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FOREWORD

There is growing evidence that the world is entering a new

climate regime. Both the rate of change of the climate and the

amplitude of short period climatic variations will be much more

pronounced.
Those of us concerned with Science Policy became aware of the

almost total absence of communication between the meteorologists with

the knowledge of climate change and the economic and social decision

makers and planners. These latter groups seemed to be going about their
business blissfully using meteorological statistics drawn from the past

25 years when the weather on the whole had been rather benign and

quiescent. Certainly this is the case in North America where much agri-
cultural, northern development, energy, transportation, construction,
communications and urban planning are based on what must he considered

as meteorological assumptions of very doubtful validity for the future.

For example, many agricultural practices in the mid -west seem to be

ignoring all the lessons learned in the 1930s at such high cost.
Discussions between the Science Council of Canada, the

Canadian Meteorological Society, the American Meteorological Society,

the Geophysical Institute of the National Autonomous University of

Mexico and the Mexican Geophysical Union led to agreement to collect-

ively launch a two phase program. This program was designed to bring

the meteorologist together with the decision makers and the planners to

re- examine this galaxy of vital problems in the light of new and

significant knowledge. It was important that the initiative be

non -governmental so that action would not be inhibited by secrecy or

international diplomacy.
The first of the two phases brought the top scientists

(Appendix D) together to identify the cutting edge of out knowledge' of

climatic change and the most useful information and advice which could

be given to others.
Phase II is to he comprised of a series of meetings in Canada,

the United States and Mexico between these scientists and decision

makers and planners in weather sensitive areas of industrial and

societal activity. These meetings will focus on the impact of climatic

change and discuss planning and policy options resulting from the

knowledge presented in this report on the Phase I activities.
These Proceedings are the product of intensive labours by the

scientists over six days in Toronto, Canada during November 1975. It is

a good report - if now a series of successful Phase II conferences can

be held, we in North America will he well on the way to planning to live
with climatic change, indeed turning it frequently to our advantage. We

will have demonstrated that effective communications between scientists

and their many publics can be attained if the will and the institutions

are there.

P.D. McTaggart -Cowan
11 February 1976
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PREFACE

Society has always been shaped by its natural environment. The

North American continent, with its bountiful resources of land,

water, and mineral wealth, has provided the basis for a uniquely

varied and productive society. One of the most fundamental, yet

least recognized of the natural factors which have made this

development possible is the generally beneficial climate of our

continent. From the crops in our fields to the clothing on our

backs, virtually every facet of our life is influenced - implicitly
or explicitly - by our expectation of a stable weather pattern.

Climate, however, is not a fixed element of our natural envir-

onment. Indeed, the mere definition of "climate" is no easy task.

In the ever -changing patterns of daily weather we perceive regul-

arities in space and time; those regularities upon which we base

our expectation of future weather, we term climate. Study of the

past, however, shows that no single regular pattern can serve as a

universal guide to the future: climate has always been changeable.

We must therefore accommodate ourselves to climate change.

The notion of climate variability is as difficult to define as

climate itself. Distinctions are often drawn between short -term,

relatively transient "variations" or "fluctuations" between one

decade and the next, and long -term "changes" on the scale of

centuries. For purposes of our discussion, however, we will not

need to rely on the rigors of definition until Appendix B which

deals with the nature of climatic variations.

In the past, climate changes have led to mass human migrations
and to the growth and decay of major civilizations. Today, however,

our complex and globally interdependent society depends for its

survival on rapid and increasing exploitation of many natural

resources. With our present -day growth rates of 2 per cent for

population, 4 per cent for fresh water, and 5 per cent for energy,

there is little margin for error in our planning, which suggests

the need for considerable reserve capacity. Small changes in the

basic underlying premises of our plans for meeting present and

future needs may produce large effects. Climate and climatic

variability must be taken into account in the planning of neatly

all facets of human life.

Agriculture is undoubtedly that sector of society most sensi-

tive to climate fluctuations. In North America, climate usually
permits productive cultivation of the majority of our potentially

arable land. However, yields depend markedly on the distribution

of precipitation. Crops are sensitive to extremes of temperature.

Overall crop yields have been greatly increased in recent years by

the introduction of selected hybrid varieties of many basic crops
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suited to an expected climate. Although these new varieties offer

better yields than traditional varieties over a wide range of

conditions, variations in yield are often greater as a result of

greater sensitivity to weather conditions. The remarkable

consistent high productivity of North American agriculture from the
mid 1950s to the early 1970s has been due to a combination of

improved technology and exceptionally favourable weather. A return

to more variable conditions, characteristic of much of North

American climate in earlier decades and centuries, would
undoubtedly produce far greater year -to -year fluctuations in our

ricultural outputs than those to which we have become accustomed
(and have taken for granted in our national and international
planning) .

The past provides abundant examples of the impact of climate

variation upon agriculture. In the 1930s, extended drought in

North America was instrumental in creating the well -known "dust

bowl" with its attendant social and economic disruptions. More
recently, the Sudano -Sahel drought in North Central Africa during

the late 1960s and early 1970s caused widespread famine, neces-

sitating an international relief effort. Even numerically small
temperature changes produce significant changes in growing seasons

in the northern fringes of our agricultural lands and in the

location and productivity of fishing grounds.

Our society is becoming increasingly dependent on energy in-

tensive services. In North America today, society demands not only
well -heated buildings in winter but air conditioned buildings in

summer. As a result, the domestic demand for energy has greatly
increased over the years. Over the past half century in the United
States, as winter weather conditions have fluctuated, seasonal
total heating requirements adjusted to the present -day population
have varied by as much as 10 per cent above or below their average.

