in conjunction with the Department of Soil
Science at the University of Manitoba (Mills et al 1974). With
respect to those variables which have been analysed in some detail,
the following general observations can be reitterated with a view to
assessing the possible directions of future research.

At the present time global radiation is only recorded at
one study area location - The Pas A. Nevertheless, records from this
station are considered to be‘sufficiently long, if used on a daily
basis, to derive a linear relationship between the ratio of global
radiation to solar radiation at the top of the atmoséhere and the
ratio of actual to possible hours of bright sunshine. The constants
in this relationship have been evaluated for annual, monthly and 10
day (summer months only) groupings. Values derived for the constants
can be used to estimate global radiation at sites where only bright
sunshine records are available. Application of the relationship has
been demonstrated for Prince Albert A. and the results compared with
actual measurements at The Pas A.

Net radiation is not recorded in the study area and the
absence of direct measurements forces the use of estimation procedures.
Numerous estimation procedures are available but it is far from clear
which, if any, offers a completely satisfactory estimate. Six methods’

were selected and evaluated using data from The Pas A. on a monthly
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basis from May to September. Comparison of the results with
theoretical and observational criticisms of each method led to two
estimates being used to e;aluate net radiation for 10 day intervals.
While the values so obtained may be accurate, the optimal solution
is always to use direct measurements and this would involve an
extension of the net radiation network to incorporate other areas
of Manitoba and Saskatchewan.

Given the importance of sunshine records in estimating
global radiation where no recordings of the latter are taken, the
available records of bright sunshine have been given close attention.
Sunshine recorders are relatively cheap and simple to use so these
instruments are, and will continue to be, the most frequently employed
radiation instrument in this area. However, although their numbers
are adequate in the study area, their distribution is poor. A
northward extension of the sunshine recorder network-is suggested.
With particular attention being paid to data from The Pas A. and
Prince Albert A. available records have been analysed on a monthly
and seasonal basis. Average monthly ratios of actual to possible
hours of bright sunshine have also been computed for these two
stations.

Monthly mean daily maximum, monthly mean daily minimum and
monthly mean daily air temperatures have been analysed for each of the
11 study area locations. In winter the temperature distributions are
platykurtic showing ty%ically large standard deviations, a combined
effect of radiative heat losses and advective - gains. In summer

temperature distributions are more commonly leptokurtic with standard
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deviations being small. The overall temperature pattern for the
study area follows a strong annual cycle typical of a continental
location. This severely restricts the time period within which
plant growth and development can take place. A preliminary assess-
ment of the length of this period has been achieved by recording the
dates of last spring and first autumn frosts at each station for
1947-1976. Both were found to be normally distributed at the
majority of stations despite the important role of cold air advection
from the north in affecting temperatures near the ground in spring
and autumn. For those stations with normally distributed frost
series, propabilities of occurence can be estimated using graphic
procedures and this has been demonstrated for Wasecé. Since low
temperatures, apart from 0°C; may be damaging to plants a need
exists for a more complete analysis of the freeze series at northern
stations. One such series has been produced for Saskétoon (Coligado
et al 1968). At those stations with normally distributed occurences
of last spring and first autumn frost, the frost free period also
has a normal distribution. Therefore, the probability of a given
length of season can be derived as illustrated in the case of Waseca.
Temperature sums or degree days have been shown to be of
operational significance in agricultural planning., Therefore,
temperature sums above 5.6°C have been computed for each study are a
station on 2 monthly basis using an estimation procedure. Values so
obtained have been related to a similar study using daily data and the
results shown to be in close agreement. Despite shortcomings in the
use of temperzture sums to assess the potential for plant develop-

ment, a review of alternative procedures reveals that they also
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contain many deficiencies despite the additional computational

effort involved. Considerably more fundamental research into plant
growth and development and climatic variables will be required before
this problem is fully resolved.

