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1.
PART I. WATER DEFICIT PATTERNS

I. INTRODUCTION

The purpose of this study is to map the major patterns of drought and
moisture surplus in the Prairie Provinces. Procedures developed during

and since World War II by Thornthwaite (1948, 1955, 1957)*, Lowry and
Johnson (1941), Blaney and Criddle (1952) and others enable us to define
these patterns more closely than has previously been possible. The data

of the 575 Prairie Stations listed in the Canadian Monthly Record with

one or more complete years of record in the period 1921-1950** have been
used in most studies and subsequent data have been employed in scme.

Only 91 of the above Stations had over 20 years of record in the base period
and there were relatively few data for some regions, but the major patterns

appear to be well established particularly for the ®settled® regions.

The maps are largely self-explanatory and only brief descriptions of mapping
procedures and significant patterns are included. Most of the maps can be
applied in different ways and a number of uses are briefly discussed. All
of the maps contain broadly generalized patterns and it should be under-
stood that many local variations are present. Some of these can be defined
more clearly with the available station data but major refinement must await
the accumulation of better basic data and local testing of procedures in

water balance studies.

* See bibliography.

** The period 1921-1950 is used as a base period by the Canadian
Meteorological Branch for comparative studies; 8+ge see "Temperature
and Precipitation Normals for Canadian Weather Stations based on the
Period 1921-1950" by the Climatological Division of the Branch, Cir.
3208 Cli. 19, June, 1959, 33 pp.



II. PREVIOUS STUDIES 2.

The earliest studies of the Prairies include many references to drought
in what is now Southern Saskatchewan and South Eastern Alberta (Palliser
1863; Hind 1860; Macoun 1882, etc.). Most of these were based on observe
ations of vegetative cover and local drainage patterns. Records of tem-
perature and precipitation became available for a small number of widely
scattered stations in the 1880's and droughts were soon defined as periods

without rain or with rainfall well below normal for specific periods.

Most settlement in the Prairies took place with little regard for previously
defined precipitation or drought patterns. After various periods of trial
and error farming, farmers in many areas abandoned their farms or let their
cropland revert to grass because severe droughts occurred too frequently

for their type and scale of farming to be successful. Most of these areas
were shown to have low and variable precipitation in numerous concurrent

and subsequent studies by various authorities (e.g. Stupart 1905, Bracken
1921, Koeppe 1931, Connor 1933, Hope 1938, Thomson and Connor 1949, Jacob=-
son 1952, Currie 1953, Longley 1953, Thomas 1953, Kendrew and Currie 1955,
and others). Many of the patterns of precipitation deficiency were explained
by these and other authorities (e.g. various publications of the Meteoro-
logical Branch, articles in the Monthly Weather Review, Borchert 1950, Vill-
mow 1956, etc.). Numerous studies of adjoining areas in the United States
were also useful in defining and explaining drought patterns (e,g. publi-
cations of the U.,S. Departments of Agriculture, Commerce and Interior and
State Departments of Agriculture). Additional information was available

in various reports concerning adaptations of land use to limited moisture

supplies (e.g. Canadian and U.S. Department of Agriculture studies etec.),



explanations of crop production patterns (e.g. Searle Grain Co. Research
Department, Canada and Provincial Department of Agriculture studies etc,)
and Soil Survey reports. Numerous special and local studies by the Experi-
mental Farms Service, Meteorological Branch, Prairie Farm Rehabilitation
Administration and various individuals are also helpful in defining and

explaining regional patterns. (See Bibliography.)

Drought pattergs may be indicated to some degree by patterns of the
natural vegetative cover. These are not as definitive as we might wish
because plants may vary appreciably in density and vigour as well as in
species compoéition. and we know relatively little about the original
cover in many areas. Farming practices, past fires and variations in
grazing intensities by buffalo and livestock have resulted in significant
changes in cover not directly related to drought patterns. Present plant
cover that appears to be natural (e.g. along road allowances) has often
had greater protection from fire and grazing, and greater moisture receipt
(i.e. from snow that has drifted from adjoining fields) than the cover that
was originally present. It is probable that many plants, particularly
trees, have been influenced in their distribution to a great degree by
intense droughts, and thus it is hard to define average drought and other
patterns. We can suggest many climatic patterns if we know the nature of
the vegetative cover but if we wish to define patterns more closely, we
must turn to the comparatively detailed long term meteorological records

that are now available.

Other indicators of deficient moisture supply such as runoff or streamflow

patterns may be useful, but runoff is generally seasonal (e.g. snow-melt)



or dependent upon heavy rains of long duration, and the intensity of
drought is not closely related. Evaporation studies may indicate where
water losses from free water can be large and how these vary seasonally,

but this information need not apply to land surfaces,

Definitions of drought in terms of length of period without rain or vari-
ations of precipitation from ™normal®™ are inadequate for many purposes.

It is apparent that growth response to a period of two weeks without rain
after heavy rains may be very different from that in a dry period of two
weeks separated from previous dry periods by only light showers. Similarly,
the effect of two weeks of rainless hot windy weather with low relative
humidity may be very different from that of two weeks of cool humid weather
with little wind. Drought, in this paper, is expressed in terms of moisture

deficiency .as outlined in the following section on "The Water Balance",

Numerous studies of runoff and streamflow have been conducted in the
Prairies (e.g. Prairie Provinces Water Board 1960). In most of these,
there has been relatively little reference to local runoff into depressions
which rarely if ever reaches major streams. Some of the exceptions are
Stichling and Blackwell (1958) and Laycock (1959). It is very hard to
measure this local runoff and apply the results to larger areas because it
varies so greatly in amount with differences in soil texture, slope,
vegetative cover, land use, moisture in storage, nature of frozen ground
etc., in addition to precipitation intensity and duration, amount and rate
of snow melt, evaporation and transpiration and other climatic variables.
However, if gradients relating to climate can be established, local vari-
ations can then be noted and a greatly improved picture of regional patterns

can be developed.



IIT. THE WATER BALANCE

In the last few decades there has been an increasing realization that
drought could not be adequately defined in terms of deficiency and
variability of rainfall alone. Such definitions fail to take into

account the amount of water that is needed and the amount of soil moisture

that might be available for use during the growing season.

A more useful definition would describe it as a condition in which the
available water supply is exceeded by the amount that is needed for eva-
poration and transpiration if optimum growth is to be obtained. This
moisture deficit is expressed in inches in this region and, though most
frequently calculated for the full growing season, may be obtained for

any period. The available water supply is that which is obtained from
precipitation and can be used by plants during the growing season (i.e.
precipitation less surface runoff and percolation to beyond root depth,
but including moisture storage that has accumulated previous to the grow-
ing season). The amount of water needed for evaporation and transpiration
if optimum growth is to be obtained (potential evapotranspiration or PE)
is primarily a function of climate because it is assumed that soil moisture
supply is never limiting. The amount of solar energy and resultant air
temperature is accordingly far more important than the kind of vegetative
cover, soil type and texture, soil-moisture storage capacity and land use

in the determination of potential evapotranspiration.

Potential evapotranspiration has been measured in many parts of the world
but it is impractical for us to measure it in all areas of the Prairies,

It is far better, for our purposes, to employ climatic parameters,




such as temperature and length of day, that are indicative of potential
evapotranspiration. This is possible now that Thornthwaite and others
have established empirical procedures that have been widely tested and
shown to be valid. The great advantage in our use of these procedures
is that we are now able to use temperature and precipitation data that
have been widely obtained in the Prairies for many years, in our water

balance studies.

The water balance for a year has been summarized by Mather (1959) as
follows:

When the potential evapotranspiration is compared with the
precipitation, and allowance is made for the storage of water

in the ground and its subsequent use, periods of moisture
deficiency and excess are clearly revealed and an understanding

of the relative moistness or aridity of a climate is obtained.

If the amount of precipitation is always greater than the evapo-
transpiration, the soil will remain full of water and a water
surplus will occur. On the other hand, if precipitation is

always less than the potential evapotranspiration or water need,
moisture will be limited and a2 moisture deficit will exist. Under
normal conditions both of these conditions will occur during the
course of a year or several years at a place so that a comparison
of the potential evapotranspiration with the precipitation will
show both a wet or a cold season in which water need is less than
the available precipitation and a2 dry or hot season in which the
water need exceeds the precipitation. Under such circumstances
there usually occurs a period of full scil moisture storage when
precipitation is greater than the moisture demand and a moisture
surplus accumulates; a drying period, when the moisture in the
soil is used by the plants, the soil moisture storage is diminished
and a moisture deficit occurs; and a re-moistening season, when
precipitation exceeds water use and the soil moisture storage is
replenished. The values of moisture surplus and deficiency as well
as of the other factors of the water balance can be computed by
means of a simple water balance bookkeeping procedure.

The Thornthwaite procedures (1948) for Swift Current, Saskatchewan, are

shown below in tabular form for a representative period of four years,
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Year

D

0 0 0

1947
0

1948

Temperature °F
Potential Evap.
Precipitation

Ppt. - P.E.
Storage (4.0%)

Surplus
Deficit

Year

M

M

0 0 0 0

0
1od - 28,09 2 LB

*S0il moisture in storage at the start of the year.

Temperature e 2
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Ppt. - P.E.
Storage (2.3*)
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Deficit




8.
1949
- F . F MYh 2R TS A BT % D Year
Temperature °F 1 2 26 49 55 60 66 68 55 39 39 5
Potential Evap. O 0 0 2.1 3.4 bbb 5.2 5.2 2.7 0.6 0.6 O 24,2
Precipitation 07 0.30.5 0.2 1.3 1.5 23 %2 06 1% 02 1.2 BN
Ppt. - P.E. 0.7 0.3 0.5 «1.9 a2.1 <2:9 =3.1 <#.0 «2.1 0.8 0.5 1
Storage (1.8%) 2.5 2,833 14 O 0.8 0.4 1.6
: Surplus 0 0 0 0 0 0 0 0 0 0 0 0
Deficit 0 -0 0 0 0.7-29 %1 &0 %1 0 "0 0

The usual water balance equation "Precipitation equals Evapotranspiration
s (Potential Evapotranspiration minus Deficit) plus Surplus plus or minus Storage

Charge® provides a summary for each year:

TONE s it 15.9" equals (22.7" - 9.1%) + 0.1® + 2.2",
[ R — 16.1% equals (22.2 = 7.5%) # 3.1% - 1.7,

* g 1| R 13.3" equals (22.4" - 11.6") + 3.0" - 0.5", and
TGUG wsssasiiiivision 11.2" equals (24.2% - 12,8") + 0% - 0,20, *»

* So0il moisture in storage at the start of the year.

** The Deficit and Surplus patterns of these years might be placed in

perspective by reference to maps in Chapters IV and VII. The average

| annual surplus for the period 1921-1950 for Swift Current was 0.6

| inches and the range was from 0 (in 20 years) to 4.5 inches (in 1927).
The average annual deficit was 8.5 inches and the range was from 1.5
inches (in 1942) to 16.2 inches (in 1937). Average precipitation for

e the year is 14.9 inches, and by months it is Jan. 0.8, Feb. 0.6, Mar. 0.6,

[ Apr. 0.9, May 1.7, June 3.0, July 2.1, Aug. 1.8, Sept, 1.3, Oct. 0.8,
Nov. 0.7 and Dec. 0.7. Some observers might wish to pse other than
calendar year periods but the average values would not change.




Data for a series of years illustrate features of water surplus and
- deficit that cannot readily be shown in single or average years. In 1946
the early dry spring resulted in rapid use of the limited moisture reserve.
The deficit by the end of July was 6.6 inches. Precipitation in the last
three months of the year was great enough to more than fill soil moisture
storage to capacity (upon melting in the following spring). In 1947,
spring runoff from snow melt was moderately high. Good moisture reserves
plus above normal rainfall resulted in below normal seasongl deficits.
In 1948, spring runoff from snowmelt and April rain was again moderately
high and soil moisture reserves lasted well into the summer (the deficit
i by the end of July was only 3.1 inches). The late summer was very dry
and storage was not filled to capacity by the following spring. In 1949
runoff occurred only in aro#s with limited infiltration and storage cap-
acities and the summer deficit was large. Soil moisture recharge was light

in the fall, largely because November was warm and dry.

r The procedures illustrated above (described by Thornthwaite 1948) have |
| been modified in more recent years (1955 and 1957) in several ways.

Greater storage capacities are usually assumed and the water loss from

‘ storage is at less than the potential rate as the soil dries. Water

surpluses are converted to streamflow with allowance for detention storage

in the form of snow and ice and in the regolith and rock beyond root depth,

These are quite reasonable and logical modifications but they have not been

introduced for several reasons: (1) the procedures are more time consuming

-~ than those used; (2) a significant part of the data processing had been

done before the 1957 tables became available; (3) the Potential Evapo=

transpiration values, which are basic, remained unchanged in the new




procedure and there appears to be very little difference in the deficit
and surplus patterns resulting from the use of the more recent procedure
in the Prairie region; (4) the summer rains in the Prairies tend to be
frequent but light and studies by other authorities (e.g. Holmes and
Robertson 1959) indicate that this addition to surface moisture is used
at or near potential rates rather than at the slower rates suggested in
the modification; (5) the information provided in this study is to be
used in part in irrigation plamning and a changing rate of storage water
use is less needed than it might be if major storage depletion were to
take place; and (6) much of the Prairie streamflow is obtained from sur-
face runoff (meltwater and intense rains) and the general patterns of
streamflow involving percolation to beyond root depth are only partly

applicable in this region.

Numerous authorities have studied the water balance and aspects of it

in the last several decades. The procedures of several of these will
be discussed briefly in Chapter V (e.g. Lowry and Johnson 1941, Blaney
and Criddle 1952). Some of the procedures of others (e.g. Perman 1948,
and Turc 1953 and as modified by Mohrmann and Kessler 1959), tend to be
sufficiently complex that the necessary data are not available for more
than a few stations or involve conversions which make them as empirical
as those discussed. Still other procedures, though simple, provide only
rough indices of drought. Many of these have been employed in check

studies and there appears to be little reason for major revision of the

patterns mapped.

10,




Local studies of water surplus and deficiency patterns and of streamflow
and crop yields, etc. generally confirm the patterns established through
use of the Thornthwaite proceduress Their value is greatly enhanced when

related to these patterns, for then they can be placed in time and space

perspective.
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IV, WATER DEFICIT PATTERNS IN THE PRAIRIE PROVINCES

. THORNTHWAITE PROCEDURE* ‘

It has been noted previously that water deficit is the amount by which
the supply of water available for evaporation and transpiration is

po exceeded by plant needs. Since most of the precipitation is available
(runoff is small), and water needs are indicated by calculations of
potential evapotranspiration, some of the general patterns of water
deficit can be suggested by comparison of precipitation and potential

i evapotranspiration patterns.

Average Precipitation 1921-1950** (Fig. 1)

Average precipitation is lightest in South Eastern Alberta and South

P Western Saskatchewan, to the north and south of the Cypress Hills, where
less than 12 inches is received per year. Precipitation increases grad-
ually to the east of this area to over 20 inches in South Eastern Manitoba,
North of the area of lightest precipitation, increases to over 16 inches

4 are indicated but smaller amounts are received still farther to the north.
To the west of the "dry belt", precipitation increases slowly in the plains,
more rapidly in the foothills and very rapidly in mountain areas, and

annual totals of between 50 and 100 inches are received on the higher

g mountains on the continental divide,
* This descriptive review is supplemented by Appendix A, a discussion
of some of the technical problems relating to map development and analysis.
-~

*% Based on "Temperature and Precipitation Normals for Canadian Weather
Stations based on the Period 1921-1950" by the Climatology Division,
Meteorological Branch, Canada Department of Transport, Cir. 3208, Cli 19,
3 June 1959, Ottawa. Allowances have been made for topographic vari-
ations. See Appendix A.

4>







Only some of the local variations in precipitation are noted. Above
average amounts are received in hilly areas and below average amounts

are generally received in valleys. Some hill, moraine, and escarpment
areas within the plains may receive five or more inches more than adjoining
lowlands. Some valley areas with rough terrain and forest cover, however,
probably receive greater precipitation than adjoining featureless plains.
The variations in the plains region are generally small but those of
mountain areas may be very large. Some mountain valleys are almost as

dry as the drier parts of the plains while higher areas nearby receive

up to 50 inches more precipitation per year. Many local variations are

not indicated on the map because of scale and data limitations.

It is assumed that the recorded data are correct for all stations and
that station data are representative of precipitation in surrounding
areas. Some allowances have been made for topography but these have

been conservative.* This map is believed to be much more accurate than
most that have been published previously (e.g. Plate 25, Atlas of Canada,
1957). Despite this, it is suggested that improvements in precipitation
measurement (particularly snowfall) can do more than improvements in tech-
niques and procedures to correct the surplus and deficit patterns mapped

in this study.

* More recent maps by McKay 1961, Muttit 1962 and others show other
local variations but Figure I has not been modified because sub-
sequent maps in this paper were based upon it. Fortunately, the
local variations indicated above are minor for settled areas.

See Appendix A.
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Average Potential Evapotranspiration 1921-1950 (Fig. 2)

This map shows how much water would be evaporated and transpired if the
surface were completely covered with vegetation and there were sufficient
moisture in the soil at all times for the use of this vegetation. This
expression of heat available for plant growth, in terms of inches of water
required, enables us to conduct water balance studies.* It is assumed

that the water is available at precisely the time of need thus, in practice,
larger amounts of precipitation would be required, if seasonal deficits
were to be avoided, because there is no allowance for surface runoff or

percolation beyond root depth.