In the northern part of the continent, winter transportation
is impeded and made relatively costly by cold and especially by
abnormally high snowfalls. Snow and ice control on urban streets
and on local and national highways is extremely expensive. A part-
icularly snowy winter can be responsible for costs that greatly

exceed planned budgets. Similarly, severe winters shorten the

navigation season on the St. Lawrence Seaway and in northern rivers
and harbours with especially serious effects in the Arctic. A
warmer climate may be experienced for a short time. This would
facilitate the use of sea routes for the southern shipment of

Arctic oil, but on the other hand, such conditions would impede the
use of ice and snow roads for forestry operations and for northern
interior transport.

Our society depends on a good fresh water supply, not only for
human consumption and industry but also for agriculture. In Mexico,

10



where 48 per cent of the population is devoted to agriculture, 18

to 20 per cent of the arable land requires irrigation. The size,

and consequently the cost, of waterworks, hydro-electric power
developments and flood control structures are dependent on estim-
ates of expected precipitation. A shift to greater or less prec-
ipitation leads to failure of the system in one case and needless
overbuilding in the other. Water levels in the Great Lakes of the
continent are greatly dependent on both precipitiation and evapor-
ation, which, in turn are controlled by temperature. As water
consumption increases there may be increasing demands for water
diversion, demands that could be either negated or amplified by
climatic change.

There are many other, perhaps less obvious, facets of our soc-
iety which could be affected to a greater or lesser degree by
climatic variability. The tourism and recreation industry, petrol-
eum refining and the production mix of fuel oil and gasoline, plan-
ning for the manufacture of snow tires, air conditioners, rain wear
and other climate dependent products are but a few of the areas
where climatic change does make a difference. The construction,
performance and maintenance of pipelines is affected by climatic
conditions. The architectural design of buildings should take into
account climatic parameters. The performance of houses and the many
other types of structures are clearly affected by climate and
climatic change.

In addition to natural climate variations, we are also faced
with the possibility that we may be changing the climate by our own
actions. In the aggregate, the burning of fossil fuels for heating
and energy2 production releases enormous quantities of carbon
dioxide (CO ) and particles into the atmosphere. These can
potentially alter the workings of critical physical processes and
therefore alter local, regional or global climate. Even man -made
changes in trace constituents such as chlorofluorocarbons (better
known under the DuPont trade name "Freon ") may be capable of
producing significant changes. More perplexing is the recent
discovery that nitrogen fertilizers might also perturb the natural
atmosphere.

In the following sections, we will attempt to describe our
current knowledge of the history of North American climate, our
understanding of the causes of climate variation, and our estimates
for their prediction. We also present a series of illustrative
examples, or "scenarios ", as a guide for concrete investigations of
climatic sensitivity. We hope that this discussion will be a
significant impetus toward furthering our ability to live more
securely and more contentedly with climatic change.
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Chapter I: '` PAST CLIMATIC CHANGES IN NORTH AMIERICA

Climatic 'Vat iahility

1.2 Short Period Variations

1.3 Annual .and 'Oecadal'Variations

1.4- Changes Over Centuries and 'Nil lenia

'1.5 Historical 'and Geophysical Evidence Of "Climatic Change

1.6 Climate, Water and the Oceans

1.7 The Message from History'

Note: All temperatures in this -repòrt are in degrees Fahrenheit.
This is because 1) the report "encompasses North America as a

whole, and 2) all historical records for *North America are in

degrees Fahrenheit.
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Chapter T: PAST CLIMATE C'IANCES TN NORTH AMERICA

1.1 Natural Climatic Variahility .

Climate varies on all time scales. The focus of this survey is on

variations of the order of seasons, years, decades and centuries.
Beyond this, there is clear evidence of tong -term variations, such

as the 'glacial-interglacial fluctuations. Instrumental records are
often inadequate even'fo r documenting the short -term variability of
climate. In most parts of North America, instrìumental records of

temperature and precipitation are available for Less than 100 and

often less than 50 years. In fact, much planning is based upon
even shorter period of observations.

Until recently, our knowledge of past climates was limited to

information from instrumental records, supplemented by fragmentary

qualitative information about early climatic episodes., This

situation is changing rapidly. information on year to year, decade
to decade and century to, century alternations irï climate,' prior to

instrumental records, Is being .obtained from other sources such as

tree growth and "fron evidence of. past vegetation derived from

pollen in bogs, and lake'sediments.
Regional and continental changes in climatic patterns, are :far

more common and important than changes in "global average" .

conditions which, unfortunately, have recently 'received much

attention. A decade of drought in Central North America might well
coincide with "excess rainfall along the Pacific Coast.' It ,is also

important to note. the climates of the various portions of the
globe are interconnected. The broad currents of the atmosphere and
oceans are of global scale. As a result, climatic. variations in

North America are frequently interlinked with 'Climatric" .changes

elsewhere, although the direction of the changes may differ.
To illustrate the different time scales of variability,

separate sections have been devoted to three different time

scales:
a) Short period variations where months, seasons and years are
considered.
b) Climatic episodes of the last three centuries where decadal and
annual variations are considered..
c) The long perspective where the
a suitable time scale.

It should be recognized that
ascending orders of magnitude and
quasicyclic phenomena.

centuries and Millennia provide

ese divisions
do not imply

are simply in

any cyclic or

1.2 Short Period Variations
Day -to -day variability
The day -to -day changes in the weather experienced "a at any locality
are associated with weather systems such as those shown on the

familiar daily weather maps. These maps are drawn From more or less
synchronous observations sent from surface and upper air stations
around the world. Data from satellites are increasingly useful in
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completing the definition of these sytems. The pattern of wind and
temperature associated with individual weather systems does not

simply move across the map. All weather systems are continuously
evolving and are influenced by other weather patterns around the

wotld. Synoptic fotecasts are now reasonably accurate for about

three days and in many instances long range forecasts of the order
of tO days can be provided.

Variations over LO to 30 day periods:
Large scale hemispheric patterns in the atmospheric circulation can
persist, or change slowly, and consequently cause spells of

anomalous weather. During a 20 to 30 day period, several stotms,

influenced by those persistent patterns may move over a given area
and produce a pattern of average precipitation and temperature. A

change in the circulation pattern may then move the storm tracks
elsewhere. Because the persistent or slowly changing hemispheric

circulations Lend to produce specific patterns of precipitation and
temperature, 20 to 30 day predictions of average conditions over

large areas can often be made with enough skill to be of economic
value.