Finally, given the importance of advection frosts in
limiting the period available for plant growth within the study area,
this topic has been given. further consideration. Hypothesising that
advection frosts are closely associated with the location of the
arctic front, particularily at the beginning and end of the growing
season, the location of this front has been assessed for monthly and
10 day periods throughout the summer and its position related to the
study area. The monthly median location of the front shows a north-
ward migration in spring and southward in autumn. The higher level
of resolution afforded by using 10 day groupings indicates that these
changes are not gradual but are sharp transitions. A tentative
correlation between frost occurence and arctic front locations looks
promising but a great deal of additional work is required on this
topic.

The above discussion suggests that potential future research
falls into three areas:

(1) An extension in the network of stations recording
variables which are poorly distributed or sparsely located i.e. net
radiation and sunshine duration.

(2) More in-depth analyses of existing climatic records as
well as surface synoptic charts. Parameters such as temperature

analysis using daily values would be more satisfactory than monthly
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means. Change through time should aléo be considered and analysed
for such variables as freeze series.
(3) Further basic research into the interactions of crops
suitable for northern agriculture and climatic variables. This should
lead to a better assessment of the cropping potential in marginal

climatic areas than presently provided by temperature sums.
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APPENDIX 1. S.I. UNITS

Every attempt has been made to use S.I. units throughout.
However, in several cases other units are still in common use and,
in order to aid the reader who is as yet unfamiliar with S.I. units,
the following conversions may be useful. For a comprehensive treat-
ment of S.I. units reference is made to Peach (1970).

Chapter II: The S.I. unit for irradiance is watts per square
meter (Wmnz) and this unit gives a value of approximately 1353 Wm—2
for the solar constant (see Seq. 2.b.1). Previously the unit used
was calorie per minute (cal min_l) and;

1 cal min™t = 0.0698 watts

1 cal cm_2 min—l = 698 Wm

2

One calorie per square centimeter is also termed a langley (Ly).
Amount of energy in S.I. units is expressed as the joule

and the corresponding unit of irradiation is joules per square meter

J m—z). An energy rate of one watt lasting for one second amounts

to one joule. Since J m—2 is an extremely small unit, megajoules

-2 . .
per square meter are often used instead (MJ m " ). This latter unit

can be converted to other, still widely used units, as follows;

1MJ mn2 = 278 wm—z = 23.9 cal cm_2
1 W 2 = 0.0036 MJ mw 2 = 0.086 cal cm 2
1cal cm 2 = 0.0419 MI m 2 = 11.6 Wa 2

Daylength and sunshine values are both given in hours and

tenths.
Chapter III: All air temperatures are given in degrees

centigrade (OC). Conversion to degrees Fahrenheit (OF) is as follows;
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°pP = (°c X 1.8) + 32

Temperature sums have traditionally been given in day
degrees Fahrenheit and it is only recently that publications have
begun to appear using day degrees Centigrade (e.g. Edey 1977).
The conversion is:

(19 °F = (18) °%C X 1.8

where TS is the temperature summation or degree day value.
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APPENDIX 2

TEMPERATURE SUMMARIES FOR STUgY AREA STATIONS
(all figures in C)

THE PAS A.
MONTH 1 2 3 4 5 6
Jan. -17.9 3.7 -27.6 3.7 -22.8 3.6
Feb. -12.7 2.9 -24.1 3.5 -18.4 3.1
Mar. ~5.2 2.7 -17.7 . 3.4 -11.4 3.0
Apr. 5.2 3.2 -6.1 2.7 -0.4 2.9
May 14.2 2.0 1.9 1.4 8.1 1.6
June 20.0 1.7 8.7 1.5 14.3 1.5
July 23.2 1.3 12.3 1.3 17.8 1.2
Aug. 21.7 1.9 11.0 1.2 16.4 1.4
Sept. 14.6 2.3 5.2 1.7 9.9 1.9
Oct. 7.8 2.7 -0.6 1.7 3.6 2.1
Nov. -3.9 2.7 -11.2 2.9 -7.5 2.8
Dec. -13.3 3.6 -22.0 4.0 -17.7 3.8

1 Monthly mean daily maximum temperaturé

2 Standard deviation of 1

3 Monthly mean daily minimum temperature

4 Standard deviation of 3

5 Monthly mean daily temperature

6 Standard deveiation of 5

Annual range of temperature (A.R.T.) = 40.6
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FLIN FLON
MONTH 1 2 3 4 5 6