The major patterns show decreases from south to north with some reflections
of elevation in the west, and proximity to Hudson Bay in the northeast.
The areas with low precipitation have relatively high evapotranspiration
potentials, in part because less of the solar energy is used to evaporate
water and more is available for surface heating than in more humid areas.
Other factors are also important, e.g. more solar radiation is received

at the surface because of the smaller amounts of water vapour and cloud in

the atmosphere.

Many local variations are present within the general patterns mapped.**

For example, south facing slopes have significantly greater evapotranspiration

* Calculations of potential evapotranspiration are also used in showing
the comparative amounts of heat available for growth in different
regions, and in scheduling crops to provide for balanced harvest
operations (e.g. at Seabrook Farms, N. J.).

** See Appendix A.
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potentials than north facing slopes, and there are variations with changes

in vegetation type and cultural practice.

Average Deficit 1921-1950 (U4 storage capacity) (Fig. 3)

One of the major problems in mapping moisture deficit patterns in the

\
|
Prairies is that the water supply available for plant use varies so
appreciably in small areas because of variations in soil moisture retention

storage capacity and in the capacity of plants to utilize the stored |
moisture. It is conceivable that detailed maps of moisture étorage capacities

could be prepared, but such maps are not yet available. Some impressions of

the local patterns might be obtained if information on storage capacity

variations with soil texture etc. (as in Appendix B) were applied to the

soil maps available,

It is possible for us to determine approximate local deficiency patterns
if we draw up maps for each of a number of storage capacities and apply
the one that is appropriate for local soil and growth conditions. The

values selected for computation are 3, 1, 2, 4, 6, 8 and 12 inches.

Maps based on a 4 inch storage capacity are reasonable for showing
average conditions and might be applied for loam soils and for crops that

have moderately full root development, e.g. most cereal grains,

The average deficit patterns in the Prairies may be related to the precipi-
tation and potential evapotranspiration (P.E.) patterns. The driest areas
are in South Eastern Alberta and South Western Saskatchewan where precipi-
tation is low and P.E. is high. Deficiencies here average up to 12 inches

per year. Deficiencies are smaller to the east, west and north averaging




4 to 6 inches in the more humid agricultural areas and O to 4 inches

in the more humid forested areas., Deficiencies are moderately large in
northern parts of Alberta but are not as large as in areas with equiv-
alent precipitation in the south because evapotranspiration is low. If

we were to calculate deficits using average monthly temperature and pre-
cipitation data we would be able to establish patterns of drought intensity
that are not greatly in error in the drier areas (e.g. see Sanderson, 1948).
Unfortunately, deficits based on average monthly data are not average
deficits. If certain months had deficits in all years, we would find that
deficits based on average monthly temperature and precipitation data would
be the same as average deficits based on calculations of all years of the
period. Since many of the months have deficits in some years, surpluses
in others and storage recharge or withdrawal in still other years, we must
complete calculations for all years if we are to determine averages of
surpluses and deficits. When this is done, we find that both surpluses
and deficits are larger than those based on average temperature and precip-
itation.* In making our calculations for all years of the period, we have
obtained abundant information for establishing many different frequency-
intensity and other deficit patterns. The more detailed studies are
essential if we are to obtain a more adequate understanding of moisture
deficits in non-irrigated areas and potential water needs in irrigable

and irrigated areas.

* Surpluses and deficits for Swift Current for 1946-1949 inclusive
would have been 0.4" and 8.2" respectively if based on average
temperature and precipitation for the period. If we refer to
Chapter III we find that if calculated for each year, they averaged
1.6" and 10.3" respectively.
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Maximum Deficit 1921-1950 (4* storage capacit Fig.

It should not be assumed that the more humid regions are free from
intense drought. Droughts are of greater intensity in the normally

dry regions but the humid regions also suffer from severe moisture
deficits in some years. There are many other variables (e.g. in the tim-
ing and duration of the drought) that are important, but growth will be

very limited if annual deficits of over 8 to 10 inches are experienced.

The demand for irrigation water is over 16 inches in the drier regions
in the driest years, plus allowances for conveyance and other losses.
Supplemental irrigation facilities might usefully supply from 8 to 16
inches of water in the drier years in most other agricultural regions in

the Prairies if water were available at low cost.

Minimum Deficit 1921-1950 (4™ storage capacit Fig, 8

In some years, precipitation is so abundant and well distributed that
moisture deficiencies may be nil in almost all parts of the Prairies. If
extra storage allowance were to be made (e.g. 12 inches), and longer
periods of record were available, many of the stations recording drought
in their wettest years would show no deficiency. Most of these stations

have some runoff in some years.

The occasional year with little or no moisture deficiency will have
excellent crops without irrigation and many farmers base their hopes
and too much of their planning on the moisture conditions of these years.

Irrigation requirements are very limited and little of the available

water is utilized.




Median Deficit 1921-1950 (4* storage cagacitx) (Fig. 5)

For some purposes, data on median deficits are more useful than those on

average deficits (they are not greatly affected by abnormally large or
small values and show the value for 50 percent of the time). Averages

are generally used in this study but it is of great interest that median
values are very similar (compare maps 5 and 3). The differences are

almost always under 0,5 inches and are frequently zero. In the drier

areas the median value is slightly larger because the infrequent moist
years affect it less than they do the average. In some of the more humid
areas (e.g. the Southern Alberta Foothills) the average value is the larger
because very dry years are infrequent.

Moisture Deficit, Lower Quartile 1921-1950 (ﬁ of the years have this
deficiency or less) (4" storage capacity) (Fig. 9)

Perhaps the most useful information on drought is contained in maps of
frequency-intensity patterns. For example, a farmer wants to know what
the chances are that a severe drought will not occur in the current year,
and goverrment agencies want to know how much water is needed in different
proportions of the years for irrigation. Planning can be based to a large
degree on the past record if this is expressed in terms of frequency and

intensity.

Large deficits are experienced in the drier areas in at least three
quarters of the years and one might conclude that certain crops and farming
practices would not be feasible. Summerfallow frequencies, plant species
and varieties, the scale of farming operations and other variables should

be affected in planning land use in especially the drier areas.
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The deficits are very small in large parts of the Prairies in enough
years so that high yields may be obtained and most of the expenses of

farming can be recovered.

The water demand in irrigation projects in the drier areas is shown to
be quite large in at least three quarters of the years. The success of
irrigation will probably be greatest in these areas, in part because
farmers are not encouraged by the record to hope for rain.

Moisture Deficit, Upper Quartile 1921-1950 (% of the years have
this deficit or more) (4" storage capacity) (Fig, 10)

Most of the farming areas of the Prairies have deficits of over 8 inches
in the driest quarter of the years. West Central Alberta is one of the
few areas with deficits of below 6 inches in these years and yields are
comparatively dependable (the moisture supply is the only variable con-
sidered here, other factors such as frost, hail, fall rain, etc. are of
great importance on the cooler humid margins). In much of the Prairie,
yields will be very low in most of these years and the success of farming
depends primarily upon the yields of the better years (see the previous

map) .

Irrigation water needs are large in these years and irrigation projects
tend to be utilized almost to the limit of irrigable acreages and/or
water supply. Supplemental irrigation could greatly benefit crop pro-
duction in most areas. Local water surpluses are not usually very

large in the spring of most of these dry years but there is some potential

in the use of these surpluses in many years.



Deficit 1927 (4" storage capacity) (Fig, 11)

The deficit patterns have been mapped for all years of the period 1921-
1950, There is a strong tendency for drought patterns of individual
years to resemble the average patterns mapped previocusly but there are
numerous exceptions and variations in individual years. Forecasting

for any one year is very risky but forecasts for a series of years can
be quite reliable. Four years, 1927, 1936, 1944 and 1950 have been
selected to illustrate some of the variations. A comparison of each with

the average patterns (Figs. 3 and 4) will show the contrasts.

In 1927, one of the wettest years in the Prairies, the dry belt could not
be identified as such. Medicine Hat, one of the driest locations in
most years, had a deficit of only 0.4 inches. In contrast, the Peace

River region was moderately dry.

The deficit patterns of 1927 were probably attributable to a greater than
normal flow of tropical maritime air into the Prairies from the Gulf of
Mexico, and to greater cyclonic activity than normal along southern

Prairie storm tracks (see Appendix A).

Deficit 1936 (4" storage capacit Fig, 12

In 1936, the dry belt was very dry and greatly enlarged. The southern
parts of the Prairies were particularly dry but some northern areas
(e.g. the Peace River region) were wetter than normal. South Western
Saskatchewan and South Eastern Alberta were very dry again in 1937 and
the combination of successive dry years resulted in excessively low

moisture reserves, damage to grasses, trees etc. and widespread crop

failure.
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It is apparent that severe droughts can affect broad regions in any one
year and that the demand for the limited supplies of irrigation water
can be very large in particular years. Only rarely is there severe drought

in one part of the region in need of irrigation and minor drought in another.

The deficit patterns of 1936 may be attributed to an almost total absence
of moist maritime tropical air in the region, normally the most significant
source of moisture in the southeastern parts of the Prairies. Cyclonic
activity was very limited along southern tracks but above normal uplift

of Pacific air occurred in the northwestern regions.

Deficit 1944 (4" storage capacity) (Fig. 13)

In 1944, Southern Manitoba and Saskatchewan and Central Alberta were
relatively moist. The "Dry Belt™ was a bit to the west of normal and
there was a dry extension to the northeast. In addition the Peace River

country was dry.

The storm tracks were not as well distributed as ®normal®™ but there was
at least a normal degree of cyclonic activity. The Pacific sources of
moisture were most important in the west and tropical maritime in the

southeast; a fairly typical pattern.

Deficit 1950 (4" storage capacity) (Fig. 14)

In 1950, most eastern and far northern areas were moist but Central and
Southern Alberta were moderately dry. In this, as in most years some
drought was experienced in almost all regions but the intensities varied

regionally.

21,



22,

The moisture deficit patterns mapped and described previously are those

of the full growing season. Many crops do not utilize the full growing
season in their various stages of growth to maturity. It is thus of

some value for us to determine the deficiencies for the period of growth
of specific crops. Since the data have been calculated by months, some
generalization is necessary., The first of the crops discussed is alfalfa
and the months of May to September inclusive are used in calculating

growing-season deficiencies.

Average Deficit 1921-1950 (3" storage capacity) (Fig. 4)
Coarse-textured sandy soils have very limited capacities for moisture

retention storage (see Appendix B). If these capacities are approximately
% inch for given crops, the patterns shown in this map might be applied
locally rather than the patterns developed for other storage values.
Plants with very limited capacity to develop roots and utilize stored
moisture from more than very limited soil volumes might suffer the degree

of drought indicated on this map.

It will be noted, upon inspection of this map, that droughts in Southern
Manitoba are not much less severe than those of South Western Saskatchewan
for soils with very low storage capacities. The patterns shown are very
nearly those of P.E. less precipitation during the growing season. This
would suggest that a significant part of the production advantage of
Southern Manitoba lies in its greater soil moisture storage capacities

plus the greater filling of these capacities before the growing season

begins,
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If we assume that fire hazards in grassland and forest areas vary

largely with the degree of the organic matter present, this map might
be used to show some annual hazard patterns. Dead organic matter that
is well exposed to drying will tend to have limited moisture holding
capacities and will burn readily when this moisture has evaporated.
Live plants will generally have access to larger moisture storage, and
the patterns of drying and intense fire damage will be more like those
on later maps (e.g. 12" storage capacity). Frequency-intensity and

monthly patterns are also significant.

Average Deficit 1921-1950 (12* storage capacity) (Fig. 6)

Fine-textured clays and clay-loams have large capacities for moisture-
retention storage (see Appendix B). If alfalfa or other crops with

deep and extensive rooting habits are grown in these soils, the moisture
deficiency within the growing season will tend to be small if storage

capacities are well filled at the start of the season.

The moisture storage capacities are more nearly filled in most years in
the more humid areas of Southern Manitoba, North Eastern Saskatchewan

and West Central Alberta than in the drier parts of South Eastern Alberta
and South Western Saskatchewan. This is almost as important as the
difference in growing season precipitation in explaining regional differ-
ences in deficit and it is the major reason why there is a greater decrease
1

in drought intensity from dry to humid regions than is apparent in the 3

inch storage maps.




The irrigation water needs are approximately the same as in the areas of
lighter soil in the drier regions. There is less need for supplementary

irrigation on the heavy soils in the humid regions however.

It is probable that the greater crop successes in Manitoba than South
Western Saskatchewan can be attributed in part to the wider distribution

of heavy soils with excellent moisture-retention storage capacities.

Many natural vegetative cover patterns can be attributed to severe
drought patterns. For example, trees are excluded from large parts of
the "Parkland® area, not by moisture deficiencies in average years but
by a combination of drought and fire in the drier years. Similar
relationships in grassland cover patterns, forest fire patterns etc.
can be established. A number of land use relationships may also be
noted. (See Chapter VIII).

Percentage of years with no Deficit 1921-1950 (12" storage
capacity) (Fig. 18)

The proportion of years with optimum moisture supplies from current
precipitation and large storage capacities (e.g. clays with alfalfa), is
quite small in the drier part of the Prairies (over one third of the
stations within the 10% isoline had zero values but they are so scattered
that we might conclude that any station could have a sufficiently wet
year in a 30 year period that no deficit would be present). This pro-
portion increases rapidly in the most humid regions but most of the

farmms of the Prairies have some drought in most years, even with the

best moisture storage conditions. It is of interest that droughts of

some degree are quite frequent in the Peace River country.



It could be suggested that some irrigation waters could be used by crops
in almost all years in most parts of the Prairies. Many of these areas
and years have deficits of such a low order that irrigation might not be
warranted. However, small water projects might utilize spring surpluses
to advantage in many years at relatively low cost.

Average Deficit for Alfalfa: May-September, 1921-1950 (3™, 4™, 8" and 12%
storage capacity) (Figs. 19, 20, 21 and 22)

The average deficits for the period May-September are very similar to those
of the full year for the same storage values (e.g. Figs. 3, 4 and 6).

There are differences especially in the southwestern regions where small
deficits in October and November are not unusual and others may occur in

April of some years.

The storage values selected are approximately those of coarse sand, sandy
loams, medium loams and clay-loams or clays for alfalfa growth. It is
doubtful that alfalfa would be grown on the coarse sands because of the
intensities of droughts in all areas. The deficits are appreciably smaller
in humid regions where storage capacities are larger but the change with
increasing storage capacity in the drier regions is not great for over 4
inches capacity. Only the most humid regions have large use of large

storage capacities in many of the years unless summerfallowing is employed.

The irrigation requirements vary greatly in amount (as indicated) and in
frequency. Crops on the sandy soils would require water in such large
amounts and so frequently that water must be abundant and delivery must
be by sprinklers. Crops on clay soils would require much less water in
infrequent applications and there would be a danger of over-irrigating

and water-logging the soil in wet seasons.

27.
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Average Deficit for Wheat: June-August, 1921-1950 (3%, 2%, 4# and 8%
storage capacity) (Figs. 23, 24, 25 and 26)

The period June-August is used in this map series as the period of wheat
growth. The deficiy for the lightest soils is about 1 to 2 inches
smaller than for alfalfa in the wetter regions and 2 to 4 inches smaller
in the drier regions. This is approximately the order of moisture

deficiency in May and September.

The difference between the alfalfa and wheat deficit patterns decreases
with added storage, especially in the more humid regions. Slightly
different soils are involved because alfalfa has a greater capacity to
utilize moisture from deeper soil levels. It is doubtful that much over
8 inches storage is available for wheat in even the finest soils because
of the more limited rooting habit of wheat. The limitations of summer-
fallowing as a means of moisture conservation in humid areas are thus

indicated.

The irrigation water requirements of wheat are smaller than those of alfalfa
but not as much smaller as we might expect with the shorter growing season.
Evaporation continues in the other months and only part of the annual pre-

cipitation enters into storage.

Average Deficit in May, 1921-1950 (3" storage capacity) (Fig. 27)

The deficit patterns for wheat based on single storage values and the
season of June-August may be refined, particularly in southwestern areas,
if several additional modifications in procedure are made. The season
possibly should be May, June and July, final ripening and harvesting may
take place in August but the condition of the crop will have been deter-

mined by then and drought may not mean much.
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The germinating seed and seedling have very limited access to soil
moisture in May and a moisture storage capacity of 4 inch may be most
valid. The seedling will suffer drought if it cannot reach the moisture
beyond its roots. The amount of deficit in May may be indicated reason-
ably closely by a map based on such a storage value. Inyirrigated areas
this deficit may not be overcome because irrigating for small requirements
in spring may not be feasible and the crop yields may suffer as a result,

even though abundant moisture is supplied at a later date.

Average Deficit in June, 1921-1950 (2" storage capacity) (Fig. 28)

The wheat plant has a greater but still limited capacity to reach soil
moisture supplies in June. A 2 inch storage capacity may be a reasonable
base for mapping deficit patterns in this month. The area of drought is

still a broad one but the dry belt pattern is becoming apparent.