Unfortunately, it is not usually possible to recognize the

establishment of such persistent patterns in sufficient time to use
them as a basis for making predictions of average weather for the

shorter period of 10 to 20 days. l'either can the life cycle of

individual storms, whose growth, movement and decay determine the

weather occurring during this period, be predicted by the

techniques used in the synoptic and shorter 3 day forecasts. Thus

the period of IO to 20 days represents a gap for which economically
useful weather predictions cannot he made with known techniques.

Monthly and seasonal variability:
There is little persistence in the anomalies of temperature or

rainfall from one month to the next at any given location. The

same is true for the change from one month or season to the same

period a year later. The historical record does, however, show
spells (or runs) of several years in succession that may he

abnormally cold, warm, wet or dry. Such successions may occur even
when there is little more than chance likelihood, for example, that
a cold winter will be followed by a cold spring.

The percentage variability of precipitation is high in regions
where the normal amount is low. This also occurs in climatic trans-
ition zones, such as that between the moist climates of East Texas

near the Gulf of Mexico and the dry climates to the west. Temper-

ature variability tends to be highest where the annual temperature
range is highest, such as in the interior of the continent, and

where the spatial changes in temperature are greatest such as in

the atea between the Gulf of Alaska and the Central Yukon.

17



1.3 Annual and Decadal Variations
Months, seasons, and years of rather persistent unusual weather re-
sulting in runs of abnormally hot or cold, wet or dry months and

years do occur from time to time. These periods are acutely
recognized by the public and cause many problems with which sòciety
has to cope. The Dust Bowl eta of the 1930s is probably the most
remembered such period in North America. Even if this drought
sequence were only the result of chance, it still could happen

again. Here, one can compare a succession of wetter or dryer than

normal months with the throwing of dice: the longer the record,

the greater the chance of an even longer succession of dry months
than that which occured in the 1930s. In fact, as the time span is
lengthened to centuries, the probability of having droughts, floóds
and strings of warm or cold seasons at some time within the period

increases markedly.
Significant short period trends in temperature are not uncom-

mon in many parts of the 'continent. For example, the annual temper-
ature record at Dawson, Yukon shows a pronounced cooling between
the fourties and the last decade of about 3.5 degrees F. This trend
of about 0.2 degrees F. per year is overlaid with the much larger
year to year variability already discussed. The highest annual tem-
peratures are found in the 1940s and the coolest near the end of

the record in the 1970s, with relatively warm years evident in the

1960s despite the downward trend in the viecadal averages. (Figure 1)
Climatic history over even the most recent 100 - 150 years

cannot he fully documented, since needed data from some land areas
and most of the oceans are sparse or non -existent. The picture is

reasonably clear, however, for most of the continental land masses

north of the equator. Annual temperature data for the northern
hemisphere and for a belt across southern Canada at about 50!.

degrees north latitude have been analyzed and show a distinct
rising trend from the 1880s to the 1940s with a subsequent decrease
to the end of the petiod around L970. Analyses of recent data

appear to indicate a IeveLling off and possible reversal' of this
cooling trend in the 1970s. The amplitude of the change over the

past century is about 0.8 degrees F. for the northern hemisphere
and about 1.2 degrees F. for southern Canada (Figure 2). This
variation is in agreement with that reported in other studies, in

which it has been shown that the subarctic and arctic continential
regions have experienced greater changes, both in warming and

cooling, than have the lower latitudes. Changes in the sub -tropics
have probably been relatively small and are difficult to establish
although it is recognized that even small variations in this part
of the world ate socially and economically important. It is also

worthy of note that the general warming trend in the early part of

the century was relatively consistent over large areas. The
subsequent cooling, however, seems to have been consistent mainly
in the sub -polar regions and was much less pronounced in lower

latitudes.
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FIGURE 1: ANNUAL TEMPERATURES RECORDED AT DAWSON. YUKON (1940 1975)
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Insttumental records for extending climatic studies back

beyond 1850 are sparse and widely scattered. However, some

meaningful decadal data for the United States are available hack to

the 1830s. A comparison of data from the 1831 - 1860 period with

similar data from 1931 - 1960, one hundred years later, clearly

indicates that a distinctly different climatic regime existed

during the earlier period. In most of the eastern half of the

United States temperatures were cooler in all seasons of the year

during the earlier period. The greatest diffetence was in autumn,

when the central parts of the eastern midwest were as much as 4

degrees cooler than during the 1931 -60 period. Although less well

marked, there wete associated changes in the rainfall tegimes in

the different regions (Figure 3).
These vatiations in climate, with time scales of a few years

to several decades, are part of a larger pattern with a longer time
scale and with possibly gteater variations. The climatic episode

often called the "little ice age" was terminated in the late 1800s

by the most recent warming trend. On all time scales, changes are

certainly not restricted to the northern parts of North America.

There is evidence of comparable, but not necessarily parallel,

variations in southern regions of the continent. Historical records
from 15th century Mexico indicate cold conditions with frequent

reference to deep snows in winter and unfavourable summer growing

seasons. Elsewhere on the globe, periods of drought in the African
Sahel have been a rather common occurrence in historical times. In

India, records of rainfall over the past 120 years reveal long -term

changes in the frequency of monsoon failure and in monsoon

intensity. A host of other climatic changes have been well

documented in Europe and Asia.

1.4 Changes over Centuries and Mitlenia
Paleoctimatic information from various types of evidence (Figure 4)
shows clearly that major and ptolonged episodes of climatic change

occurred in the distant past which differed substantially from

those detected by instrumental records. We are dealing here with
climatic changes that occupied centuries and millennia, rather than

decades. These changes were global in nature, although not neces-

sarily identical in kind, because, for example, wetter conditions
in some regions corresponded to drier conditions in others.