Jan. -18.4 3.5  -26.6 3.5  -22.5 3.5
Feb. -12.6 3.0 -22.8 3.2 -17.7 3.1
Mar. -4.8 2.7  -16.4 3.3 -10.6 2.9
Apr. 5.7 3.1 -5.2 2.7 0.2 2.8
May 14.4 2.0 2.8 1.6 8.6 1.7
June 20.1 1.7 9.9 1.1 14.8 1.5
July 23.3 1.3 12.9 1.2 18.2 1.2
Aug. 21.7 1.9 11.6 1.3 16.7 1.5
Sept. 14.0 2.5 5.5 1.8 9.8 - 2.1
Oct. 6.8 2.8 -0.2 2.0 3.3 2.3
Nov. -4.8 2.6  -11.1 3.1 ~7.9 2.8
Dec. -13.9 3.6  -21.3 3.7 -17.6 3.6

A.R.T. = 40.7
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MUENSTER

MONTH ] 2 3 4 5 6
Jan. -16.0 4.8  -24.9 4.7  -20.4 4.8
Feb. -I1I.0 3.4 -21.2 3.3 -16.2 3.3
Mar. -5.1 2.3 -15.2 3.7 -10.1 3.4
Apr. 6.8 3.8 ~3.4 2.8 1.7 3.2
May 16.3 2.3 3.7 I.3 10.0 1.7
June 21.1 1.9 8.2 2.6 14.9 I.6
July 24.1 1.8 11.2 3.2 17.7 1.4
Aug. 23.6 2.6 10.1I I.2 16.8 1.7
Sept. 16.6 2.7 A 1.7 10.5 - 2.0
Oct. 9.4 3.2 -I.3 I.6 4.1 2.3
Nov. -2.6 3.5 ~I10.4 3.3 ~6.5 3.3
Dec. -II.I 2.8 -19.2 4.1 -15.2 4.0

A.R.T. = 38.1




NORTH BATTLEFORD A.

MONTH 1 2 3 4 5 6

Jan. -14.2 5.1 -23.5 4.8 -18.9 4.9
Feb. -9.7 3.7 -19.7 3.7 ~14.7 3.7
Mar. -4.0 3.5 ~-14.0 3.9 -9.0 3.7
Apr. 8.1 3.4 -2.8 2.5 2.7 2.9
May 17.5 1.8 4.3 1.2 10.9 1.5
June 21.6 1.8 9.2 1.2 15.4 1.4
July 24.4 1.7 11.9 0.9 18.2 1.2
Aug. 23.6 2.3 10.6 1.2 17.1 1.6
Sept. 17.2 2.8 4.9 1.7 11.1 2.1
Oct. 10.5 3.0 -1.1 1.4 4.7 2.1
Nov. -1.4 4.0 -9.8 3.4 " -5.6 3.7
Dec. -9.7 4.3 ~-18.4 4.3 -14.1 4.2

A.R.T. 37.1
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WASECA

MONTH 1 2 3 4 5 6
Jan. -14.3 5.2 -23.8 4.9 -19.1 5.0
Feb. -9.2 3.7 -19.6 3.9 -14.4 3.8
Mar. -3.3 . 3.2 -14.4 3.7 -8.9 3.4
Apr. 7.9 3.3 -3.6 2.5 2.2 2.8
May 17.3 1.7 3.2 1.2 10.2 1.3
June 21.0 1.7 7.3 1.5 14.2 1.3
July 23.8 1.8 10.1 1.0 16.9 1.2
Aug. 22.6 2.5 8.7 1.3 15.7 1.7
Sept. 16.5 2.8 3.7 1.6 10.1 . 2.1
Oct. 9.9 3.0 ~1.9 1.5 4.0 2.2
Nov. ~-1.9 4.2 -10.7 3.8 -6.3 3.9
Dec. -9.7 4.5 -18.7 4.5 -14.2 4.5