Average Deficit in July, 1921-1950 (6™ storage capacity) (Fig. 29)

In July the wheat plant has a well developed root system and it is able to
utilize moisture from a much larger volume of soil. A moisture-storage

base of 6 inches is perhaps the most useful but this is potentially avail=-
able only in the finer soils. The dry belt patterns are now well established.

Average Deficit in May, June and July, 1921-1950 (3", 2" and 6" storage
capacity) (Fig. 30)

The moisture deficit patterns for wheat in these three months are possibly
the most useful of the patterns suggested but local research studies should
help to confirm or correct the assumptions used. It is certainly true that
the values suggested are more valid than those for the full growing season

(Figs. 3, 4 and 6).
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V. WATER DEFICIT PATTERNS IN THE PRATRIE PROVINCES

LOWRY -J OHNSON, BLANEY-CRIDDLE PROCEDURES

The Thornthwaite procedures used in obtaining the data mapped in Chapter IV
are empirical and, although widely tested, are not necessarily the most
correct for local conditions. Two other procedures that have been dis-
cussed previously (Chapter III and Appendix A) have been applied for a
number of Prairie Stations and the maps can now be reviewed. The Figure
number sequence used is that of the maps.

Average Consumptive Use: May-September, 1921-1950 (Lowry-Johnson)
(Fig. 31)

The ®"Consumptive Use® of Lowry-Johnson is very similar in concept to the
"Potential Evapotranspiration® (Fig. 2) of Thornthwaite., It will be noted

if the two maps are compared that the patterns and the values are very
similar. The Thornthwaite values are very slightly larger in this comparison
but the difference is largely the P.E. of April, October, and November.

The Lowry-Johnson values are actually very slightly higher for the
corresponding periods. Lowry-Johnson procedures have not been applied for
stations in the Alberta mountain and foothill areas or in Northern Saskat-
chewan and Manitoba and the isoline values for these areas have not been
included on the map. It is probable that they would be very similar to

those based on Thornthwaite procedures.

Average Moisture Deficit 1921.1950 (Lowry-Johnson) (Fig., 32)

The moisture deficit wvalues of this map exceed those of the Thornthwaite
"average” deficit (4 inches storage, Fig. 3) by a significant amount in

almost all areas. This is probably because there is little or no allowance
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for moisture storage at the start of the season. The areas in Western
United States in which the procedure is widely used (Bureau of Reclam-
ation) have very little soil moisture at the start of the growing season,

Average Moisture Deficit 1921-1950 (Lowry-Johnson) (Less storage on May 1,
I storage capacity) (Fig. 33)

The storage values of May 1, the start of the growing season, are those
based on Thornthwaite procedures. If these are subtracted from the

moisture deficit of the previous map, average deficit patterns very similar
to those of Fig. 3 are established. Gradients are steepened slightly
because the humid areas have similar values and the drier areas have slightly

greater values.

The water demand in irrigation is slightly greater than that indicated in

Thornthwaite-based maps but the patterns are generally the same,

It would appear that there is little conflict between the results of these

procedures if some allowance is made for moisture storage.

Average Consumptive Use, Alfalfa: May-September, 1921-1950 (Blaney-
Criddle) (Fig. 34)

The "Consumptive Use” of Blaney-Criddle may also be compared with the P.E.
of Thornthwaite. There is a greater difference between these than between
the Lowry-Johnson consumptive use and Thornthwaite's P.E. Perhaps the
major reason is that the Blaney-Criddle procedures were developed in the
southern irrigated areas of Western United States. The consumptive use
patterns farther north in the U.S. could be accommodated in this empirical
procedure only if fairly large allowances were made for increasing summer

day lengths with increasing latitude. It would appear that these allowances
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when applied to Canadian regions where day length in summer increases
very rapidly to the north, are a bit high in the Southern Prairies and
very high in the North. It is unreasonable to suggest that Fort Vermilion
in the Northern Peace River country should have a greater seasonal capacity
for crop growth (heat adequate to require 24.9 inches of water per year)
than areas in Southern Saskatchewan (Midale 24.4, Whitewood 24.2 etc.).
If allowance is made for possible error in a north-south direction because
of this factor, it will be seen that isoline orientations are very similar
to those of the maps based on Thornthwaite and Lowry-Johnson procedures.

?verage ?onsumptive Use, Wheat: June-August, 1921-1950 (Blaney-Criddle)
Fig. 35

In the Blaney-Criddle procedure, a lower consumption factor is employed
for wheat than for alfalfa in the same period of growth. It is assumed
that wheat will consume water less rapidly than alfalfa. The rate of use
and the period are both smaller and thus there is an appreciably smaller
consumptive use than that indicated on the previous map. Once again,
however, the latitudinal allowance would appear to be excessive. Except
for this, regional patterns are comparable to those of maps based on
Thornthwaite and Lowry-Johnson procedures.

Average Soil Moisture Deficit for Alfalfa: May-September, 1921-1950
(Blaney-Criddle) (Less storage on May 1, 4" storage capacity) (Fie, 36)

The moisture deficit for alfalfa, based on the Blaney-Criddle procedure
is significantly higher than that based on the Thornthwaite procedure.
(Fig. 20). An allowance for storage on May 1 has been subtracted but
the results are still 4 to 6 inches in excess of those of Fig. 20. The

major patterns are similar on these maps though the values differ. Local
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studies made to establish local wvalues could be adapted for comparative

purposes to either map.

Average Soil Moisture Deficit for Wheat: June- August, 1921-1950
(Blaney-Criddle) (Less storage on June 1, 4" storage capacity) (Fig. 37)

The moisture deficit patterns for wheat are very similar in value and
pattern to those on a map employing the Thornthwaite procedure. (Fig. 25).
The moisture storage allowances of the Thornthwaite procedure are again

used and this contributes to the degree of similarity.

It would appear that the major patterns of water need and moisture deficit
are very similar when different procedures are used. This would tend to
indicate that these patterns are valid though some of the values might be
modified slightly by regional studies. Other procedures are available,

but since the same variables are used, there is little reason to expect
major differences in pattern even if some of the values might differ
slightly. It would probably be better for us to apply the results of

local studies to revise the values suggested, rather than conduct additional
general studies using other procedures. The patterns developed appear to
be valid when compared with patterns of crop yields, local research studies,
water demands, etc. and it should be possible to apply the results of local
studies to other parts of the Prairies more reliably than previously, now

that these maps are available.
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PART II, WATER SURPLUS PATTERNS

VI. INTRODUCTION

The information on the water deficiency patterns that has been mapped

and described in Part I of this study becomes more significant and use-
ful if water surpluses occur in areas with deficiencies and information
on both can be related and evaluated. Similarly, a study of water sur-
pluses gains importance from the fact that deficiencies are experienced

because added uses for these surpluses are indicated.

Part ITI of this report is thus a review of water surplus patterns in the

Prairie Provinces, and a discussion of some of the ways by which the sur-
plus and deficiency patterns can be related to each other and to the grow=-
ing demands for water uses in the Prairie Provinces. A reference list and

supplementary appendices complete the report.

Many of the patterns, problems and associations that are described and
discussed have been recognized and much has been written and done about
them. It is hoped that, with the different procedures employed in this
study, surplus and deficiency patterns will have been more closely defined
and the use relationships discussed will lead to further studies and

applications.
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VII. WATER SURPLUS PATTERNS IN THE PRAIRIE PROVINCES

When we process precipitation and temperature data according to Thorn-
thwaite procedures in order to determine water deficiency patterns we

are left with a residual category called "water surplus®,* This term

is sometimes confused with or used synonymously with *runoff® and "stream-
flow." In semi-arid and sub-humid regions particularly, differences
between éhanlmgy be significant and should be recognized. The water sur-
plus is that water which percolates at levels beyond root depth or moves
in surface flow toward streams and depressions after soil-moisture storage
capacities have been recharged to a specified level, e.g. .1, 2,0 5,

8 or 12 inches (see Appendix B). In practice, surface runoff may take
place in areas of fine-textured or tightly-frozen soil during intense
rains or periods of snow‘melting before recharge to these levels has been
completed. The term ®runoff®, used singly, denotes both surface and sub-
surface flow. This is usually greater than measured streamflow by the
amount of such water that has been evaporated from water surfaces, including
that from local depressions, and that has been transpired by phreatophytes.

Streamflow is that which is or might be measured in streams and rivers.

In theory, we might obtain as much information as we need about surface

and subsurface water supplies from the measurement of stream and groundwater
flow. In practice we do obtain a great amount of information from such
measurements but major gaps are present. The data are inadequate for most
areas and have been accumulated for only short periods of time for many

stations. We do not know how representative they are in either time or

* See Chapter III



place because of the many variables involved; climatic, fopographic,
biotic, pedologic, etc. A thorough understanding of water supply
patterns ma& be gained only if all of these are considered. If climatic
parameters can be used, many runoff relationship patterns may be
developed because measurements of temperature and precipitation are

more widely available and cover larger time periods than measurements of
other variables. In addition, local variations due to biotic, pedologic,
topographic, and other factors may then be separated and identified.

The Thornthwaite procedures are perhaps the most useful in illustrating
the effects of the major climatic variables (precipitation and evapo-
transpiration) upon regional surplus patterns. If reasonable allowances
are made for the differences between "surplus,® runoff and measured stream-
flow patterns, we may establish each in general and suggest local vari=-

ations if we consider local storage and water use patterns.*

The general patterns of water surplus in the Prairie Provinces have been
mapped and may be reviewed as water deficit patterns were reviewed in
Chapter IV,

Average Surplus, 1921-1950 (4* storage capscity) (Fig, 38)

If we assume that there is no runoff until 4 inches soil-moisture
storage has been recharged and that all water in excess of this is sur-
plus in all parts of the Prairies, we will have a standard base for com-

paring water surpluses of different areas. Allowances for some of the

* See Appendix A and Chapter VIII,
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variations are noted in later map descriptions, but it is remarkable
how closely the patterns shown conform to patterns of average stream-
flow if allowance is also made for local evapcration and phreatophyte

losses.*

The average surplus patterns in the Prairies may be related to the pre-
cipitation, potential evapotranspiration, and deficit patterns noted in
Chapter IV. The areas with the smallest surpluses are the lower-lying
plains and valleys of South Eastern Alberta and South Western Saskati-
chewan where precipitation is low, potential evapotranspiration is high
and deficits are large. All stations had at least one year with a sur-
plus, thus there is no zero iscline such as one might find if average
temperature and precipitation records were used in the calculations.**
The area with less than 1 inch surplus extends farther to the north than
might be anticipated from reference to the water deficit patterns noted
previously. This is due largely to the fact that most of the summer
precipitation, which is a large proportion of the total, is evaporated

or transpired and runoff is accordingly small.

Surpluses average over 4 inches in Eastern Manitoba, the foothill and
mountain regions of Alberta, and in a few hill areas within the plains,
e.g. Cypress and Swan Hills. Some areas near the continental divide in
the mountains where precipitation is high and evapotranspiration is low,

have yields of over 40", Some mountain valleys, especially at a lower

* See the section on groundwater in Chapter VIIL,

** As reported by M. Sanderson 1948, see Chapter III. Lyman Chapman
has also used this simplified procedure in his ARDA Agro-Climatology
map series (1965).



elevation and some distance from the divide, have little or no surplus.
These local patterns, which cannot be shown fully on a map of this scale,

are mapped in greater detail elsewhere.*

It is apparent that a large part of the surface water supplies in the
plains must be obtained from streams that rise in the mountain and foot-
hill areas in the west, and in the Shield areas to the north and east.
The surpluses of the drier regions are nevertheless very significant
because they occur in areas of seasonal deficit and should thus be_

studied closely so that they may be managed effectively.

Maximum Surplus, 1921-1950 (4" storage capacity) (Fig, 39)

The maximum surpluses of the 30-year period occurred in different years

in different areas. They were produced, in combination or in part, by
above-normal fall rain that recharged soil-moisture storage, heavy

winter snow, a cold winter and late cool spring with little evaporation
loss, heavy rain in spring and early summer, and occasional intense local
storms in summer. Flooding occurred because channels formed in years of
lesser surpluses were unable to hold the larger supplies. In the drier
regions the problems were accentuated because many areas that normally had
runoff into local depressions had overflow into adjoining basins and added
to the problems of the latter.** The maximum surpluses are important for
their flushing value, stagnant and alkaline ponds are freshened and calcium
carbonate concentrations in soils are reduced or moved to lower levels., It

is of interest that deficits also occurred in many of the years in which

#® Laycock 1957

** See Stichling and Blackwell 1958 and Laycock 1959.



maximum or near maximum surpluses were experienced. Moisture in soil,
reservoir, lake and groundwater storage may last well into the following

year, or years,

Minimum Surplus, 1921-1950 (4" storage capacity) (Fig. 40)

Almost all parts of the settled prairies experienced at least one year

in the 30-year period in which there was no water surplus. In the driest
areas over two-thirds of the years do not have surpluses after a recharge
of 4 inches of scil-moisture storage (see Appendix B). It is apparent that
if runoff is to occur in these areas in the dry years it must come from
intense flash storms on soils with limited infiltration capacity, rapid
snowmelt with runoff before complete soil-moisture recharge to 4 inches,
areas with soils of less than 4 inches storage capacity and groundwater

carryover from wetter years.

The very limited and undependable local surface water supply of the
major agricultural areas of the prairies is indicated. In contrast the
minimum surplus of mountain areas in the west is well over 30 inches in

some of the ice fields along the divide.

Surplus, 1927 (4" storage capacity) (Fig. 41)

In 1927 many parts of the southern plains had larger surpluses than in
any other year of the 30-year period. Many areas farther north had
relatively small surpluses, e.g. Peace River to Watrous, and moderate
deficiencies (Fig. 11). Local variations are more striking for a single
year than for a long period and these help to explain why local floods

may not be reflected in outstanding streamflow for major basins.

* The years 1927 and 1936 have been selected to show an exceptionally
wel and an exceptionally dry year in the southern plains, Other
areas, e.g. the Peace River, had dissimilar patterns in these years.
Maps of other years of the period 1921-1956 exhibit many other local
and regional variations,



Surplus, 1936 (4" storage capacity) (Fig. 42)

The severe drought of 1936 (Fig. 12) in the southern plains is only
partly reflected in surplus patterns. Many stations still had small
surpluses in spring before the drought period began, and others had
surpluses from the local intense showers that are such a striking feature
of prairie precipitation. Heavy general rains are particularly lacking
in the drier years. Improvements in soil-moisture storage, and in the
use of surface runoff in spring through the development of dugouts, stock-
watering dams, and small irrigation projects can help to reduce the
effects of drought in most years. Stubble-mulch tillage, the use of snow
fences and shelterbelts, basin listing, snow plowing, etc. can help to
reduce the loss of moisture by snow blowing and may contribute to local

areas having net receipts of moisture from adjoining areas,

Median Surplus, 1921-1950 (4" storage capacity) (Fig. 43)

Median values of zero surplus are present in the drier areas but average

values (Fig. 38) are approached in the more humid regions where surpluses ‘
are present in most if not all years. The very small surplus available |
in half of the years in much of the settled prairie is such that limite !
ations in use must be anticipated. Groundwater supplies are sometimes
claimed to hold great promise but these cannot be used for long at a

rate greater than that at which local recharge takes place. Recharge can
be only a part of the surplus indicated in this map series because runoff

into local depressions and streams also occurs.

* The years 1927 and 1936 have been selected to show an exceptionally
wet and an exceptionally dry year in the southern plains. Other
areas, e.g. the Peace River, had dissimilar patterns in these years.
Maps of other years of the period 1921-1956 exhibit many other local
and regional variations,
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Moisture Surplus, Upper Quartile 1921-1950 (4* storage capacity)
(_Fig o M)

The planning of water resource use is made easier if frequency-intensity
patterns of supply are known. If the wetter one-quarter of the years
have surpluses of the amount shown, or more, some planning for the use
of these surpluses may be done. These are the years in which most of
the groundwater recharge, freshening of brackish sloughs by overflow to
streams, and most flooding takes place. Culvert and bridge design,
drainage-ditch specifications, etc. will vary from place to place to
some degree according to the patterns shown here and in Fig. 39.
Obviously other patterns illustrated in this series and local factors

must also be considered.

Moisture Surplus, Lower Quartile 1921-1950 (4* storage capacity)

(Fig, 45)

The driest quarter of the years have this surplus or less. If water

supplied for dugouts, stockwatering dams, community water supplies, etc.
must be adequate for at least three-quarters of the years (supplementary
supplies must be found for not more than one-quarter of the years), the
values shown indicate that a very large part of the prairie has very
inadequate amounts. It is apparent that local supplies must come from
areas with low infiltration or storage capacities, or that artificial or
natural concentration of the available water must occur, e.g. through
the drifting of snow into shelterbelts or wooded depressions, etc. The
surplus from an area with normal storage is inadequate for most local
uses, but this is desirable in terms of crop growth because crops should

use all of the available moisture.

u,
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Average Surplus, 19211950 (12" storage capacity) (Fig. 46)

The average (4 inch) storage capacity maps show only that surplus which

is available after 4 inches of storage capacity has been recharged.

The finer-textured soils under crops with deep-rooting habits have greater
soil-moisture storage and use. If the useable capacity* is 12 inches,

no surplus is available in a large part of the prairie, roughly from
Edmonton to Brandon. Surpluses following the full recharge and limited
withdrawal in a series of wet years have occurred occasionally in more
humid agricultural areas. Larger surpluses, Sccurring every year, are
available in mountain areas. Contributions to runoff and streamflow are
unlikely in most wooded areas in the plains unless moisture concentration

has taken place, e.g. from drifting snow, groundwater, etc.