About a thousand years ago, the early medieval warm period and
the northward displacement of the Arctic Front extended the edge of
the boreal forest about 100 km. into area which is today tundra.

Sea -ice cover decreased in the Canadian Arctic and North Atlantic
favouring Scandinavian exploration and colonisation of Greenland.
This warming may have allowed growth of wild grapes further north

in eastern North America which suggested the name "Vinland" to

Viking explorers.
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FIGURE 3

TEMPERATURE Annual 0 300
Wits

1.- Temperature deviations (F) of the data in the 1850's and 1860's
from climatic normals 1931 -1960; annual average.

TEMPERATURE Winter 300
Miles

2. -Same as 1; winter (January through March).

TEMPERATURE Spring
I ( (

0 300
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3. -Same as 1; spring (April through June).

TEMPERATURE Summer
/ I I

4. -Same as 1; summer (July through August).

TEMPERATURE Early Fall
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5. -Same as 1; early fall (September through October).

0 3Qo

Miles

6. -Same as 1; late fall (November through December).

Source: E.W. Wahl, Department of Meteorology, U. of Wisconsin
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The Most Recent Glacial Period
During full glacial Wisconsin times (30,000 - 12,000 years before

present (BP), there is evidence of displacement of the boreal

coniferous forest southwards 1200 km. from its present limit, and

evidence for substantial cooling perhaps amounting to 8 degrees F.

or more below present summer mean temperatures. Drought dominated

Florida and southern Georgia while tundra climate occupied the

Allegheny Plateau.
In late Wisconsin time (14,000 - 11,000 BP), as deglaciation

progressed northward, a tundra climate dominated New England until

12,000 BP and northeastern Minnesota until 10,000 BP. Major glacial
warming, represented by northward displacement of the spruce for-

est, occurred suddenly, within only a century or less at some

sites. In New England the climate apparently experienced progres-

sive warming from 11,000 to 9,000 RP with no cold reversals.
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FIGURE 4

RADIOCARBON YEARS BEFORE PRESENT
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The Present Interglacial:
After 10,000 RP, continued post- glacial summer warming allowed the

northern expansion of cold -sensitive deciduous trees displacing the

coniferous trees northward. In the Midwest the continuation of a

warm dry climate through 9,000 BP allowed expanding Prairie open-

ings in the forests, and this effect reached its maximum of warmth

and dryness 7,200 BP in Minnesota. This warmest episode in mid -

continent occurred approximately 8,000 to 4,000 BP with evidence of

cooling as early as 5,500 to 5,000 BP. Further cooling by 4,000 BP
shifted Boreal forest elements southwards in Minnesota, and growth

of extensive peat bogs was stimulated by the progressively cooler

and wettet summers in middle North America within the last several

thousand years.

1.5 Historical and Geophysical Evidence of Climatic Change
Before the early 1800s, instrumental records of any consider-

able spatial extent are not available. Earlier climatic inform-

ation must come from non -instrumental records, which have to be

calibrated for comparison with modern data. Much progress has been
made in developing these techniques in recent years and the "proxy"

records appear in many forms. The obvious source of information is
recorded history with its notations of specific extraordinary ev-

ents such as total crop failures, extremely cold winters, prolonged

droughts, and records of wine quality. This kind of historical

record is available for centuries, and in a region such as Egypt,

the Nile flood records are available for millennia. Interpretations
of climatic history from archaeological studies are more difficult,
but nevertheless, these have provided frequent confirmation of

climatic dating estimates obtained from other methods. Fot examp-

le, there is archaeological evidence of corn cultivation in Eastern
Colorado around A.D. 1000 to 1200, which supports the conclusion
that conditions were wetter at that time since this crop can hardly
be cultivated there today. The abandonment of Mesa Verde and other

American settlements somewhat later has been linked to an extensive
and prolonged drought in the 11.S. southwest.

More recently, warming in the arctic from the end of the 19th

to the middle part of the present century melted the polar ice

cover sufficiently to allow easier polar navigation. While

Nordenskjold and Nansen, in the 1890s, could barely navigate along

the northeast passage to the north of Asia, Russian merchant ships

regularly traversed these same waters in the 1940s and 1950s to

supply the growing population of Northern Siberia. This supply

route again became more difficult to use during the 1960s forcing

the Russians to convoy ships extensively with ice breakers. Another
consequence of the recent climatic oscillations has been the

changes in location of fishing grounds in the North Atlantic Ocean.
In the 1930s most Icelandic fishing was carried out around the

north and west coasts and toward Greenland, while now, in the mid -

1970s fishing is essentially restricted to the southern coastal

shelf. On the other hand, in the 1930s, prolonged drought in the
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H.S. and Canadian midwest was associated with extremely warm and

dty conditions. Further south in Mexico, wet conditions were

experienced. However, drier years did occur in Mexico in the 1940s
and 1950s; a lag of a decade behind the central U.S. drought.

Changes in the annual growth zings of trees provide a very
valuable proxy record of past climatic variability. These changes
result from the response of the trees to the vicissitudes of the

climatic environment in which they grow. The annual variations can

be calibrated using modern observed climatological records from

stations in the near vicinity of the trees. Knowing the current
tree -ring /climatic data relationships, the climatic variations of

earlier times can be inferred and statistical estimates can be made
by means of calibration equations. A number of such

reconstructions of past regional climates have been attained for

centuries before the present. In fact, the annual growth

variations of bristlecone pine in eastern California dating back
more than 7,000 years have been reconstructed using this method.