A.R.T. 36.0
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PILGER

MONTH 1 2 3 4 5
Jan. -15.2 4.9  -25.1 4.5  -20.1
Feb. ~10.2 3.4  -21.5 3.3 -15.8
Mar. -3.9 3.2 -15.6 3.9 -9.8
Apr. 7.6 3.7 4.1 2.7 1.8
May 17.9 2.3 3.2 1.2 10.6
June 21.9 1.7 8.3 1.5 15.1
July 24.9 1.9 11.1 1.1 17.9
Aug. 24.1 2.7 9.9 0.9 17.0
Sept. 17.8 2.7 4.6 1.4 11.2
Oct. 10.4 3.1 1.6 1.5 A
Nov. -1.9 3.6  -10.7 3.3 -6.3
Dec. ~10.4 4.1 -19.6 4.2 -15.1

A.R.T. = 38.1
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PRINCE ALBERT A.

MONTH 1 2 3 4 5 6

Jan. -15.6 4.5  -27.3 4.6 -21.4 4.5
Feb. ~10.3 3.3 -23.7 3.7 -17.0 3.5
Mar. -3.8 3.0  -17.5 3.8  -10.7 3.4
Apr. 7.7 3.5 ~4.6 2.7 1.6 3.0
May 17.2 1.9 2.3 1.1 9.7 1.3
June 21.5 1.6 7.6 1.5 14.6 1.3
July 24.4 1.6 10.6 1.1 17.5 1.2
Aug. 23.2 2.2 9.1 0.9 16.2 1.4
Sept. 16.7 2.6 3.2 1.8 10.0 . 2.0
oct. 9.8 2.9 ~2.6 1.5 3.6 2.1
Nov. -2.4 3.5  -11.8 3.6 -7.1 3.4
Dec. -11.1 4.0  -21.9 4.5  -16.4 4.2

A.R.T. = 38.9



134

SASKATOON A.

MONTH 1 2 3 4 5 6
Jan. ~14.1 4.9  -24.4 4.9  -19.3 4.8
Feb. -9.6 3.7 -20.7 3.8  -15.2 3.8
Mar. -3.6 3.6  -14.6 4.2 -9.1 3.9
Apr. 8.7 3.5 -2.8 2.3 2.9 2.9
May 17.8 1.9 3.8 1.2 10.8 1.4
June 22.2 1.8 8.8 1.4 15.5 1.4
July 25.4 1.9 11.6 1.1 18.5 1.4
Aug. 24.5 2.3 10.3 1.1 17.4 1.6
Sept. 17.9 2.8 4.6 1.5 1.3 - 2.1
Oct. 11.0 3.0 -1.6 1.5 4.7 2.2
Nov. ~0.9 3.8 -10.4 3.5 . 5.7 3.5
Dec. -9.2 4.1 -19.1 4.3 -14.2 4.2

A.R.T. = 37.8



135

CHOICELAND

MONTH 1 2 3 4 5 6
Jan. -16.8 5.2 -27.4 4.8  -22.1 5.0
Feb. ~10.4 3.9 -23.3 3.7  -17.0 3.5
Mar. -3.6 2.9  -16.7 3.9 -10.2 3.4
Apr. 7.5 4.0 ~4.4 3.2 1.6 3.4
May 17.4 2.4 2.4 1.9 9.9 2.0
June 21.4 1.9 6.9 1.9 14.1 1.7
July 24,2 1.4 9.7 1.6 16.9 1.4
Aug. 23.1 2.3 8.7 1.9 15.8 2.0
Sept. 16.9 2.5 2.9 1.7 9.9 1.9
Oct. 8.7 2.9 ~2.7 1.4 3.1 1.9
Nov. -3.5 3.9 -12.0 42 T 7.8 4.1
Dec. -11.6 4.7  -20.6 5.0 -16.1 4.8