Average Surplus, 1921-1950 (3" storage capacity) (Fig. 47)

Many areas with coarse-textured soils are present in the prairies. If
we consider the surplus patterns of a sand with only a 3 inch of available
moisture (a non-agricultural soil if we think in terms of a full year,
but quite possibly representative of a soil in spring when seedlings have
limited root development, see Appendix B), we can illustrate the greater
surpluses of these areas. Average surpluses of over 2 inches occur in
the driest parts of the plains, e.g. in the Great Sand Hills north of the
Cypress Hills. These are sufficient to provide a significant streamflow
when streams in areas of better soil-moisture storage nearby are dry.
Similarly, the contribution to streamflow in the sand hills between
Brandon and Portage la Prairie is more than double that of neighbouring

clay plains. Groundwater recharge is particularly large in sand-plain

®* See Appendix B.
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areas and this detention storage contributes to a much less variable

streamflow than is present in clay-plain areas.

The large runoff of the Canadian Shield is due in large part to the
limited moisture storage of many of the surface materials. Bare-rock
areas have well under + inch storage capacity and a very large proportion
of the precipitation runs off. This is partly balanced by the evaporation
from the extensive water and marsh surfaces, but the larger lakes are
cold and evaporation is not very large. Bare-rock areas in the mountains
also have limited storage and large runoff. Water surpluses of 40 to 50

inches and more are locally available.

Moisture Surplus, Upper Quartile 1921-1950 (%’ storage capacity)
(Fig, 48)

In the wettest quarter of the years the water surpluses of sandy-soil
areas approach 4 inches in the driest parts of the prairies. Groundwater
recharge in these areas is very significant and streams rising in sand
plains may flow for long periods following this recharge. Shield and
mountain areas have major surpluses for streamflow. Flash flooding is
uncommon in most of these regions because of detention storage in sand,
mountain detritus, widespread lakes and marshes, and the deferred melting
of much of the snow present. Local exceptions are present in mountain

arease.

Moisture)Surplus, Lower Quartile 1921-1950 (3" storage capacity)
(Fig, 49

The surpluses of areas with limited detention storage are still very

significant in the drier quarter of the year. Three-quarters of the

years had surpluses of over 1l.2 inches in the driest areas to the north



and south of the Cypress Hills, and few zero values were recorded for
the driest years. The greater dependency of these surpluses is due

in large part to early recharge of moisture-storage capacities in winter;
much of the rest of winter precipitation is then surplus. Some evapor=-

ation that takes place in winter is now adequately recognized.*

Seasonal Water Surpluses, 1921-1950%*

(Figs. 50, 51, 52, 53, 54, 55, 56, 57, 58 and 59)

In September of most years evapotranspiration exceeds precipitation and

water surpluses are almost wholly absent in the Prairie Provinces. In
moist years, when precipitation exceeds evapotranspiration, the excess
moisture is usually contributed to soil-moisture recharge because little,

if any, moisture remains in reserve after the summer period.

In October precipitation most commonly exceeds evapotranspiration and
most of this moisture enters into soil-moisture storage. Some is detained
upon the surface as snow which may last until spring before contributing
to soil-moisture recharge or runcff.** Areas with very limited storage
capacities, e.g. coarse sands, shallow soils, and bare rock largely in the

mountains and Shield, usually have small surpluses in Octcber.

In November to February precipitation quite generally exceeds evapotrans-
piration, but the difference is still now adequate upon melting in spring

to recharge soil-moisture storage to 4 inches in the southwestern parts of

* See Appendix A,

** Although a number of maps have been drawn up, only 10 have been
selected to show some of the patterns described.
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Saskatchewan and South Eastern Alberta. The evaporation and sublim-
ation of a part of this moisture is normal in these areas.®* The surpluses
elsewhere are largely detained upon the surface as snow and are not

reflected in streamflow in winter months.

In March, precipitation still exceeds evapotranspiration in most areas

in most years. As noted in Fig. 50 (March surplus, % inch storage) the
surplus in areas of limited moisture storage capacity is over 3 inch in
almost all areas. To this might be added a part of the surplus of previous
months which is available as snowmelt runoff. In the drier parts of the
plains most of the annual runoff occurs in March and April. Fig. 51

(March Surplus, 4 inches storage) has much lower values in the drier

parts of the prairies because soil-moisture storage capacities are usually
not yet refilled to the 4 inch level. In the wetter areas this is less
frequently true and the isoline patterns are comparable to those of the

previous mape.

In April, May and June (Figs. 52, 53 and 54) the average surpluses become
smaller as average evapoiranspiration increases more rapidly than average
precipitation. Moisture in storage is depleted and rains must be increas-

ingly heavy if surpluses are to occur.

Moisture in storage at the end of April (Fig. 55) is slightly less than

at the end of March in the more humid regions (it was then at or very near
the 4 inch capacity level). In the drier southcentral plains areas moisture
levels do not reach 4 inches in over half of the years, thus the average

at the start of spring seeding is well below this amount,

* See Appendix A



Although the average surpluses decline from March and April into May
and June, streamflow increases to higher levels in the latter months

in all but the drier areas. This is due to late springs and delayed
melting of snow (particularly in the higher mountain and northern Shield
areas), detention of surpluses in soil, groundwater and channel storage
for delayed release, and occasionally to the occurrence of heavy rains

when little reserve storage capacity is available.

In the wetter springs when evapotranspiration withdrawals are small

and heavy rains occur, quite large surpluses are locally available in
March, April, May and June (Figs. 56, 57, 58 and 59). The maximum
surpluses (in a few cases the only surpluses of the 30-year period)

vary greatly from one station to the next, particularly in late spring

and early summer when thunderstorms are common. In March heavy snowfall

is occasionally received in the more western and eastern areas. The

lesser snowfall of the centrsl plains is greater than is revealed by

this map, however, because that which contributes to soil-moisture

recharge is not surplus. In April the heavy snowfall of some years in

the foothills and western plains margin contributes to large surpluses.

In late May and June humid air from the Gulf of Mexico may release large
amounts of moisture as far west as the foothills and front ranges of the
Rockies. If prior moisture reserves are high, major surpluses are produced.
In May the effect of heavy rains in 1927 in the southern plains is strikingly

apparent. Longer periods of record would reduce local variations, e.g. the
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low maxima of northcentral plains areas. An extension of the period
into the 1950's would reflect the heavy precipitation of April 1952
in the Cypress Hills, June 1953 in the southern foothills, August 1954

in the central foothills, and May 1955 in South-Central Saskatchewan.

In July and August surpluses are very infrequent in most parts of the
Prairie Provinces including the mountain and Shield areas that have
moderate moisture storage capacities. Streamflow continues at a
declining rate, largely from detention storage because evapotranspiration
exceeds precipitation almost everywhere and in almost all years. The
occasional heavy rain usually contributes more to soil-moisture recharge
than to runoff. In areas of limited storage capacity, surpluses occur
more frequently. The average based on monthly data is still usually

zero, but that based on daily data is occasionally large.*

Seasonal surpluses in areas with 12 inches storage, e.g. deep but pene-
trable fine-textured soils and alfalfa or tree cover, are absent in a
large part of the prairies (Fig. 46) and occur in the winter and spring
of occasional years, usually at the end of a series of wet years, in the
remaining plains areas. In the wetter mountain-forest areas the heavy
precipitation is adequate for soil-moisture recharge and a surplus in
every year. In the drier mountain and foothill forests, surpluses occur
in some years, but deficits are also common (Fig. 6). Shield areas also
have undependable yields from areas with large withdrawal of moisture
from storage, yet areas with limited soil-moisture storage are so much
more widespread that the effects upon streamflow are noticeable only

in small basins on the southern and western margins.

* See Appendix A,



VIII, APPLICATIONS OF WATER BALANCE STUDIES

1. Introduction

A discussion of the uses of individual maps of water-surplus and deficit
patterns becomes repetitious when a number of different maps may be
employed for particular needs, e.g. for irrigation scheduling or flood
limitation programmes. In addition, alternative maps may be employed
for specific needs and reference to such a use in the discussion of any
one map may seem arbitrary and exclusive. Much of the discussion of
how the maps in this study might be employed has accordingly been post-

poned until this chapter.

The obtaining and dissemination of information concerning water resources
are among the major objectives of many agencies including the International
Hydrologic Decade, national and provincial resources conferences, research
councils and foundations, federal and provincial govermnment departments

and agencies, and educational institutions. The need for improved basic

and derived data is becoming increasingly apparent.

The major objective in this study has been educational in the broad sense
of the term, We wish to obtain a better understanding of water supply
and water deficit patterns and, with the use of procedures developed by
Thornthwaite and others, we are able to use widely available data in
relating the component parts of the water-balance equation to each other.*

With the basic information on potential evapotranspiration, water surplus

* See Chapter III



and water deficiency obtained in this study we can also suggest relation-
ships of each to water demand. These demand aspects are discussed

briefly following a review of the characteristics of water supply.

Although a number of the relationships noted in this chapter have been
studied and developed in varying degree, only a limited discussion is
presented. It is hoped that the following comments and suggestions will
lead to further studies and to useful applications of the maps prepared

for this report.*

2, Climatic Classification

Many climatic elements, singly and in combination, have been classified

so that regional description and comparison may be facilitated. We

might very usefully compare the potential evapotranspiration of different
regions in order to locate areas with similar crop growth potential

and products. This index is comparable to various degree-day indices,

e.g. above hZOF. and is used in the same ways. Its advantage is that

the values are expressed in terms of the amount of moisture needed,

thus comparisons with water supply are facilitated. Thornthwaite has
grouped the values for easier regional comparison into nine major divisions

for the world. Five of these are present in the Prairie Provinces (Fig. 60).%*

* OSpace limitations preclude publication of more than a selected
portion of the maps that have been prepared,

** ®Frost® (below 5.61 inches potential evapotranspiration) in
alpine ice fields and ®"Tundra” (5.61 to 11.22 inches PE) in alpine
areas, generally above the tree line, are not differentiated on
the map; ®Cool Microthermal® (11.22 to 16.83 inches PE) in the
lower mountain areas and near Hudson Bay; "Warm Microthermal®
(16.83 and 22.44 inches PE) in most parts of the Prairie Provinces;
and "Cool Mesothermal®™ (22.44 to 28.05 inches PE).
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The warmer-than-average half of the Warm Microthermal (19.64 to 22.44

inches PE) and the Cool Mesothermal divisions contain almost all of

the cultivated land of the prairies. Climatic analogues elsewhere, e.g.
the cool margin of the Cool Mesothermal division in Eastern Canada runs
from southern Georgian Bay to just northeast of Montreal (Thornthwaite,
Mather & Carter, 1958, Chapman, 1965), may be identified and it is
apparent that the warmest parts of the prairies, e.g. Medicine Hat, have
shorter and cooler growing seasons than parts of Southern Ontario and

British Columbia.

Various moisture indices have also been plotted (Figs. 61, 62 and 63).

The relation between water surplus and water need constitutes an index
100S
n

of humidity (Th) which is expressed Ih = s where S is water surplus
and n is water need (potential evapotranspiration). It will be noted
(Fig. 61) that the range is from almost zero in the drier plains to
over 15 in the more humid plains, and over 50 in the wetter parts of
the Rockies. Comparison with patterns elsewhere shows that the prairie

has higher index values than many grassland areas of other parts of the

mid-latitudes.

A similar index (Fig. 62) using deficits rather than surpluses shows
the aridity patterns present. Larger aridity than humidity index
values sre common indicating that deficits exceed surpluses in most parts

of the prairies,

Both surpluses and deficits occur at most places in the Prairie Provinces.

A "Moisture Index® in which both are included (Fig. 63) is calculated

Im =‘}QQ§_§_§9Q. Since surpluses may be carried over in subsoil-moisture

storage into a dry season, the deficit value is not stressed as
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much.* By this classification there are no arid areas (below -40) in
the Prairies and most agricultural areas are semi-arid or sub-humid.,

Humid areas are present only in the Rockies and near Hudson Bay.

Although general patterns of climate, using Thornthwaite classifications,
had been established previously for the Prairies and for other regions,**
they are outlined more precisely here than has previously been possible.

The revisions overcome many of the criticisms of the Thornthwaite procedures
that have been made on the basis of patterns previously mapped, e.g. in

the excellent preliminary study of M. Sanderson in 1948. The differences
are attributable in large part to our using averages based on calculations
of all of the years of the period rather than upon mean temperature and
precipitation data.*** Several other publications, e.g. "Water Balance

in Eastern North America® might usefully be refined in the same way.

Thornthwaite procedures have not been used here in mapping seasonal vari-
ation of effective moisture or summer concentration of thermal efficiency.
The summer concentrations of heat and moisture are generally high in most

agricultural areas.

Climatic maps, in addition to facilitating comparison with other regions,
provide a good comparative pattern within the Prairies. Many of their

uses are discussed in later sections.

* In some comparisons of more recent years involving the use of
larger storage in calculation of averages of surplus and deficiency,
equal stress has been given to surplus and deficiency. The values in
tle older index presented here show useful patterns in the prairies.

** Sanderson, van Hylckama, etc.

*** See Chapter III.



3. Surface Water Supply

The characteristics of surface water supply vary greatly from one part

of the Prairie Provinces to another.

In the mountain and foothill regions,® the water yields are large

(Figs. 38 and 47) because of the high precipitation (Fig. 1) and low
evapotranspiration (Fig. 64).#* The variation from one year to the

next is large but there is a significant and dependable flow in every
year. Streamflow is concentrated largely in the late spring and early
summer months when winter snows melt and run off. Detention storage

in colluvial, alluvial, and glacial deposits is significant, however,
and flow in other seasons except for early spring is larger than that

of the plains. Flooding is generally not a major problem because stream
channels are naturally able to contain a large flow, and snow melting is
not highly concentrated in time because of the wide ranges in elevation
and temperature present. The streams are turbid much of the time but
most of the material carried has been mechanically weathered. The erosion
of weathered soil is limited where forest cover is present and organic

materials are not abundant in streams. Lime contents are high.

Many local variations are present in the mountain and foothill region,
Some of the lower eastern-mountain valleys, e.g. Jasper, Kootenay Plains,
Yaha Tinda, Canmore, etc., have only small surpluses while the higher

back=-range areas, some with ice fields, have local yields of over 50 inches.

* See PPWB Report No. 6 for a more detailed review.

** Tt is thus apparent why water yields are so much larger than those
of plains origin, e.g. in the dry year 1948-49 the mountains and
foothills with only 16% of the basin area contributed approximately
90% of the flow of the North and South Saskatchewan Rivers (Laycock
1954 and 1960).

52.



The heavy back-range snowfall in winter is more dependable than the summer
rainfall which is a greater part of the foothills precipitation. 1In
addition, the carryover of ice from one year to the next in ice fields
tends to result in higher flow than might otherwise be present in low-flow
years which are usually warm, and a reduction of yield in the high-flow
years which are usually cool. The snow and ice of the back ranges starts
to melt later in spring and the melting period lasts longer in the summer
than in lower areas to the east. Surface detention storage is low because
of the widespread bare rock and stony-surface material, and the limited
extent of lakes and marshes. Lakes in cirques and in valleys behind
moraines are present but the high rate of in-filling and the heavy cutting
at outlets makes most of them relatively short-term features. Flash
flooding is a far greater problem in southern foothill areas than in
mountains behind the front ranges because of the greater exposure to
occasional rainstorms of long duration and great intensity in late spring
or early summer. More organic soil is eroded and carried, particularly
where man and/or fire has accelerated natural processes. Lime contents
are lower in the foothills however, because limestone rock is less widespread

than in the mountains.