An interesting example of reconstructed climatic variations

for winter seasons involves a mode of atmospheric circulation
associated with higher than normal pressures over the Alaskan

coast. In this situation, the resulting transport of cold arctic

air into central Canada and the United States midwest produces
colder than normal temperature and lower than normal snowfall in

the centre of North America. The reconstruction of seasonal clim-

atic maps from a large aggregate of tree -ring records indicates

that this type of winter circulation occurred in about 40 per cent
of the winters during the 60 year period between 1700 and 1760, and
again between 1800 and l875. On the other hand, very few winters

of this type were found in the years between 1760 and 1800 and in

the last quarter of the 19th century. In addition, during the first
60 years of the present century, this type of winter occurred only

7 times or in 12 per cent of the years. However, in the decade from
1962 through 1971, 5 such winters have been recognized.

It is interesting to note that in the 1960s this severe winter
pattern was associated with moist conditions in the corn belt

during the other seasons of the year. This ameliorated the effect

of the cold and dryness of winter on agriculture and led to high

corn yields. In contrast, the paleoclimatic tree ring evidence

indicates that in the 18th and 19th centuries such cold winters
were not only more frequent but were also sometimes associated with
drought conditions in other seasons of the year. Such cold winters
and dry summers occurred principally in the decades of the 1700s,

the 1730s, the 1800s, the 1810s and the í870s. However, this
combination has no well- defined counterpart in any decades of the

most recent century. If such cold winters, accompanied by drought
conditions in the other seasons should occur again, there would
profound effects on both food production and energy demands.
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1.6 Climate, Water and the Oceans

The paleoctimatological information indicates without any doubt

that the geographical distribution pattern of moisture, surface

watet and ground water has been very different in the past. Latge

lakes existed during glacial episodes in regions that ate now dry

(e.g. western and southwestern United States and Mexico, notthwest-

ern India), while other regions were drier than now (e.g., parts of

Florida and northern Africa). These major changes in moisture

distribution were related to climate change and had a very

significant impact on the life of ancient peoples and on other life

forms. Such changes can clearly occur again. For example, in the

arid regions of the United States, the ground water resources that

are now being used accumulated as a result of the last glaciation.

This "glacial" water is not being replenished by the small present -

day precipitation and will consequently apply stress to these

regions in the future.
Current sea -level stability depends on the amount of ice

locked up in polar regions. If all the ice melted, the seas would

rise about 50 metres (160 feet); while, if the glaciers eventually

grew as large as they were during the glaciations the water

transfer from the seas to form ice would cause a sea -level drop of

about 100 - 150 mettes. Historical records show the sea -level to

have been more or less constant over the last several thousand

years. However, small alterations in the . amount of polar ice

accompanied by a rate of sea -level change of about 1 inch per annum

are likely to occur as a result of climatic change.

Climate change is demonstrably coupled with ocean surface

temperature. Various records from ocean bottom sediments imply

this coupling on a long -term time scale. Climate change is clearly

related to the extent and distribution of sea ice (land-fast ice,

pack ice, and icebergs), which have been vastly different (both

more and less extensive) in the past. For example, the limit of

polar water in the north Atlantic extended to latitude 40 degrees

during the glaciation, with a corresponding southward extent of

pack ice and icebergs. The ice conditions in the eastern Canadian

arctic are seriously affected by climate changes, as was clearly

indicated recently in 1972 -1974.

1.7 The Message from History
This brief review of climatic change, variations, fluctuations

and anomalies, on many time scales, might be considered a warning

from history that the climates of North America must not be

considered completely "stable ". There is no danger of an ice age

suddenly coming next year or next decade, but minor and major

climatic anomalies have occurred and most certainly will occur

again. History, both natural and written, has provided us with a

warning.
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Chapter 2: CLIMATIC SCENARIOS AND PLANNING

2.1 Climate and Planning - Introduction and Summary Table

2.2 Variability Scenario (1895 -1905)

2.3 Midwest Drought Scenario (1933 -1937)

2.4 Energy Scenario (1935 -1936)

2.5 Mexican Drought Scenario (1937 -1944)

2.6 Variability Scenario (1950 -1958)

2.7 Eastern Urban Drought Scenario (1961 -1966)

2.8 Sea Ice Scenario (1964 -1965) and (1971 -1972)

2.9 Snowfall Scenario (1970 -1974)

2.10 Global Interdependence Scenario (1972)
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2.1 Climate and Planning
Humanity has become increasingly sensitive to variations in climate
as a result of population growth, rising affluence, urbanization,
interregional dependencies and advanced technologies. For example,
the constraints of finite amounts of land and water and increasing

costs of energy and fertilizer have reduced humanityls ability to

increase supplies of food for an expanding population. As a conse-

quence, food reserves have dwindled and many of the traditional

buffers against a variable climate have disappeared. Of equally
great concern is the possibility that future climate will be much
less favourable for food production. Over the past 20 years the
climate over central North America has been nearly ideal for cereal

and soybean production. This unusual run of good years has given a
false impression of stability and security. As seen from Chapter

1, the climate of the preceding century was much more variable and

was characterized by periods of either sustained drought or

moisture excess.
Variability of climate is the rule rather than the exception;

the assumption of a constant climate for decision purposes is

dangerous. The more changeable character of the climate of the

last century was demonstrated to have been typical of long periods

of the past. The challenge to society is to develop means to

mitigate the consequences of this inescapable variability.
In order to assess quantitatively the effects of climatic var-

iations on human affairs, one must examine the detailed sequence of
weather events which, in combination, form the climate of a season,

a year, or a decade. Since we have not the necessary skills to pre-
dict the future course of climate, we must instead offer the plan-

ner possible sequences of climatic events which are, in some sense,
representative of the type of stress which climate variations place
on the social and economic structure of our continent. We have

elected to call such a sequence of weather events a scenario.
There are many possible methods for developing such scenarios.

Numerical models which simulate both climate and weather events

could be used as a source of synthetic data. Statistical techniques
could provide estimates of the type of extreme events which could

be expected in a planning period. However, two considerations have

prompted us to select real periods of past climate as models for

the future. First, these situations are inherently credible: what

has occurred can occur again. Secondly, only real data contains

the complex richness of detail which characterizes the weather of

the atmosphere and which is essential for planning in the real

world. Hence we have selected, as testbeds for the future, periods
of real weather of the past which placed stress on society.