A.R.T. = 39.0
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LOST RIVER

MONTH 1 2 3 4 5 6
Jan. -15.8 4.2 -27.3 4.3 -21.6 4,2
Feb. -10.6 3.3 ~23.8 3.7 -17.2 3.4
Mar. -3.8 2.7 -17.9 3.8 -10.8 3.2
Apr. 7.3 3.6 -5.3 2.8 1.1 3.1
May 16.7 2.1 2.1 1.1 9.7 1.4
June 21.7 1.8 7.4 1.6 14.5 1.4
July 24.4 1.8 10.2 1.1 17.4 1.3
Aug. 23.1 2.3 8.8 1.1 15.9 1.5
Sept. 16.6 2.7 3.2 1.6 9.9 - 1.9
Oct. 9.7 2.9 -2.4 1.4 3.6 2.0
Nov. -2.8 3.2 -11.8 3.2 - =7.3 3.1
Dec. ~11.5 3.9 -21.9 4.3 -16.7 4.1

A.R.T. = 39.0
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HUDSON BAY

MONTH 1 2 3 4 5 6

Jan. -15.6 4.0 ~26.8 £.2  -21.2 4.0
Feb. -10.0 3.2 -23.3 3.5  -16.7 3.3
Mar. -3.3 2.8  -16.9 3.7 -10.0 3.2
Apr. 7.4 3.4 -~5.0 2.4 1.2 2.9
May 16.2 1.9 2.2 1.3 9.2 1.4
June 21.2 1.6 7.6 1.6 14.4 1.4
July 24.2 1.4 10.5 1.3 17.3 1.2
Aug. 22.9 2.2 9.2 1.1 16.1 1.5
Sept.  16.2 2.5 3.4 1.5 9.8 . 1.9
Oct. 9.3 3.3 -1.8 1.4 3.9 1.9
Nov. -2.7 3.1 -11.4 2.9 -7.1 2.9
Dec. ~11.2 3.5  -21.3 4.1  -16.3 3.8

A.R.T. = 38.5




APPENDIX 3 138

Medians andoQuart%les og Arctgc Frgnt Posigions for 10 Day
Periods at 1107, 107, 104 , 101, 98" and 95 W., 1965, 1967-75.

PERIOD  110° 107° 104° 101° 98° 95°
May 1-10 63 62 61 60 58 57 Q4
59 58 57 54 53 52 Mad.
54 52 52 50 48 48 Q
May 11-20 60 59 58 57 56 55 Q,
57 55 54 53 53 52 Mad.
54 53 51 51 48 48 Q,
May 21-31 63 62 61 60 59 58 Q
60 59 57 56 56 55 Mad.
56 54 53 52 51.5 51 Q
June 1-10 63 62 61 60 58 57 Q,
60 60 58 57 56 56 M2d.
56 55 54 53 52 52 Q
June 11-20 63 63 62 61 60 59 Q,
60 60 58 57 56 56 Mad.
56 55 54 54 53 52 Q
June 21-30 64 64 63 62 62 62 Q,
62 61 60 59 58 57 M2d.
58 57 56 55 54 54 Q,
July 1-10 65 65 64 65 63 62.5 Q,
63 61 60 60 59 58 Mad
58 57 58 56 55 . 54.5  Q
July 11-20 65 65 66 66 65 64 Q,
63 63 62 61 60 59.5  Mad.
59 59 59 58 57 56 Q,
July 21-31 65 65 65 65 65 65 Q,
62 62 61.5 61 61 61 Maa.
58 58 56 56 55.5 54 Q,
Aug. 1-10 65 65 65 64 64 64 Q,
63 63 61.5 61 59 57 M2d.
60 58 56 58 56 54 Q
Aug.11-20 64 64 64 63 62 63 Q,
61 60 60 59 59 58 M2d.
58 57 56 55 54 53 Q,
Aug.21-31 66 65 64 64 63 62 Q,
62 62 61 59 58 57 M2d.

60 58 57 55 53 52 Ql
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Sept.1-10 63
58
53

Sept.11-20 62
57
53

Sept.21-30 59
55
49

Oct.1-10 59
55
50

63
58
52

61
56
52

58
54
49

59
54
49

62
56
52

61
56
51

57
53
48

58
53
49

62
55
50

60

55

51

57
52
47

57
53
48

61
54
49

60
54
50

56
52
47

55
52
48

62
54
50

60
54
50

56
52
47

55
51.5
47.5
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