The sub-humid plains (Fig. 63) have moderate to small but variable yields
(Fig. 38). The largest and most dependable yields within the plains occur
in the foothills margin in the west, outlying hill areas, e.g. Swan Hills,
and the "mountains® along the Manitoba Escarpment, and on the Shield margins
in the east. Precipitation (Fig. 1) is frequently less than potential
evaporation (Fig. 2), and the surpluses of spring (Fig. 38) are followed

by larger deficits in summer (Figs. 3, 4 and 6). The surpluses
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are normally small but above normal fall rains, heavy snowfall and cold
temperature in winter, late cold springs with heavy snow or rainfall,
and intense rains in the early summer before soil-moisture reserves are
depleted may in combination contribute to heavy runoff. Most areas will
contribute to streamflow in the wetter years (Figs. 39, 41 and 48). In
the drier years the lesser runoff may not be sufficient to fill local
basins and contribute to streamflow (Figs. 40, 42 and 49). In undulating
to rolling-glaciated terrain these depressions are numerous and surface-
detention storage in sloughs, lakes and marshes is large. Controlled
drainage of some of these depressions might add to streamflow and to the
improvement of land use (Laycock, 1959). Normally, the greatest and most
dependable streamflow occurs during the snowmelt period (Figs. 51, 52, 56
and 57), but heavy rains in spring and early summer may produce large
local runoff (Figs. 53, 54, 58 and 59). A significant part of the stream-
flow is derived from runoff before soil-moisture storage capacities have
been filled, e.g. in lacustrine plains. This flashy flow creates local
flood problems, particularly since "normal” flow is inadequate to develop
large or well-defined channels. The streams are turbid with organic and
finely-weathered topsoil, particularly where summerfallow has been eroded.
Since the greatest urban and industrial use of water is on the plains,
pollution may reduce the value of water for other uses here more than in
Shield or mountain areas. In the more humid northern areas surpluses are
larger, deficits are smaller and extensive marshes and lakes provide sur-

face-detention storage which results in a less flashy flow. Flooding



sometimes occurs when channels are blocked by ice and cannot carry the
local runoff or streamflow from warmer upstream areas. Streamflow volumes
are larger than these maps indicate, thus errors in snow measurement,

etc. are probably involved.*

Local variations in the plains are again very great despite the much
smaller topographic variety (Laycock 1959a). North-facing slopes have

a delayed snowmelt runoff, lower potential evapotranspiration, and

possibly slightly greater precipitation, and thus have larger water yields
and better regimen than most south-facing slopes. Undulating to rolling
terrain has greater local drainage into depressions than the flatter
lacustrine plains. Some of this may move as groundwater to streams but

a large part evaporates leaving brackish or alkaline water, or almost
useless encrusted alkali flats.** Sand plains with their limited soil-
moisture retention-storage capacities have larger surpluses (Figs. 47, 48,
49 and 50). These contribute to a more stable streamflow because of slow
relea;e from detention storage, but marshes in manyhof these plains have
heavy evaporation and transpiration losses. Most forest areas, with
greater use of soil moisture from storage, have smaller surpluses (Fig. 46),
less surface runoff and smaller deficits (Fig. 6) than adjoining cultivated-
crop areas. They also have better flow regimen, less flooding and better
quality flow. Gully erosion has béen accelerated where cultivation and
overgrazing has occurred, particularly on the margins of deeply-incised

streams and spillway channels.

* Appendix C

** Some of these are mined for sodium sulphate
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The semi-arid plains usually have lower precipitation (Fig. 1), higher
potential evapotranspiration (Fig. 2), larger deficits (Fig. 3), and
smaller surpluses (Fig. 38) than the more humid plains., Surpluses
frequently do not occur (Fig. 40), and streamflow is small and dependent
upon areas of limited storage capacity (Figs. 47, 48, 49 and 50) and
intense storms. The melt-water runoff period is short and early (most
often in March or early April), but surpluses are limited in many years
to areas of collected snow, e.g. in shelterbelis., Surface runoff
can be highly erosive in the wetter years (Fig. 48) because the natural
vegetative cover is light and offers only partijal protection. Flooding

is brief and may be succeeded quite soon by dry, or almost dry, channels.

The acceleration of erosion by man is facilitated by the climatic and
geomorphologic patterns of the last ten thousand years. The terrain,
following glaciation, was very youthful in terms of the fluvial erosion
cycle. Streams could incise quickly and deeply into the soft-glacial
drift, and gully erosion was facilitated by the steep gradients provided,
Most of the period since glaciation has been drier than at present thus
local erosion was not great. The protection afforded by natural veget.
ation has only recently been disturbed by cultivation and intensive
grazing although there were local exceptions where buffalc, etc. were
numerous in the past. Natural and cultural factors thus combine to

favour exceptional erosion damage in wet periods today.

The Shield has higher yields than might be indicated on a map based on
average moisture storage. Large areas of bare rock and thin soil are

present and runoff often takes place before there is significant
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evapotranspiration. Water surfaces are extensive but water and air
temperatures are lower than to the south and west thus evaporation is
low (Fig. 2).* Permafrost impedes subsurface drainage in many of the
areas with some overburden and soil and the "live" storage capacity may
not be fully used. The major surpluses occur late in spring during snow
melting but flash flooding is rare on the larger streams because of the
widespread detention storage in lakes and marshes. These natural reservoirs
also act as settling basins and erosion is minor on the old crystalline
rocks, thus streams are usually very clear. Rapids are numerous and
artificial improvement of both head and storage on the hard-rock base is
much less costly than in the soft-sedimentary rock and glacial-drift

areas of the plains.

The major sources of large and dependable streamflow are the mountain and
Shield regions and much can be done in each to improve their streamflow
characteristics (i.e. in regime, quality, flood limitation, erosion limit-
ation, but only marginally in yield) according to our growing needs for
surface water. In most parts of the plains the streamflow per unit area
is small yet it has a major use potential, partly because of its location.
Management for streamflow improvement is possible and desirable yet in
most areas it is more important to reduce runoff and erosion and promote
better moisture storage where the precipitation occurs, so that the

vegetative cover might develop at as close to optimum rates as possible.

* This is particularly true for the larger and deeper lakes. Albedo
patterns in summer are such that the greater part of the available
solar insolation is converted to heat energy and the water temper-
atures of the shallower lakes and marshes rise to surprisingly high
levels,
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4, Groundwater Supply

In recent years many excellent studies have been conducted by provincial
and federal research agencies concerning groundwater patterns. Relatively
few of these have been in the field of groundwater recharge. It is
apparent that sustained production cannot long exceed replacement, even

when reserves appear to be quite large.*

Groundwater recharge in most areas of average to above average infiltration
and soil moisture storage capacities is small in most years (Figs. 38 and 46).
In some years it may be a significant part of the surplus although surface
runoff is also large in many of the higher surplus years (Figs. 39, 41, 44,
56, 58 and 59). In the drier years the contribution of most areas to
groundwater recharge is negligible (Figs. 40, 42 and 45), If these dry

years occur consecutively, many wells and sloughs dependent largely upon

groundwater discharge will dry up.

The most dependable groundwater supplies are those that are recharged

from areas of coarse-textured soils, e.g. 3 inch storage capacity (Figs. 47,
L8, 49 and 50), or from permanent streams. The indicated amounts of water
available for groundwater recharge (based on Thornthwaite procedures)

appear to be remarkably similar to those estimated and measured by other

* Many of the volumes mentioned in groundwater studies are expressed
in gallon units, e.g. the safe yield of the Regina aquifer is estimated
to be a maximum of 5,500,000 Imperial gallons per day (Lissey, 1963).
This is a relatively large aquifer yet this volume is only slightly
over 10 cubic feet per second and is well under one-tenth of of
the mean flow of the South Saskatchewan River at Elbow. It is
encouraging that safe yield rather than absolute volumes present is
receiving increasing emphasis because the costs of pumping from
greater depths are prohibitive, and much of the water present in many
so-called "reserves®™ is excessively mineralized for most uses.
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means. Meyboom (1963 and in personal discussion) suggests that ground-

water discharge in evaporation basins (and by transpiration from phreato-
phytes on the margins of these basins) within the Arm River drainage

basin and to Last Mountain Lake to the east is comparable to the annual
discharge of the river. Each would thus represent an average of approxi-
mately one-third of an inch for the Arm River Basin and, with a similar

or smaller allowance for surface runoff into local depressions, this amount
would appear to be about the same as is indicated in our maps for the area
(a total of almost one inch) if we allow for only slightly below average

storage capacities (Figs. 38 and 47).

Groundwater supplies generally fluctuate less than surface water supplies
and make the surpluses of brief periods (storms or snow-melt) available
throughout the year. Local recharge predominates in the prairies and
there are locational advantages in its use. Temperatures are not far
from those of mean annual air temperatures and they do not fluctuate
greatly; an advantage for certain use such as air conditioning. However,
much of the groundwater present is highly mineralized and at such a

depth that large-scale continued uses for irrigation or major industrial
centres seems unlikely. However, some areas such as the extensive sand
plains between Brandon and Portage la Prairie appear to have large
potentials. This one in Manitoba has a relatively high surplus per

unit area (Fig. 47), a large water movement for natural demineralization
of subsurface layers, a favourable elevation relative to the plains te

the southeast, and the latter plains in the Carman and Morden areas have
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water deficiencies large enough that supplementary water supplies might

well be used (Figs. 3, 6, 10 and 15).

The structural patterns of bedrock, and the deep incision of streams
within the plains, are unfavourable for significant groundwater movement
from areas of high water yield, e.g. mountains and foothills. Most
groundwater that might be used is relatively local in origin. Some of
the most promising aquifers are buried in preglacial or interglacial
stream channels, pro-glacial delta and kame deposits, spillway channels
and some freshwater sandstones. To this we might add riparian groundwater
near streams, but it should be recognized that withdrawal from this

source is actually very largely from streamflow. Water which has moved

at depth in bedrock for great distances is almost always brackish or

worse, and movement within formation is sometimes very slow.*

The potential for domestic, smaller urban, industrial, local supplementary
irrigation, and other uses is a very large one despite the limitations
noted. The costs of pumping may be high, yet these may be minimized if
users locate to take advantage of telluric water movements to or near

the surface, and select aquifers that have adequate recharge potentials.

5« HNatural Soil and Vegetation Patterns

The major differences in naturally developed soils can be attributed in

large part to differences in eluviation and illuviation. These vary almost

* 1In the Milk River sandstone it does not exceed 20 feet per year,
thus the production capacity of this extensive aquifer is estimated
at 700,000 gallons per day or 1.3 cubic feet per second (Meyboom 1960).
This is less than two acre-feet per day; a very small amount compared
to streamflow in the South Saskatchewan River.
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directly with the amount of water available to leach and transfer

soil materials and thus with surplus and deficiency patterns. Very

humid regions with large surpluses (Figs. 38, 47 and 61) tend to have

highly podzolized soils, and those with lesser surpluses or roughly a \\j
balance of surplus and deficit tend to have grey-wooded or transitional

to chernozemic soils. In the drier regions where droughts are pronounced
(Figs. 3, 4, 62), chernozemic soils (black, shallow black, dark brown,

and brown) are found. The amount of organic matter in these soils is
determined in part by the rate of plant growth and this varies largely

with actual evapotranspiration (Fig. 64). The depth of rooting is

limited in part by the depth of available moisture, but this may be
relatively shallow in most of the drier parts of the prairies for the greater
part of most years (Fig. 55) because complete recharge to capacity is

unusual.

Solonetzic soils owe their development in large part to parent materials,
but occasional water surpluses to provide groundwater and the presence of
many depressions without normal surface drainage outlet contribute to
their presence (Figs. 38, 44 and Meyboom 1963). Some of the local vari-
ations in soil patterns might also be explained. Differences in aspect,
e.g. north and south slopes, result in differences in evapotranspiration
and sometimes in precipitation which are in turn reflected in differences
in water deficits and surpluses. Concentrations of blown snow, surface
drainage and groundwater might also be considered. Man may be a more
significant indirect agent than is sometimes recognized, e.g. fallow tends
to have greater surpluses than land under vegetative cover. If fallowing
is frequent in the wetter areas, or in the wetter years, extra leaching

will occur. Surface runoff and erosion is greater (Figs. 39, 44, 56, 57
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and 59) and losses of topsoil by wind action may also be critical

(Fig. 10).

Natural vegetation patterns reflect most of the water surplus and deficit
patterns discussed. The general patterns conform to those of Fig. 63;
the semi-arid areas having predominantly grassland; the dry sub<humid
areas having a mixed grass and woodland (largely deciduous broadleaf),

or parkland and the more open-mixed forests; and the moist sub-humid

and humid areas having the better forest development. Forest growth is
affected by severe drought (Figs. 7, 9, 12 and 15), and the incidence
of intense and widespread fires is also greatest in these years. Very
large areas of the prairies having adequate moisture in average years,

but inadequate moisture in some years, are covered by burned-over scrub

e ——————e e

and young growth forest that is of little commercial value.

The growth rate of plants (grasses, crops, trees, etc.) varies largely

with actual evapotranspiration patterns (Fig. 64). In the colder north-
eastern and higher mountain areas, the temperature limjtations are dominant.
In the drier plains, moisture limitations (Fig. 3) result in lesser growth
than might be expected with-the amount of heat available (Fig. 2). Other
factors are significant e.g. soil fertility which varies in part with
surplus patterns; available moisture varying with soil limitations:

natural and introduced plant species; and the effects of drought. In

many respects the deficit patterns reflect the possibilities for cover

improvement with better use of moisture, i.e. with irrigation.
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Similarly, the surpluses reflect the possibilities for deficit reduction
using local water supplies. A major objective in land management is to
reduce surface runoff, reduce the removal of snow by wind action, and
reduce subsurface flow so that plants might use this water and grow at
a rate as close to that indicated by potential evapotranspiration as f

possible,

Annual growth rates vary greatly from one year to the next, particularly
with variations in drought intensity. These may be indicated in part by
maps of individual years (Figs. 11, 12, 13 and 14), but care should be
taken in determining the relevant soil-moisture use from storage. Drought
intensities are not as high if 12 inches of moisture can be available from
storage as if only 4 inches can be available (Figs. 6 and 3), although

recharge to the higher capacities is rare in most parts of the Prairies.

The species composition of grassland, parkland and forest is affected

by drought and other patterns mapped. In grassland areas drought will
initially curtail height of growth. Cover density changes and the death
of less resistant species follow. Range carrying capacities are reduced
and if stock numbers are not reduced accordingly the more palatable and
nutritious species suffer greatest depletion. The time of the drought
(Figs. 27, 28 and 29) is significant because some species withstand early
season drought better than others. Grasshoppers are most numerous in
drought periods. In forest areas the effects of fire are particularly
noticeable. Lodgepole pine or various poplar are most numerous in

burned-over and young-growth forests and in time may give way to spruce.



Deciduous broadleaf trees withstand drought better than coniferous g
evergreens. Grasses recover from drought more quickly than trees and

the drought-fire patterns of the past probably controlled the trese-line
location; possibly with some help from browsing and grazing animals on

the forest margins. It is probable that the drought factor has not been
recognized sufficiently, e.g. by Moss 1932 & 1955, Sauer 1944, and Bird
1961, and that its effects here are similar to its effects in the "Prairie
Peninsula® of the midwest of the United States (Borchert 1950). The
limitation of fires and the clearing of large areas so that snow might
drift more freely into remaining wooded areas, e.g. along road allowances,
has resulted in apparently vigorous woodland well to the south of the
former limits., Very dry years such as 1936 and 1937 in the séuth exacted
a great toll in dead trees in these areas. Information on average
moisture conditions alone is not enough if we are to account for vegetation

distribution patterns.

Forest site classification must include some reference to drought patterns
in the northern parts of the Prairie Provinces. It is not enough for us
to know that particular soils have particular soil-moisture storage cap-
acities if these are recharged dependably in one area and not in another.
Water surplus patterns and their relationships to marshy or muskeg

conditions should also be considered.

Many of the water surplus and deficit patterns illustrated ®* might be

used in both forest and range management. The meteorological data upon

* Other patterns have been mapped but space limitations preclude
their publication here.

6l,
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which they are based are more widely available and have been gathered
for a longer period of time than data on plant species, densities,
vigour, growth rates, etc. Interpolation and extension of observed
patterns of forest and range to other parts of the prairies, and to
periods preceding such observations can be more soundly based if
correlations with water patterns can be established. Cutting rates
for an allotment in forestry (for sustained yield production), and
stocking rates in range management might be recommended for different
areas in part on the basis of these correlations. If current drought
intensities are known to be above or below normal, range management
specialists might gauge the carrying capacity of the range, estimate
how species composition might change, and suggest more or less intensive
land use. Many associated patterns might also be developed. In range
management the availability of water in streams for direct use, or for
ponding in stockwatering reservoirs, and the use of groundwater (in
springs and wells) can be very important. Knowledge of surface runoff
and groundwater recharge patterns can be very helpful. In forest manage-
ment, recognition of surface erosion, sedimentation, and streamflow
patterns can be helpful, e.g. if it is known that erosion hazards are
much greater in southern foothill areas than in northern feothills,
clear cutting and wide-strip cutting may be limited in the former and not

in the latter.

6. Agriculture with Natural Water Supplies

In agriculture, as in forest and range management, a major objective is
to make the best use of available moisture so that plants may grow as

closely as possible to the rate limits imposed by the heat and light



supply, e.g. as indicated by potential evapotranspiration (Fig. 2).

In most agricultural areas, under average moisture-storage conditions,
average deficits of 4 to 10 inches are experienced annually (Fig. 3).
Moisture surpluses are small (0O to 4 inches, Fig. 38) and they usually
occur in early spring (Figs. 51, 52, 53 and 54).

Cultivation, and particularly the use of summerfallow, has usually
resulted in greater surpluses than those indicated because transpiration
withdrawal has been reduced for at least part of the summer. Because

of this, less recharge is needed before surpluses occur. Additional
moisture has been lost from the fields through the removal of snow by
wind action, and by surface runoff during snowmelt and heavy-rain periods,
Water that was formerly stored for plant use runs or blows into depressions
or percolates to beyond root depth. Surface erosion by water has been
accelerated and wind erosion has also been accelerated on the drier
unprotected soil. Although erosion damage prevention is sufficient
reason for runoff control measures, e.g. Toogood 1950, # strong case can
also be made for the retention and use of the water that might otherwise
be lost because moisture deficits are increased by the amount of surplus
increase (a feature that is much less important in the more humid agric-
ultural regions of the world). In some cases the runoff may be used to
provide supplementary irrigation to crops but this is generally less
efficient and much more costly than limiting runoff in the first place.
Complete limitation is virtually impossible and the surplus remaining
might be useds Field runoff is often unfavourable in amount, timing,

and quality for supplementary irrigation, yet the ponding of surplus

waters on lower=level fields behind low dykes can be very helpful in
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augmenting soil-moisture supplies in some fields in most agricultural
areas. Similarly, the collecting of blown snow by windbreaks or snow

fences in and near dugouts is an important use of this surplus water.