Well- documented instances are desired for credible scenarios,

and for that reason those described here occurred after 1880, when

national climatological measurement networks began to take form.

From a scientific point of view this period is also best, because '

observational networks have continued to expand and measurement

programs have improved in quality. Primacy in selection was given
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to the greater persuasive power of more extreme instances, in terms

of severity, extent and duration, so that the full impact of clim-

ate variations may be more readily appreciated by the decision

maker. . .

For all the selected periods, a wealth of data is available in
the archives of the North American weather services. The verbal
descriptions presented here are intended simply as guides to the

significant events and possible impacts of the periods, and the

scenarios are listed chronologically rather than in order of sever-

ity. Detailed data summaries tailored to the needs of individual
planners can be provided on request. For detailed impact assess-
ments, collaboration with climatological consultants is essential.

It should be stressed that the local effects of climate change
may have national repercussions. For example, the drought in the

mid -west in the 30s had a number of profound effects on demographic
changes in California and in the health of the manufacturing
industry on the Atlantic Seaboard.

We wish to reiterate that these scenarios are in no sense

predictions of the future. At this point in the history of society
and its knowledge, we cannot say how climate will vary in the

future, but we can say with certainty that it will vary. Neither

can we assess the probability of recurrence of climate extremes

such as these. If'our detailed records'of the past spanned a few

millenia rather than a few decades, much firmer probabilistic

statements could be made. Hopefully, continued research to develop
a climatic history of our continent will improve our knowledge pf
the likelihood of extreme events. What we can say,however, is that
any prudent planner workin4 in a weather sensitive field of human

activity should examine the impact of these scenarios and propose

(I) defensive strategies to ameliorate the consequences ,when

detrimental, and (2) offensive strategies to capitalize on the

consequences when they are favourable.
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Scenario

TABLE 1: MAJOR SECTORS AFFECTED

Water Supply Transportation
Food Supply & Energy Construction Urban Planning Natural Resources Disaster

Control Communication Environment Planning

Variability
(1895-1905) x x x x x x x

Midwest Drought
(1933 -1937)

Energy
(1935 -1936) x x

Mexican Drought
(1937 -1944) x x .x x x

Variability
(1950-1958) x x x x x x x

Eastern Urban
Drought
(1961 -1966) x x x x x

Sea Ice
(1966 -1972) x x x

Snowfall
(153'^-1974) x x x x x x

Global Inter-
dependence
(1972) x x



2.2 Variability Scenario (1895 -1905) Characterized by:

- A COOL VARIABLE CLIMATE

- A WET PERIOD IN THE NORTHWESTERN GREAT PLAINS

- SUSTAINED DROUGHT IN THE PACIFIC NORTHWEST

- EXTREME COLD IN GULF STATES

- HEAT WAVE

- EAST COAST AND GREAT LAKES STORMS

- GALVESTON FLOOD
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This decade, lying between preceding cold decades and the peak
warmth of the mid -twentieth century, represents a period of high

climatic variability. Extreme variations occurred from year to

year and region to region. The decade includes extremely hot

summers and cold winters, periods of drought and moisture excess,
several coastal storms, floods and tornadoes.

Stress on the economy and society was not continuous but

varied in type, time and place. This scenario exemplifies the type
of varying stress that might be typical of the next few decades,
and provides a balance to the more extreme scenarios. Repetition
of one of the more extreme years in this period could also be a

model for studies of great economic stress.

Description

1895 - Prairie fires, dust storms and a sand blizzard occur on

the Great Plains. Onset of decadal drought in coastal
British Columbia.

1896 - Warmer. Plains drought terminated. St. Louis tornado
kills 360 people, and causes $13 million damage.
Disastrous heat wave in the California interior, Plains,
ana mid -Atlantic States. Lowest and highest May temperatures
recorded in U.S.A. November floods occur along the Northwest
U.S. coast.

1897 - Great flood on lower Mississippi due to January rains. Heavy
January snow in South Dakota. Heavy rainfall (14.8" in 18

hours) at Jewell, Maryland.
1898 - Mild winter east of the Rockies. Straits of Mackinac linking

Lake Huron and Lake Michigan, free of ice by March 28th (2nd
earliest in 63 years). lirush and forest fires in California.
Colorado (fires worst in history). East Coast November sttorm
very damaging to marine shipping.

1899 - Coldest outbreak known from Idaho to Florida in February,
ice floes in Gulf of Mexico. Below zero in every state; -2F
in Florida. (Fig. 1) Eastcoast spring blizzard. Early summet
tornadoes and torrential rains Texas to Wisconsin. August
hurricane at Cape Hatteras.

1900 - Warmer and wetter trend continues. The drier east coast is

the exception. A spring snow storm moved from Kansas to

Maine at 60 mph, dumping 50 inches of snow in the Adiron-
dacks. Four foot tides strike already flooded Galveston.

1901 - A warm year. Summer temperatures much above normal over

large areas, reaching 110 over most of Missouri and
Kansas. Warmest July in 100 years at Louisville nand
Cincinnati. In Columbia, the daily maximum was over 100-F
for 34 consecutive days. Precipitation patterns were unusual
with large excesses or deficits ( +10 in) over large areas.

1902 - Warming trend confined mainly to Canada. March prairie
blizzard. Heavy late spring rains in Alberta foothills and
Montana. July floods in east Texas. Forest fires in

Washington and Oregon.
1903 - Rainy in the Canadian west. Floods along Kansas and Missouri

Rivers (worst since 1844). Longest rainless period on record
in San Francisco.
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1904 - Coldest winter with heavy snow in Upper Great Lakes. March
flood in Sacramento Valley. Heatwave gives San Francisco
all -time high temperature.

1905 - All -time record cold February in South -Central States. -40F
in Missouri and Kansas, -18F in Albama. Severe Great Lakes
Storm. Duststorms in Eastern Oregon and Washington.