The need for retaining precipitation within the fields upon which it falls
is indicated in part by size of the deficit (Figs. 3, 5, 9, 10, etc.).
The means for retaining this moisture have been improved in the last
several decades, particularly with the development of tillage and har-
vesting implements and machinery that leave high stubble, stubble-mulch
or a trash cover, and that permit basin listing, contour and strip farming,
terracing (rarely feasible), etc. Snow plowing in winter may be helpful
in some situations. Snow fences and shelterbelts reduce losses by
drifting and may hold snow from adjoining areas as well as that which

has fallen on the field. The fences are moderately costly and their
erection, removal and repair is time consuming. Shelterbelts are less
costly and time consuming but the trees and shrubs present consume a

significant part of the moisture saved.

The general patterns of agricultural land use in the prairies are strongly
affected by moisture patterns (Fig. 63). The semi-arid regions have
extensive grazing and extensive forms of dry farming, but local soil and
terrain variations contribute to better and poorer-than-average conditions
for crop and livestock production, and there are accordingly areas with
different intensities of land use within these regions. The extremes
partly reflect the drought conditions mapped for 12 inches and %+ inch
storage capacities (Figs. 6 and 4). In addition, most areas can be highly
productive in some years when deficits are small (Figs. 8, 9 and 11), and

of very limited productivity in the drier years (Figs. 7, 9 and 12). The



hope that the next year would be a moist one has kept many small-scale
operators farming in this region when there seemed little other reason
for them to continue. Large-scale operators, with capital to withstand
losses in the driest years and low overhead per unit area, have done
extremely well in some of the wetter years, particularly in the flatter
better-soil areas where yields have been high and large-scale mechaniz-

ation has been efficiently employed.

In the drier sub-humid areas (Fig. 63) cultivation has been more general
and only in the rougher terrain and coarser-soil areas are there large
tracts of limited development, e.g. extensive grazing. The better lands
(e.g. Regina Plain, Drumheller Plain), are very largely cultivated,

The still more humid areas (e.g. Edmonton, Red River Plain) have more
intensive mixed farming practices and more diversified production.

Mixed farming is present on a reduced scale on the forest fringes where
the greater water surpluses contribute to soil leaching (Figs. 38, 48,
etc.). Drainage problems are more widespread and muskeg and gleysolic
soils 1limit productivity. Droughts occur in these areas but they are
less intense and less frequent (Figs. 3 and 10) than in the drier parts
of the sub~humid regions. In these areas the drier sites, e.g. where
drainage is facilitated near major valleys, are better for cultivation
and the wetter sites are in forest or bog. Frost is a problem, particularly
when spring and fall operations are impeded by wet conditions (Figs. 51,
52, 53, 54, 56, 57, 58 and 59). The growing seasons are shorter and
cooler, and crop production becomes sub-marginal in the northern and
higher western areas (Figs. 2 and 31). Forests make better use of the
available moisture, soil and growing season, than annual crops in these

cool and moist regions.

68,
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The specific crops grown are in part a reflection of moisture patterns.
Annual crops, that are in part drought evading because they do not
require a full growing season in which to mature (Figs. 23, 24, 25, 26
and 35), predominate in the semi-arid and drier sub-humid areas. These
crops, ©.g. wheat and barley, have limited root development in spring
and thus leave a part of the soil moisture in storage until later stages
of growth. Droughts may occur during these early stages of growth
(Figs. 27 and 28), but are most severe in July in most years (Fig. 29).
The deficiency for the season (Fig. 30) is less than that for the full
growing season or the longer season required for alfalfa (Figs. 19, 20,
21, 22 and 34).

Alfalfa may do better initially than it will after several years of growth.
In the first year after a cereal grain (still better after fallow) it
will employ moisture stored beyond wheat root depth in previous seasons
and may also benefit from storage accumulated in the long fall period
after the wheat harvest., In the following years the alfalfa will be
dependent upon the precipitation of those years. The greater depth of
rooting is little advantage because precipitation is normally inadequate
to recharge storage to the 4 inch capacity in the semi-arid areas

(Fig. 55 and compare Figs. 25 and 26). In the wetter years alfalfa makes
better use of the moisture available than wheat and water surpluses are
small (Figs. 38 and 46). It would appear that alfalfa has greater pros-
pects for sustained success in the more humid agricultural areas.
Similarly, most other plants that have a full season of growth and are
able to withdraw moisture from deeper storage, e.g. trees and shrubs,

do better in the more humid parts of the Prairie Provinces. If they do

well in the drier areas it is because they have obtained supplementary
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water from drifting snow, surface runoff, and from telluric or riparian

sources.,

The moisture and potential evapotranspiration patterns discussed might

be related to the ecological range and optimum conditions for many plants.
Phenology, agrometeorology, agro-climatology, zoo-climatology, and related
fields of study might usefully employ these derived data.* The
correspondence of drought-intensity patterns and wheat-protein-content
patterns** is striking and understandable (Figs. 13, 14 and other annual
maps not published). Other factors such as soil fertility, the use of
fertilizers, cultural practices, the time of rain occurrence within the
dry period, etc. are significant, yet the areas with over 8 inches deficit
correspond generally with those with over 14.9% wheat-protein content.
Closer examination indicates other relationships within this pattern.

It would appear that if areas with the better soils (only moderate deficiency
and little surplus normally) have relatively severe drought, protein con-
tents are likely to be higher than in those areas that usually have severe
drought. Grasshopper and rust patterns also appear to be closely related

to the drought patterns mapped.

Many of the relationships discussed, and others, have been established
using other criteria for drought measurement. The patterns established

here appear to be more definitive than some of those previously employed

* Numerous uses have already been made, see Holmes and Robertson 1959,
and Robertson & Holmes 1959 and other references.

** Canada Department of Trade and Commerce, Grain Research Laboratory,

1950.



and their use should be helpful in crop insurance studies, crop and
fallow planning, community pasture location, land use studies, and

many associated fields,

One of the most widely employed means of moisture conservation is that

of summerfallowing. It has probably been overrated in this role in

the past because full appreciation of how little additional moisture

can be stored for crop use in most areas by this means and of how much
moisture might be stored has not been present.* As shown by Staple and
Lehane (1952) in the Swift Current area, most of the soil-moisture
recharge occurs in the fall, winter and spring, between crop seasons,

and only one inch of the four inches available for use at the start of
the crop season after a fallow year was added during the summerfallow
season.** This inch (plus the 0.7 inches stored in the second winter)

is significant, for it is present at depth within the soil and is usually
available for use during the July head-filling stage of growth (Fig. 29).
This extra moisture may mean the difference between a fair and a poor
crop, but it does not make any inflexible rotation with fallow every
second or third year desirable because other factors must be considered.
It is assumed in the illustration that efficient weed control is possible
in the fallow year, particularly early in the spring of that year. This
may not be feasible because of weather conditions and competitive labour

demands.

* Laycock, 1961

** Appendix B



The addition of 1.7 inches of moisture in a fallow year is not enough
to explain the significantly larger yields of crops following fallow.

A part of it might be attributed to the smaller loss of moisture to
weed growth and this means of weed control is still very important,
although chemical means make better use of the land and moisture avail-
able. In recent years studies such as those of Michalyna and Hedlin in
Manitoba (1961) have shown that the higher yields on fallowed plots were,
in large part, related to the accumulation of available nitrates during
the fallow year. This yield differential can be greatly reduced by
mineral fertilizer and manure treatments. In the study area in the Red
River Valley (a more humid area than Swift Current, see Fig. 3), during
the years 1956, 1957 and 1958, there was an average of only 0,7 inches
more available moisture to a 4-foot depth on fallow plots at seeding

time than on plots which had been cropped in the previous year,

The negative features of summerfallowing are receiving increased recoge
nition. The exposure of soil to wind and water erosion is not as great

if strip-farming and stubble-mulch tillage are undertaken, but there is
still greater exposure than in grassland or annually cropped areas. The
organic and nitrogen contents of the soil decline in time and the soil
becomes less productive, less receptive to precipitation infiltration,

and less able to store moisture for later use. The non-use of most of a
growing season's moisture and of the land results in much smaller product-
ivity for most parts of the prairies than is possible with annual cropping,
chemical weed control, and suitable fertilizer application. Part of this

advantage is lost in the greater costs of prodacing a crop each year.



The prairie climate is significantly different from one year to the

next (Figs. 11, 12, 13 and 14). If this is recognized and fallow oper-

ations become more flexible in timing, some advantage might be gained,

The moisture in storage in spring is a significant part of that used by

the crop in the growing season. It can be measured or calculated and if

it is high in spring after stubble, and weed growth is not excessive,

there is little reason to fallow. If fallowing is decided upon, weed

control will be difficult because there is a good reserve of moisture

available. If a crop is planted the application of fertilizer and spray-

ing of weeds will probably be warranted by the larger returns. If, on the

other hand, moisture reserves in spring are very low (and this is possible

even after fallow) then fallow might be preferred. The chances that a

good crop will be produced from current precipitation alone are poor. The

dry spring is likely to be a good one for fallow because weeds will pro-

bably have less than average moisture supplies for growth. There are

objections to basing planting decisions upon moisture-storage obser-

vations (Laycock 1961), but from the standpoint of most efficient moisture

use the advantages appear to be great.*

In the last few decades there has been a greatly increased use of stubble

and stubble mulch for moisture conservation. Shallow disking and sub-

tillage leave a trash cover upon the surface that reduces snow blow-off and

*

Preliminary calculations indicate that if crops are sown in years with
4 inches in storage at the start of the growing season (fallow in

other years), they would be sown 23 out of 30 years in Edmonton, 22

out of 30 in Lacombe, 19 out of 29 in Olds, 22 out of 30 in Calgary,

19 out of 30 in Gleichen, 21 out of 29 in Lethbridge, 19 out of 26 in
Midale, 16 out of 30 in Moose Jaw, 17 out of 30 in Swift Current, 18

out of 30 in Saskatoon, 21 out of 30 in Scott, and 25 out of 30 in
Brandon. 1In almost all cases, the calculated average deficiency in the
crop season was smaller than in the alternate crop years of an arbitrary
two-year rotation.




runoff, thus larger storage of moisture can take place between crop
seasons., In the more humid regions particularly, this storage may be
equal or almost equal to the capacity of the soil to store moisture for
cereal crop use, and the use of fallow for additional moisture conser-

vation may not be justified.

7. Agriculture with Supplemented Water Supplies
Supplementary water supplies may be used in crop production if the

increased productivity warrants the development of the necessary facili-
ties. It is apparent that increases in productivity are possible wherever
and whenever deficits occur (Figs. 1 to 37), and that these greatly exceed
the local surpluses available in most agricultural areas (Figs. 38 to

59). Projects dependent upon local surface runoff and groundwater
supplies are generally small (Fig. 38) and are subject to the seasonal

and quality limitations previously noted. Despite these limitations, it

is probsble that the long-run potential for increasing agricultural pro-
duction in the Prairie Provinces is significantly greater in these projects
than in larger projects employing water from rivers that rise in the more

humid regions.

The "small water® or individual farm and community storage and irrigation
projects focus upon the use of local runoff. The federal goverrment pays
about 50 percent of the cost of construction and provides all agricultural
and engineering services through PFRA. In the period 1935-1964, 76,732
dugouts, 9,416 stockwatering dams and 4,732 individual irrigation projects
had been constructed under the programme (PFRA Annual Report 1963-64). A
large proportion of these are in the semi-arid and drier sub-humid areas
(Fig. 63) where deficits are large (Fig. 3, etc.) and surpluses are small

(Fig. 38, etc.). Most take advantage of surplus concentrations (natural
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and artificial) where infiltration of snowmelt water and heavy spring
rain is slow because of fine-textured soils (e.g. in lacustrine plains),
or snow drifting (e.g. in shelterbelts, along gullies, and within or on
the lee side of other topographic and cover obstructions) has taken
place, sometimes at the expense of meisture supplies in adjoining open
fields. The supplies are small, highly variable from one year to the
next and are concentrated usually in short periods of early spring. In
irrigation these are usually used to supplement soil-moisture reserves
and are applied by temporarily ponding water on relatively flat fields.
Stockwatering dams and dugouts provide domestic water supplies for stock
and farmstead use, and some are used for supplementary irrigation of

gardens and small fields,

In the more humid agricultural areas, there has been a lesser development
of small water projects except for dugouts in some lacustrine plains, e.g.
in Southern Manitoba, where groundwater supplies for domestic use are not
readily obtained.* In addition, federal assistance has been available
for only a few years in many of these areas. It is likely that supple-
mentary irrigatioh and storage will be of increasing importance in these
regions in the future because large deficits do occur (Figs. 3, 7, 10, 12,
13, 14, 15 and 30), larger surpluses are available for use (Figs. 38, 44,

etc.), and groundwater supplies are better than in the drier regions.**

* In these clay plains groundwater recharge is small because the
soils can retain most of the surplus remaining after runoff for
use in the summer season. Subsurface movement to wells is slow
in the fine material in some areas, the water is tooc far below
the surface because of deep incision of major valleys nearby, e.g.
Peace River, or the clay overlies saline formations.

** The lack of federal assistance in the use of groundwater for supple-
mentary irrigation has resulted in much lesser development of this
resource than in the development of surface supplies,
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Some of the best prospects appear to be in Southern Manitoba below

the Escarpment where the heat supply is large (Figs, 2 and 60), and

the position is downslope from extensive sand plains which have abundant
surpluses in groundwater storage (Fig. 47). Some intriguing possibilities
in the use of natural groundwater seepage around sloughs might be
developed, e.g. substitute alfalfa for the phreatophyte tree and shrub

rings now drawing upon telluric water supplies.

Large community projects for irrigation, stockwatering, village and

town use and industrial purposes are also present in the prairiss. Many
of these have employed federal or provincial aid in planning and develop=-
ment. A part of the irrigation involved is upon low terraces and is
supplementary in spring or early summer when water is most readily availe
able. Winter feed is the major product,’ Although the effects of drought
have been lessened in these areas, the very limited water supplies of
some of the drier years make an import of feed necessary (Figs. 9, 40

and 45).

The major irrigation projects draw, and will draw, water from streams
that rise in the mountains and foothills (Fig. 38, etc.). These have a
more dependable flow than those of plains origin but artificial storage
is necessary if summer demands are to be met. Although streamflow is
moderately large in the South Saskatchewan River and its tributaries,

and some diversion from the north may be feasible, there is far less



1...

water available than might be used in areas with severe droughts

(Figs. 3, 10, 38, 45, etc.).*

Past experience indicates that if average deficits are not very large
(Fig. 3) and may be quite small in some years, e.g. in the Western
Irrigation District (Fig. 9), many farmers prefer large-scale dry-
farming to the relatively small-scale irrigation famming, or will defer
irrigation too long in anticipation that rain will meet their needs. In
these marginal areas heavy rains after irrigation have contributed to
water-logging, drainage and alkalinity problems in some of the wetter
years (Figs. 8, 11, 39 and 44). The projects with the greatest chance
of success because of farmer co-operation in all years are those in the
driest regions. On the other hand, the low cost of supplying water and
the growing demands for supplementary feed supplies in some of these
marginal areas in Alberta contribute to an increasing dependence upon

irrigation.

The amount of crop growth and production is proportional to the potential
evapotranspiration of the area (Fig. 2). 1In the agricultural areas of

the prairies this ranges from just below 20 to just over 24 inches, and

* The water supply is approximately 5,000,000 to 8,000,000 acre-feet
per year or enough for 3,000,000 to 5,000,000 irrigated acres if
no allowance is made for hydro-electric power, urban, industrial
and other demands. In contrast, the demand at optimum level of
use in areas with average deficits of over 8 inches (Fig. 3) could
exceed this by ten times, Large parts of the drier regions could
not be irrigated economically because of excessive pumping costs,
unfavourable soil and terrain and other limitations, but the area
that might be served at moderate cost still greatly exceeds that
for which water supplies might be available. In years of low flow
and high demand, the irrigable acreage would be still smaller. With
storage carryover and less than optimum use in some areas in some
years, larger areas might be assigned for at least some irrigation.
In some areas of the United States, even flood flow is allocated,
e.g. the South Platte to over 3008 of average flow.



varying proportions of from half to almost all of this amount are supplied
by precipitation, e.g. approximately half in the Medicine Hat area to
almost all in average years in the more humid areas. In some years the
deficits at Medicine Hat exceed 16 inches (Fig. 7). In subtropical and
tropical dry regions the potential evapotranspiration is from 65 to 80
inches per year and proportions of up to 100% must be supplied by
irrigation. Irrigation projects in the lower latitudes must supply much
more water per unit area than is needed in the Prairies, but crop pro-
duction is correspondingly large. The production per unit area and per
unit investment is quite low per year in the Prairies because of our

low temperatures and short growing seasons. The range of crops that
might be grown is also limited. Only the low-cost operations have been
feasible and then only if high value crops that cannot be produced depend-
ably without irrigation, e.g. sugar beets, canning crops and some forage,
were produced. This pattern appears to be changing with increasing local
and world demands for produce, and the "insurance® role of irrigation in
supplementing forage and other supplies in the drier years is becoming

more important.

The variation in heat supply in the prairies is critical in the choice

of crops to be irrigated. (Appendix C, Laycock 1959b, Figs. 2 and 60).
It is likely that commercial production of those crops that are marginal
in the prairies such as sugar beets, corn, tomatoes, other canning and
frozen-food crops, etc. will be concentrated in the most favourable areas.
The advantages of such locations as Medicine Hat and Morden are apparent,

and it is likely that irrigation areas with these crops will continue to

be the most successful, e.g. Taber rather than Strathmore or Hanna.
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Irrigation and crop scheduling are possible in a very general way if
monthly data on potential evapotranspiration and precipitation are avail-
able. Both procedures can be refined greatly if daily data are used,

eege Thornthwaile and Mather 1955. Further refinements might be made if
allowances are made for different soil-moisture storage use rates and
different crops in different stages of growth (Thornthwaite and Mather
1955 & 1957, Blaney and Criddle 1952, and others). Procedures appropriate
to careful water management in the prairies are described by Holmes and
Robertson (1959). It would appear that at least some of these refinements
are desirable, particularly for the irrigation and growth of specialty
crops.* The major purpose of this report is to show regional variations
in patterns. If allowances are made for the various refinements in pro-
cedure, it will be noted that the regional patterns discussed are not
significantly affected. Most of the refinements in procedure concern the
time of application; the seasonal totals are much the same as those indi-

cated in the basic calculations.

The proper amounts of water for field application tend to be smaller than
is very often applied to the land, and the excess frequently contributes
to problems of drainage, alkalinity, ditch erosion, ponding in waste-water
reservoirs etc. Irrigation in the Prairies is supplementary to precipi-
tation and the total amounts needed by the plants from irrigation are indi-
cated in Figs. 3 to 33. To this must be added sufficient water to balance

field, ditch and canal losses by seepage and evaporation.

* Whether they are used in their most complex forms or not, these
procedures have added much to our understanding of the variables
involved.



The maximum efficiency of irrigation is obtained by refilling only the
root=zone-retention storage reservoir except when the presence of salinity
requires some leaching. Overfilling will result in a leaching of soil
nutrients and other problems previously noted. Underfilling will result
in less than optimum growth rates. If fertilization is combined with
irrigation, e.g. through use of sprinklers, a waste will occur with over-
filling and the amounts used will not be employed most efficiently with

underfilling.

Drainage problems in the prairies are greater than in many other irrigated
areas of the world, at least partly because heavy rains may occur after
soil-moisture recharge has been supplied by irrigation. The surpluses

from this, and sometimes from excessive irrigation and seepage from

canals, may result in water-logging, alkali problems, slumping, etc.

These problems are accentuated in the prairies by the diversity of glacial-
drift soil parent materials with large amounts of clay. Very few other
glacial drift plains of the world are irrigated. In addition, there is a
relative lack of naturally developed drainage channels due to the short
period and generally dry conditions since glaciation. Perched water
tables and telluric groundwater movements to local evaporation basins are
common. In some areas the bedrock of marine origin causes groundwater to
be saline or alkaline. Alkali concentrations upon the surface are common,
particularly in irrigated lands which do not have adequate drainage provision.
This problem can be limited in part by the careful application of only the
required amounts of water (Figs. 3 to 33). Some drainage will still be

needed and forecasts of requirements might be based in part upon patterns
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of water surplus and deficiency with due allowance for the amounts of

irrigation water employed.

Soil flushing is needed in areas with natural alkalinity problems and

in the rehabilitation of irrigated areas not provided with adequate
drainage facilities. It tends to be most effective in the wetter years
and seasons when surplus waters are most likely to be available, and

when return flow is well diluted in streams which will not then have
major withdrawals for irrigation downstream. It is assumed here that
leaching is downward toward ditches. If it is not, the wetter years

may present the greatest problems because of increased groundwater dis-
charge and evaporation from the surface. In either case knowledge of
surplus frequency and intensity patterns (Figs. 38 to 59) is necessary for

planning.

The prediction of return-flow volumes can be based upon water demand,
water surplus and irrigation application patterns. Return flow is large
in prairie irrigation because water is still very inexpensive and is

often delivered at rates well in excess of the actual field or district
requirements. Diversion is based upon maximum potential demand, but
demands, i.e. daily potential evapotranspiration values, vary greatly

and may be supplied in large part and sometimes to excess by precipitation.
A part of the surplus runs into local evaporation basins and does not
return to streams. Local water balance patterns reflect the frequency

and intensity patterns of water surplus and deficiency mapped in this

repoert. Further detail is available for specific locations in the data
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tabulations upon which the maps are based, Calculations on a daily

basis provide further refinement.

Most aspects of water supply relating to irrigation can be based upon
direct long-term observations of streamflow. However, this map series
may usefully supplement streamflow information in various ways. The
seasonal and annual demand patterns indicated in Figs. 3 to 37 might be
related to known supply patterns (streamflow data and Figs. 38 to 59), and
the potential needs for storage reservoirs, diversion channels, canals,
siphons, etc. of different capacities may be estimated. Streamflow data
are not available for many local streams and estimates of flow and flow
variations can be made using the surplus maps. The necessary allowances
for this flow in irrigation water supply, drainage, culvert and drop-
structure construction, etc. may be estimated. The degree to which erosion,
flooding and sedimentation problems may be present may also be estimated.
Much of this may be a cross-check on estimates based upon streamflow data
which, if available for long-time periods, are usually better bases for

estimation.

8. Other Water Uses

Most of the major uses of fresh water not previously discussed, i.e. urban,
industrial, hydro-electric power, navigation, mining, commercial fishing,
recreation in its many aspects, and wildlife, are well represented in the
Prairies. There is a need for additional information on water balance
patterns for all of these. For some the direct supply and demand patterns
are indicated in this map series. For others the indirect competitive or
complementary position in the allocation of limited supplies may be suggested.
Only some of these supply and demand patterns can be discussed in the space

available.



The major surface and groundwater supply patterns and their variations
have been discussed in Sections 3 and 4 of this chapter and are indi-
cated in Figs. 38 to 59. It is quite apparent why supplies of local
origin are relatively small and undependable in the southern plains

(Fig. 38). In Shield and mountain areas the soil-moisture storage for
plant use is very small in the bare rock and stony areas, thus Fig. 47
should be used with Fig. 38. This imbalance in the regional distribution
of water supplies is accentuated by the greater demands for water in the
plains areas, thus water shortages and competitive use problems are most

apparent in this region.

Urban and industrial use is largely non-consumptive and thus return flow
is almost equal to withdrawal. The change of major portions of city
areas, from high soil-moisture storage for plant use to vwery low storage
on rooftops, streets and compacted surfaces, has resulted in much greater
local runoff. This is only partly balanced by withdrawal for the irri-
gation of lawns and gardens. Most cities in even the drier portions of
the prairies have a greater contribution to streamflow than withdrawal
from it. The total volumes of water used are still small but industrial
needs particularly are growing rapidly. The needs for dependable supplies
of pure water make storage and some diversion from major streams necessary
to supplement local supplies or serve as better alternatives to them.

The change of quality that results from urban and industrial use is such
that much larger volumes of water are needed to dilute pollutants and
hasten their decomposition. The major problem areas are in the southern
plains. Fortunately, rivers that rise in the relatively large and depend-

able surplus areas of the mountains and foothills flow through these
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plains and supply most of ihe present industrial needs, although some
storage for increased winter flow is required. In the future, there may
be a need for diversion from larger streams in the north, and for move-
ment or placement of some industries that seriously pollute streams to
and in northern areas. The water is available, but costs and competition

for use will grow.

Hydro-electric power plants may be located on relatively poor sites if
these are much closer to markets than much better sites. Accordingly,
many excellent sites in the more northerly areas have not yet been
developed, e.g. on the Slave and Fond du Lac Rivers, and only same of the
sites on the more accessible margins of the Shield and mountain areas
have been, e.g. on the Bow, Brazeau, Winnipeg, Nelson, and middle
Churchill Rivers. Relatively few of the rivers in these regions have
more than a short-term record of flow. Longer precipitation and temper-
ature records are available for many more stations. These records may
be processed in water balance calculations to extend the streamflow
record in time and areal coverage. Some of these relationships have been
developed in this report. Several sites in the plains on rivers of
mountain origin, e.g. on the South Saskatchewan and Saskatchewan Rivers
have been developed but local surpluses contribute little to the basic
flow (Figs. 38, 40, etc.). Natural storage in lakes and marshes partly
overcomes problems of seasonal variation in flow in Shield areas, but
much more artificial storage is needed on mountain and plains streams,
Since this storage is needed for urban and industrial purposes also, these
uses are complementary. However, such storage is or may be competitive

with that for irrigation (Figs. 3 to 37) because the demands in the latter



85.
are seasonal and the head needed for power may also be needed for
irrigation diversion. In some projects, although there is some degree
of competition, neither might be present if it were not for the other

meeting some of the costs of development.

Thermal-electric power plants in the plains are sufficiently low cost

in operation that major additional hydro-site development may be limited
there. These plants are also major water users but frequent reuse for
cooling is involved, thus lakes and reservoirs with relatively small

streamflow may meet most needs.

Navigation for commercial transport has almost disappeared except on

the Lower Athabasca and Slave Rivers and a few of the major lakes. Com-
petitive means of transport, low and variable streamflow, ice and flood
conditions, and the presence of numerous rapids, make it less than feasible
in most parts of the prairies. Diversion of water from northwestern areas
toward the south and east through the more populated areas and toward
markets may make navigation more important in the future. Winter

transport on snow, ice and frozen ground is very important in the north.

Commercial fishing is focused upon the lakes on and near the Shield,

e.g. Lake Winnipeg, Reindeer Lake and Lake Athabasca. These are in areas
of relatively large water surplus (Figs. 38 and 47) where the water is
fresh, cool and widespread. Some lakes in the northwestern plains, €ego
Lac la Biche and Lesser Slave Lake, are of moderate importance but most
of those farther south are too variable in level, quality and temperature
for significant fish production. Some fishing is possible in irrigation

reservoirs in these areas because of the better water supply.



Recreation and habitation are related to an increasingly important degree
to water supply patterns. The use of lakes and rivers and their shorelines
and banks for swimming, boating, recreational fishing, picnicking, hiking,
viewing of scenery, cottaging, and the locating of homes is rapidly grewing
and the more accessible areas are becoming crowded., Different stresses

are placed upon sites in urban and rural areas, and in plains and Shield
or mountain areas. Some sites have been reserved for recreational and
residential use by governments, e.g. in federal, provincial and municipal
parks and by zoning. Other areas in and near settlements are rapidly

being reserved privately.

Lake and shoreline qualities vary greatly with water balance patierns.

For any lake, precipitation upon the lake surface plus surface and ground-
water inflow will equal evaporation from the lake plus surface and ground=
water outflow.* In the more humid areas (Figs. 61 and 63) precipitation
exceeds or is very close to being equal to evaporation, thus relatively
little if any inflow is needed for outflow to take place., Most lakes in
humid areas remain fresh, have little fluctuation in level, and shorelines
are well developed at outlet levels. In the more arid areas (Figs, 62 and

63), many of the lakes have relatively small basins and outflow is unusual.

* In central Alberta, for example, the average values for Beaverhill
Lake would be approximately as follows: average precipitation 163%
for 60 square miles of lake area plus a surplus of 1® from 330 square
miles (surface and groundwater flow) almost equal evaporation of 25
from 60 square miles plus O surface and groundwater outflow (70,400
acre feet is less than 80,000 acre feet thus the lake level would drop
approximately 3 inches, see Figs. 1 and 38 and PPWB Report No. 5).
In a slightly wetter than average year there might be 18" precipitation
plus 13" surplus to produce a small outflow. The appreciable variation
from one year to the next is indicated in the fluctuating lake levels
and variable streamflow. These are suggested by Figs, 1 to 64 in this
report.



These lakes stagnate, drop seasonally in level, have many different
shorelines and in many cases become alkaline. Some dry up completely

in the drier years (Figs, 40, 42, 45, 49, etc.). Some of the lakes,

e.gs those in spillway channels such as the Qu'Appelle Valley and

Chin Coulee, Tramping Lake, Manitou Lake, Coal Lake, Saunders Lake, etc.,
in the drier regions have larger basins. These have outflow in the
wetter years (Fig. 39, 41, 44, 48, etc.) but may drop to very low levels
in the drier years when the unit area flow is negligible and basin areas

shrink °

In most parts of the prairies the recreational and habitation qualities
of lakes and streams can be improved by physical improvement of the

water supply and/or by zoning shoreline and bank areas to higher order

uses, Storage of seasonal surpluses for later flow into lakes and streams,

the controlled drainage of some depressions to concentrate local surpluses
in potentially favourable sites, and the development of reservoirs based
upon streams that rise in high surplus areas can result in major improve-
ments in most water bod;es for recreational purposes. Many problems of
flooding might also be reduced by such action. The habitability of some

enviromments is ciosely related to the degree that recreational develop-

ment may be undertaken. Most enviromments might be more or less attractive

according to how we use our water resources,

Many other patterns such as the location of sodium sulphate deposits, the
tractionability of soils, the availability of water for oil-well drilling
and the habitat of game and fur-bearing animals, and of shore and other

birds might be related to the patterns mapped and discussed,
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9. Watershed Management

Watershed management objectives include the improvement of streamflow

yield, regime and quality, the reduction of erosion and flood damage, and
the direct economic use of the region (Laycock 1960). Some of these are
directly competitive but others are complementary. Not all can be

achieved at once and decisions must be made as to which are needed most
urgently and in the long run. It is apparent that, since it is the major
source of the North and South Saskatchewan River flow, the mountain and
foothill portion of these basins must receive major consideration in
planning for watershed management (Section 3 of this chapter and Figs. 38
and 47). The forest reserve portion of this region has watershed protection

as its major management function.*

The physical potentials for obtaining management objectives vary greatly
from one part of the reserve to another, largely because of differences
in water balance equation patterns (Laycock 1957 & 1960). Bare rock,
coarse colluvial deposits, and very shallow stony soils have little
potential for management change anywhere in the mountain and foothill
region. In contrast the widespread drift, glaciofluvial, alluvial and
palustrine materials may have major water yield, regime and quality
changes with changes in vegetative cover and use, but the potential for
these changes may be very limited if the climatic conditions are unfavour-
able. In the back-range areas, precipitation is large every year and

water yields may be increased by cover removal because there will then be

* Eastern Rockies Forest Conservation Board Acts of 1947.
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some reduction in evapotranspiration withdrawal of water from the
deeper soil horizons. Such a cover removal need not result in serious
erosion or flow regime change because most of the precipitation falls as
snow, melting occurs over a long period because of the cool temperatures
at these elevations, summer rainfall is rarely intense and the natural

ground cover recovers quickly in this humid enviromment.

In the front-range and foothill areas, particularly in the south, precip=
itation varies greatly from year to year and in the drier years when
streamflow is most needed, moisture is not sufficient to penetrate to the
deeper soil horizons. Cover removal would not result in significant
yield increases because there is little moisture at depth to be saved
from evapotranspiration loss. Clearing here might result in serious
erosion and flooding because the dry periods might be followed by intense
rains from tropical marine (Gulf) air masses which rarely and only locally
penetrate beyond the front range. The natural cover is not as dense or
vigorous as that of back areas because of the frequent drought, and its
capacity to protect surfaces from erosion has been further reduced by
more intensive use, particularly in grazing. In these areas, watershed
management objectives should be oriented toward regime and quality
improvement, and to erosion and flood limitation, not yield increase.
Although the map scales used in this report are too small for direct
management application, some of the general contrasts between back and
front range areas are shown in Figs. 1, 3, 8, 38, 40, 46, 47, etc. and

are discussed separately (Laycock 1957a and b, 1958 and 1965).



Watershed management cannot be limited to only the Forest Reserves in

the mountain and foothill region, or to the mountain and foothill region
of these basins. In the National Parks there is little conflict between
watershed and recreation objectives, except for provision for artificial
storage of water. Additionsl dams and some management for yield increase
(in conjunction with the removal of aged, diseased trees) may be needed
in the future. Limitations upon the intensive use of privately owned and
leased land in the foothills would help greatly in reducing erosion, flood
and sedimentation damage. Lease restrictions and subsidy payments for
shorter term grazing, etc. might be helpful. In the plains there is
almost no potential for yield increase (except possibly by slough drainage),
but much might be done about erosion and flooding limitation, regime and
quality improvement, and development of local supplies for local use,

Both land management and engineering works are needed, not just one or

the other in haphazard developments.,
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IX. SUMMARY, CONCLUSION AND RECOMMENDATION

The objective of this study was to employ recently developed procedures

in defining and mapping the major patterns of water deficit and water
surplus in the Prairie Provinces more closely than had previously been
possible. The water balance spproach, employing particularly the procedures
outlined by C. W. Thornthwaite in 1948, was used and the major frequency
and intensity patterns of drought and surplus have been mapped. The 64
maps selected for inclusion in these reports depict the major patterns
defined in the study. Many additional maps have been drawn to show vari-

- ations ;f frequency and intensity, additional amnual and seasonal patterns,
etc. The calculations for many stations have been processed in other ways
and have been related to observed patterns of deficit and surplus, and to
many patterns of land and water use, e.g. see Chapter VIII. For reasons
discussed in Appendix C, some of the generalizations and assumptions made
may result in significant errors in the values mapped for specific areas,
yet the major mapping gradients have been confirmed in corroborative
studies using other techniques (Figs. 31 to 37) by the streamflow data

available and in local detajiled studies,

It would appear that improved measurements of the local water balance
patterns will now be more useful than additional attempts to develop or
apply empirical procedures. Some of these measurements will be made in
studies associated with the International Hydrologic Decade programme. It
is hoped that the new data can be related closely to those available from

existing and continuing records and that all may be related to the patterns
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established for the period 1921-1950., Some of the precipitation and
temperatures data of the period since 1950 have been processed so that
some of the relationships discussed could be established or confirmed.