Consequences

Heatwaves - 1896 - "disastrous ", California to mid- Atlantic

States.
- 1901 - midwest - "warmest in 100 years" at

Louisville and Cincinnati. Crops severaly damaged
by heat.

- 1904 - San Francisco, 101°F all time record.

Tornadoes - 1896 St. Louis - 306 deaths, $13,000,000 damage.
- 1898 Towa to Wisconsin - 47 deaths, $700,000 damage.

Wet Climate and Floods
- 1897 - 13,500 sq. miles flooded around Memphis,

railways out, business suspended, people flee.
- 1899 - 1000 cattle drowned in Kansas, some under

10 feet of hailstones.
- 1900 - Calveston - 6,000 people drowned, $30,000

damage.
- 1902 - Texas - 16 deae, crops ruined, $15,000,000

damage.
- 1902 - Alberta, Montana, foothills.
- 1903 - Kansas City - 100 dead, $40,000,000 damage.'

- 1903 - Southern Alberta foothills - a "swamp", many
roads rerouted to higher ground at great expense,
railroad traffic disrupted.

Snowstorms - 1897 - all railways abandoned and business
suspended near Huron, South Dakota.

Forest Fires
- 1898 - Colorado - Worst in history.
- 1902 - Washington - Oregon, the "Big Smoke ".

Marine Disasters
- 1898 - 200 deaths, 56 ships wrecked, Cape Cod to

Maine.
- 1905 - 22 deaths, 34 ships wrecked, Great Lakes.

Coldwave - 1899 - Great damage to Florida fruit (see Fig 5).
- 1904 - Upper Great Lakes.
- 1905 - Record cold Fehruary,South- Central U.S.A.

Hurricanes - 1899 - Cape Hatteras under water.
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Drought
- 1896 - dust storms Texas to Canadian Prairies, fires.
- 1896 - British Columbia coast persisting through

decade.
- 1899 - Eastern U.S.A.
- 1900 - Eastern U.S.A.
- 1905 - Dust storms eastern Oregon, Washington.

Impact on Agriculture

Table 2: Average wheat yields in the United States and Canada,
1895 - 1905
Year U.S.A. Canada

(bu. /acre)

1895 14 17

1896 13 22

1897 12 17

1898 14 18

1899 11 19

1900 11 10

1901 14 25

1902 14 22

1903 15 19

1904 13 18

1905 15 23

average (1895 -1905) 13 19

2 from Louis Thompson, 1973
Assiniboian Territory only. Statistics gathered by the Searle

Grain Co. as supplied by Agriculture Canada.

Figure 5: Lowest temperatures ( °F) in the South, Feb. 1899
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Implications for the Future
The social consequences of the 1895 - 1905 climate fluctuations

were at times, severe, even disastrous for the pioneer who led a far

more self- sufficient, independent existence than present North
Americans. A repetition of such years could have very damaging
consequences on todayts highly interdependent society. Nevertheless,
advances made in technology, weather forecasting, flood control, and
other fields could mitigate many of the adverse effects.

The recurrence of widespread heat and drought found at the start of
the decade would have very damaging effects on U.S. grain production;
and the wet trend in Canada would impair field work as it did in 1974. A
wet climate would improve productivity in the Palliser triangle of the
southern prairies, but as a rule, excessive rains produce . less than
optimum yields, since they stop field work, lodge crops, damage grain
stored on fields, necessitate expensive grain drying, and favor the
occurrence of rust.

A cold winter followed by a scorching summer as in 1899 -1900 could
overtax energy supplies and systems upon which society has become
increasingly dependent.

Technology has obviated some of the flooding and marine hazards,
but the potential effects of the catastrophes of this decade should be
re- examined in the light of new stresses created by altered land -use and
coastal shipping practices. The Galveston flood (1900), and Cape Cod
(1898) and Great Lakes (1905) storms appear useful for such purposes.

The events described above can be considered to be transpos-
able within areas of similar geography and climate. For example, the
Cape Cod type storm could occur off Nova Scotia, Dakota type blizzards
and dust storms could occur almost anywhere over the north -central
plains, but could not occur in heavily forested areas where the very
strong surface winds occur, or along warm coasts where low temperatures
are improbable.
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2.3 Midwest Drought Scenario (1933 - 1937) Characterized by:

- DROUGHT ON THE GREAT PLAINS

VERY COLD, SNOWY WINTERS

- HOT SUMMERS

- MASSIVE SOIL EROSION
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The dtought years of the 1930s resulted in major crop and
livestock losses, destruction of soils, personal hardship and severely
strained economies. Eight such drought periods, each of more than two

years duration have occurred between 1800 and 1960 on the Great Plains.
The possibility of recurrence in North America of a similar drought has
ominous national and global importance.

The years 1933 -1937 are well documented. They depict the

highly variable spatial and intensity pattern of drought and the sharp
differences of climate experienced in adjoining regions. Very cold
winters and hot summers occurred over much of the continent.
Accordingly, the scenario provides planners with an opportunity to

evaluate the concurrent stresses experienced in the food and energy
sectors. Furthermore, simultaneous droughts occurred in the grain
producing areas of the Soviet Union, Europe, Argentina, and Australia,
accenting the fact that other major grain producing ateas may not always
be able to make up for the shortfall due to a major North American
drought.

Description
The drought started in the American Southwest in 1930 and

increased in intensity as it spread into the western part of the Cotn
Belt.

1933 - There was drought in the Winter Wheat Belt from Texas to

Kansas and from the western part of the Corn Belt northward
into Canada. Iowa experienced its hottest June in recorded
history. The first great dust storm emanating from the Dakotas
occurred in November.

1934 - The drought intensified as a result of low soil moisture
reserves, a dry spring and an abnormally dry summer.
Duststorms were widespread in spring. Soil erosion was more
destructive throughout the Great Plains than for anpi other

period since the breaking of the native sod. The Plains
experienced their hottest and driest summer, virtually
destroying the corn crop. The rain in August came too late.