The remaining derived data should now be obtained and processing on a
continuing basis is recommended. The forecasting wvalue of these data

has been suggested in Chapter VIII, e.g. in range management, estimation
of spring-moisture supplies for summerfallow and crop planning, explain-
ing current patterns in lake and well level fluctuation, and in estimating
irrigation requirements, forest increment, etc. Additional forecasting
may be done, but perhaps the greatest value of the present report and
continuing calculations could come from the improved understanding and

regional and time perspective we might obtain concerning our water resources,



APPENDIX A

DATA SUPPLIES

The quality and range of available data have greatly affected the selection
of procedures and the accuracy of maps in this study. Many qualifications
and limitations are recognized yet it would appear that most of the errors
are sufficiently minor, compensating or relatively uniform in their distri-
bution that the major gradation patterns of water surplus and deficiency
are as indicated. Recognition of data deficiencies can add to our under-
standing of the local variations within the generalized patterns and may
contribute to improvements which will enable us to define patterns more

correctly in the future.

Procedures

The possibilities for errors in mapping arising from limitations in the
procedures used have been discussed by various authorities (e.ge Mather 1954,
Perman 1963, N.R.C. Symposium on Evaporation 1961, I.A.S.H. Assembly Pro-
ceedings of 1957, 1960 and 1963 etc.) and several aspects are noted in
Chapter III. The Thornthwaite procedures of 1948 have been used more than
any othersbecause: (1) they can be employed for all stations having monthly
temperature and precipitation data; (2) a complete water balance for each
year can be calculated; (3) they are easily used at relatively low cost; and
(4) the patterns developed appear to correspond closely to those of
vegetative cover, irrigation demand, measured streamflow, etec., without
significant procedural modification. The more complex Thornthwaite pro-
cedures of 1955 and 1957 add to our understanding of some relationships

but the results are not very different in regional pattern and do not

appear to be any more correct when checked against streamflow and other

patterns in this region.



Mr., George Robertson, meteorologist with the Canada Department of Agri-
culture, has provided us with daily data for eight stations based upon
Thornthwaite procedures for the period 1921-1956. Both surpluses and
deficiencies were larger for the lower storage values than those based upon
monthly data but the differences were relatively minor for storage of over
two inches. Some regional differences are indicated, e.g. winter evapo-
transpiration is greater in the southwestern plains "chinook belt" thean in
areas further north and east, but they are less striking and regular in
gradation pattern then we had expected and we have not corrected our final
maps accordingly. These data can be very useful in more detailed local

studies and particularly in crop scheduling and forecasting.

The 1948 Thornthwaite procedures do not include direct allowance for
regional differences in wind, humidity and solar radiation. Each should
result in greater deficiencies and smaller surpluses in the southwestern
plains then in the calmer, more humid and cloudier areas to the north and
east but, since these differences are partly reflected in temperature
patterns, the errors do not appear to be large. The longer days in summer
in the northern areas undoubtedly affect potential evapotranspiration and
thus plant growth etc., but the Thornthwaite procedures do not allow for
extra day-length north of 50° N. latitude. It is possible that the
greater frost hazards within the growing season in these northern areas
at least partly compensate for this apparent error but further research

is needed before corrections can be applied.
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Many other procedures have been tested for at least some stations and
two, Blaney-Criddle and Lowry-Johnson, have been applied for 89 and
43 stations respectively. Neither provides a water balance for the year
and if Thornthwaite moisture storage allowances for spring are employed,
both show patterns very similar to those based on Thornthwaite procedures.
The allowances for greater day-length at higher latitudes in the Blaney-
Criddle procedure appear to be excessive but we cannot suggest modifi-
cations that would make the procedure more useful in this region. Allow-

ances for sun height above the horizon might help.

Comparative studies employing methods outlined by Perman, Ture and others
have been less complete, largely because data on variables such as sunshine
duration, mean humidity, wind movement, etc., are not widely available or
easily estimated. In addition, the procedures are sufficiently complex
and time consuming that major use would be costly. In general, the values

obtained do not indicate that major regional corrections should be made.

The greatest need in procedure evaluation and refinement would.appear to
be for detailed water balance studies to be carried out within different
parts of the region. Fortunately, a number of such studies are being

initiated within the International Hydrologic Decade programme. The most
advanced at present is in the Marmot Creek Basin (southeast of Banff) and
the author is engaged in two, in the Whitef#$sd Creek Basin near Edmonton

and the Baker Creek Basin near Yellowknife.



Basic Data

The basic data on precipitation in the Prairie Provinces and most of the
maps based upon them are much less reliable in showing regional patterns
then is commonly believed. The errors present are probably greater than
those due to basing potential evapotranspiration upon the procedure used.
Some of the greatest improvements in mapping regional patterns of surplus
and deficiency can result from improvements in precipitation data collection
and in mapping with adjustments for the effects of topographic and other

variables.

The most striking errors in mapping relate to unrepresentative location of
precipitation gauges. In mountain and foothill areas, most of these
instruments are located in the relatively dry valleys (e.g. Jasper, Banff,
Lake Louise and Coleman) and most maps (e.g. Atlas of Canada, plates 25, 27
and 28) based upon the data obtained show far below average precipitation
for these regions. Precipitation storage gauge, snow course and streamflow
data indicate much higher values and allowances for topography (elevation,
aspect, slope, position relative to other ranges and moisture bearing winds,

etc.) have been made in some studies (e.g. Laycock, 1957).

In the foothills and plains areas, many stations in the deeper valleys

(e.g. Nordegg, Entrance, Sunnegan, Peace River, Drumheller and Fort Qu’Appelle)
receive less precipitation then is received on the neighbouring plains and
much less than is received in hill areas nearby, There are few stations in
the hill areas particularly, but recent past Year records, the different
vegetative cover, the greater streamflow and presence of lakes and other
evidence indicate that the "mountains® on the Manitoba Escarpment, Turtle

Mountains, Moose Mountain, the Missouri Coteau, Cypress Hills, Hand Hills
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Wintering Hills, Swan Hills, Clear Hills, Brick Mountains, Caribou
Mountains and many other hills have significantly more precipitation than

the adjoining plains and valleys.

Many statioﬁs with anomalous values may have particular micro-relief or
exposure relationships. Reading or recording errors may be present for
others. Some anomalies cannot be explained. Red Deer has significantly
higher readings then Penhold and Hillsdown nearby, but both of the latter
have low values for the region. Muenster has high values and Humboldt
nearby is low. Pinawa, Outlook, Fort Chipewyan and others are low while

High River and Swift Current are high for their respective areas.

Snowfall is particularly hard to measure and snow gauges in exposed sites
do well if they catch over 60% of the total fall., The conversion ratioc of
10 inches of snow to one inch of water is not correct for all regions and
storms. It has been asserted that 80% of our streamflow is derived from
snowmelt (Durrant, p. 20 Water Studies Institute Symposium, 1964). This
seems reasonable as a generalization for the plains, and data based on
the Thornthwaite procedures support the assertion. Improvements in data
supply for snowfall, particularly in the hill and mountain areas would

help us to improve the record.

Figure I of this study was drawn in 1957 because base maps showing precipi-
tation distribution, inecluding a very conservative allowance for topo=
graphic effects, were not otherwise available. Other attempts to show
regional variations have been published in the last decade (e.g. Fryers 1956,
Muttit 1962, McKay 1961 and 1965, Chapman 1965, ete.). Most of the other
maps in this study are based in part upon Figure I. If these were to be

redone at this time, greater allowance for topography would be given and
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local variations would be more pronounced. Improved data for the next

few decades will add greatly to mapping accuracy.

Temperature maps do not indicate the local variations due to elevation,
aspect, slope, exposure, etc., but interpolation is easier than for pre-
cipitation. The smaller potential evapotranspiration of the more elevated
areas and particularly the north in contrast to the south slopes is very
conservatively shown in the generalized maps. The combination of higher
precipitation and lower potential evapotranspiration in hill areas results
in much larger surpluses and much smaller deficits then occur in the lower
plains but again the contrasts are shown in a very conservative manner for
only some of the major hills. No allowances for potential evapotranspir-
ation variations relating to lengths of frost free and growing seasons or
for cool season temperatures over 32°F. have been made. These refinements
must await more detailed mapping at a later date., The temperature data
avallable are generally good but improvements in site location and inspection
are recommended, e.g. the instrument shelter at Exshaw is still green to

match the building trim rather than the standard white,

If allowances for factors other than precipitation and temperature are to
be made, there must be improvements in the data supplies available. Wind
speedé at different levels, radiation, albedo in different seasons, and
other variables must be measured more closely. Little is known about how
much moisture is obtained from fog, mist, dew and the direct condensation
of moisture upon cool surfaces (e.g. snow) and allowances for evaporation
from snow and ice are still largely guesswork, These variables may come
pensate for each other in some areas but imbalancesin most areas are likely,
Intensive local studies will help us to improve upon the maps we have drawn.

Meanwhile, we might assume that the major patterns have been established,



APPENDIX B
SOIL-MOISTURE STORAGE

The moisture supply available to plants from soil-moisture storage
varies with the soil, the plant and the time and amount of recharge.
If we assume that recharge does take place, the most important vari-

ables are soil texture and depth of root development.
In the following table by Colman (1948) the moisture-storage capacities

of soils of different textures are indicated.

MOISTURE CONTENT OF SOILS
(inches of water per foot of soil depth)

Soil Texture |  Pore Detention | Field |Retention |Wilting
Class. Saturation| Storage |Capacity | Storage Point
Sand 5.0 4ol 0.9 0.5 0.4
Sandy Loam 5.0 3.2 1.8 p 5 § 0.7
Loam 5.0 2.3 2,7 1.6 1.1
Clay Loam Selt 2.0 3.4 1.7 p F5
Clay 5.4 0.4 540 25 25

Most of the water available to plants is that held in retention storage.

It is the amount of water held after most of the gravity flow has taken
place less that which is unavailable at sufficient rates of use to maintain
turgor. In practice a small part of the water held in detention storage
upon and within, particularly the finer, soils is also available. This
amount is significant in the Prairies because our frequent showers provide

at least partial recharge a number of times.



A table provided by the Soils Research Laboratory at Swift Current in
1949 shows similar values to those indicated by Colman except for a

less abrupt change in capacity for clays.

INCHES OF WATER AVAILABLE FOR THE CROP
FOR_DIFFERENT DEPTHS OF MOIST SOIL

Depth of |Sandy | Loam and ~ (Clay Loams and Clays and | ,
oist Soil |Loam |[Silty Loams Silty Loams Heavy Clays
l 1 «10 13 ol5 17

6 .60 .78 +90 1.02

2 1.20 1.56 1.80 2,04

24 2.40 3.12 3.60 4,08

36 3.60 4,68 5640 6.12

48 4,80 6.24 7.20 8.16

i

W. E. Bowser* has suggested that a rough guide might be that water-holding
capacities increase by 1% for each 1% increase in clay content in the finer
soils. Robertson and Holmes (1956), Duffy 1964, and others in various
soil-survey reports, etc, report similar moisture storage, soil texture

relationships.,

Soil textures are rarely uniform with depth and variation in organic
matter content, structure, salinity, use, etc. may greatly affect avail-
able moisture supply. Bowser* has suggested that water-holding capacities
increase approximately 2 to 3% with each 1% increase in naturally-integrat-

ing organic matter content. Surface organic matter has a large detention-

* Personal communication in 1963.
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storage capacity but retention-storage capacities are very low. These
materials contribute to improved infiltration of water into the soil.

If soil structure is favourable, e.g. in clay soils, roots will penetrate
more readily and employ soil-moisture storage capacities to greater depths,
"Hardpan™ layers may greatly limit root penetration but they may also
limit movement of water in detention storage to greater depths. ®Alkali"
or saline soils have limited useful storage because wilting points are
highes Soil fertility contributes to the development of root systems and
the better utilization of storage capacities. Tillage, grazing practices,
forest fires and cutting greatly affect storage by changing the vege-
tative cover, organic material content, structure, fertility, runoff-
infiltration ratios, etc. Local surface runoff and groundwater move-
ments have subtracted from available moisture supplies in some areas and

added to them in others.

Plant demand patterns are not uniform. Root penetration varies with plant
species, age and vigor as well as soil characteristics. Root occupance

tends to be more complete in surface soils than at depth, and actual with-
drawal by roots that penetrate to four-foot depths may range from 60% to 0f

at 1 to 4 feet (G. W. Robertson 1964*), Seasonal variations are important

because seedlings may wilt during early season droughts even though moisture

may be present at slightly greater depth. The time and amount of recharge

is included in the calculations based upon Thornthwaite procedures.

* In a seminar in the Soil Science Department, University of Alberta,
Edmonton.
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If we recognize that many local and regional exceptions are present
because of variations in soil, plant cover and recharge patterns, we
might suggest that water storage available to plants in the prairies

might vary approximately as follows:

WATER STCORAGE CAPACITIES

(in inches)
Cereals |Forage Crops | Forest Trees
(annual) -m Learly maturity)
Sand 1. 2 6
Sandy Loam 2 L 8
Loam and Silt Loam 3 7 X
Clay Loam b 8 12
§ G 5 8 1

In general, the greater depth of rooting in the course and medium-textured
soils only partly compensates for the greater retention-storage capacity

of the clay.

Regional patterns are very complex and only some of the more general pattern
variations need be noted. The drier parts of the Prairies tend to have
relatively low soil-moisture storage because of the limited recharge, the
low organic matter and sometimes high salt contents of the soil and also
because the sparse cover has an incomplete and shallow root occupance of
the soil. The black soils have better recharge, humus content, fertility,
plant cover and root occupance, and are less likely to be solonetzic, The

grey-wooded and podsol soils tend to have still better recharge, less humus



and clay in surface horizons, and a more complete root occupance to
greater depths, although widespread fires in the recent past have
resulted in muﬁh of the cover being relatively young with variable
rooting patterns. Widespread muskeg areas with impeded drainage have
large use of surface-detention storage and groundwater, and rock areas
have very limited storage. Clay plains are more widespread in the
eastern and northwestern plains than in the southwest. Sand plains
are less extensive but they tend to be more widespread in the east

and northwest. The till plains are widespread but many of the tills,
except for those near the Shield, in the Rocky Mountains and Foothills

are high in clay content.

The complexity of soil moisture storage patterns is such that general

maps for a wide range of storage values, e.g. 3, 1, 2, 4, 6, 8 and 12 inches
might be most useful. The appropriate map for a particular soil and
plant-cover combination might then be selected. In the future, more
detailed maps showing local patterns of moisture storage capacity for

specific soil depths and crops may be available.

Se



APPENDIX C

A COMPARISON OF CLIMATIC PATTERNS AT SELECTED IOCATIONS
WITH PRESENT AND PROJECTED IRRIGATION PROJECTS*

Growing Season

Degree Days

Consumptive Use

Deficiency (Lowry=J ohnson)

Deficiency ( * -
Thornthwaite)

Potential Evapotranspiration

Average Deficiency

Maximum Deficiency

Minimum Deficiency

Lower Quartile

Upper Quartile

MEDICINE [‘

VAUXHALL |LETHBRIDGE| HAT STRATHMORE HANNA | BROOKS |OUTLOOK SASKATOON
21 years | 29 years |30 years| 15 years years years |28 years 30 years
151.6 167.8 173.6 152.6 150. 4 156.0 153.9 146.7

6286 658L 7303 5947 5637 6532 6401 5908
227 22.5 23.8 21.3 20,7 22,3 22.1 21.1
13.9 187 16.1 11,0 12,0 14,5 14.4 12.4
11.7 9.5 14,1 8.1 9.1 12,1 12,3 9.3
22,6 22,7 24,3 22,1 21.4 22,4 22,6 21,6
10,7 7.9 11.5 7.6 8.1 10,7 11.3 8,0
15.6 13.0 16.4 12:3 15.1 1545 15,0 13.5

0.9 2.7 0.4 2.4 2.3 3.1 BT 2,0
9.3 5-7 903 5‘5 5'9 ?'? 10-0 603
12.5 10.8 13.9 9.7 9.5 12.8 13.2 10,8

* Based on Laycock 1959b.

. 2 i
2. Degree Days -
3. Consumptive Use-
4, Deficiency -
Deficiency -

5
6
?
8.
9.
10
11.

Growing Season - ca.lculated using Lowry-Johnson procedure (1941)

(using maximum temperatures)

(see Fig. 31)

(see Fig. 32)

plus Thornthwaite procedures in
determining soil-moisture storage in spring (see Fig. 33)

Potential Evapotranspiration - calculatod using Thornthwaite proceduro (1948) (see Fig., 2)

Average Deficiency

Maximum Deficiency

Minimum Deficiency

Lower Quartile Deficiency

Upper Quartile Deficiency

(see Fig.
(see Fig., 7
(see Fig.
(see Fig,
(see Fig.

3)
7)
8)

9)
10)
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