1935 - Following a mild winter, the rains returned. Temperatures in

July and August were above normal. Stem rust appeared from
Kansas to southern Canada with total crop losses reported in

southern Minnesota. A July 1935 estimate put the total loss

for the U.S.A. at 100,000,000 bushels. The amount of wheat
infected with rust in Manitoba totalled 2,000,000 acres.

1936 - The winter of 1935 -36 was one of the coldest on record over

the Plains with heavy snows and blizzard conditions impeding
transportation. The drought climaxed throughout the U.S.A.
Severest hit were the northern Great Plains and the Corn Belt

where low rainfall and record high temperatures occurred from
July through August. Less than one half inch of tain fell on
Iowa in July. The entire Corn Belt received less than half its
normal rainfall and temperatures averaged 7 degrees F. above
normal. Records show a long period of daily above 900F
temperatures with a two week period of daily above 100 F
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temperatures. Elsewhere the Pacific Northwest was dry, and

the Eastern Seaboard abnormally wet. One hundred and

thirty -five tornadoes were reported in the United States.

1937 - January was again very cold followed by an exceptionally dry
spring and the continuation of drought across the Spring Wheat
areas of Canada and the United States. To the east, excessive
winter rains terminated the drought in the Corn Belt but led

to severe flooding. An excess of 16 inches of rain fell over

Indiana in January. Summer temperatures were slightly above

normal over the Corn Belt and were five degrees fahrenheit
above normal on the High Plains. Driest areas in the United
States were Topeka, Kansas and Kansas City, Mo.

Consequences

Severest hit by the drought were the Winter Wheat states of

the Southern Great Plains, resulting in a "Dust Bowl" in the Panhandle

of Texas, Oklahoma and Southwestern Kansas. Soil erosion became
widespread throughout the Great Plains includinglthe Canadian Prairies.
Hundreds of actes of sown wheat were blown away.

Crop yields were drastically reduced as failures became

widespread. (Table 3). Grasshoppers multiplied rapidly with the

drought conditions and added to the distressing losses. Damage to crops
was estimated in the hundreds of millions of dollars. (Figure 6)

Water supplies were critical throughout the drought stricken

region. Lakes went dry and poor water quality in many of the remaining

ones made them unfit for cattle and man. Major rivers such as the

Souris, Qu'Apelle, and the Arkansas at Wichita ceased to flow for at

least part of the year. The Mississippi reached a record low at St.

Louis in 1934. On the Great Lakes, low levels were sustained for about

a decade.
Range conditions deteriorated equally badly as a result of the

drought and forced a liquidation in cattle numbers. The resulting low

prices for meat forced many hog producers in the Corn Belt to dispose of
their herds.

The combination of crop failures and low carrying capacity of

pastures and ranges forced thousands of farmers to go out of business.

Farms in the Dust Bowl were literally abandoned. Foreclosures on farms
were widespread and land prices fell sharply. The lack of purchasing
power of the farmer spread to the agricultural and business sectors.

Employment opportunities ceased in the drought stricken ateas causing
mass migration. One third of a million people left the American, and one
quarter of a million people left the Canadian sections of the Great
Plains for the west coast and the cities of the east.

The U.S. Soll Conservation Service and the Canadian Prairie Farm
Rehabilitation Administration were created in 1935 in response to the

drought. Their primary goal was to achieve sound land -use.
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Table 3: Harvested crop yields for U.S.A. and Canada for 1933 -1937

United States of America Canada
Saskatchewan Total

Year Winter Wheat Spring Wheat Corn Spring Wheat Spring Wheat
(bushels per acre)

1933 12.4 9.2 22.9 8.7 , 10.4
1934 12.3 9.8 15.7 8.6 11.3
1935 13.9 8.8 24.0 10.8 11.3
1936 13.8 9.6 16.5 7.5 8.1
1937 14.6 10.8 28.2 2.6 6.4
Average
(1922 -31) 15.2 12.6 25.0 16.4 11.8

Average
(1933 -37) 13.4 9.6 21.5 7.6 9.5

i Refers to Average (1927 -31)

Figure 6: Grasshopper damage to corn in millions of dollars (1934 -1938)

Source: J. R. Parker
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Fur_ ther social and economic stresses
March and April (1936) floods in the Ohio- Mississippi system

and tornadoes caused hundreds of deaths and hundreds of millions of
dollars in property damage. Extremely cold winters froze cattle, some in
upright positions. In P1innestoa, the cold and snow caused many deaths
resulting from exposure. Drifts reached to the cross arms of telephone
poles, and snow filled highway underpasses. Dynamite was needed to

assist rotary plows to pass through hard- packed snow. Railways and roads
were blocked. Over half the Iowa farms were without road service for
seven weeks and corn was burnt in place of conventional fuel supplies.
Tons of game fish died as thick ice deoxygenated the Minnesota Lakes.
Water pipes froze in Kansas as frost penetrated to a depth of 3 feet.

I_m lications for the future

a) Agriculture:
In the 19301s the conventional wisdom was to blame plowing of

the Great Plains to plant wheat, overgrazing of the range lands, and
removal of trees as causes of the calamitous dust bowl. Many believe the
application of conservation practices will, in themselves, prevent
another dust bowl.. But, soil conservation alone is not the cure for a

problem that was due to a change in climate. A dust bowl could develop
again. (Figure 7) All land suitable for cultivation has now been
brought back into cultivation because of the increased demand for grain,
and a period of favourable climate has caused a new high in the number
of cattle on range lands.

Figure 7: 'Seventy'- five -year record of summer average temperature and
rainfall in the five major wheat producing states of the
U.S. (Oklahoma, Kansas, Nebraska, S. Dakota and N. Dakota)
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While technology has improved production substantially since

the 1930's, heat -tolerant varieties of basic crops have not been
developed. The present standard varieties have been developed during two
decades of relatively cool summers and, therefore, are not adapted to

the stresses of heat as was experienced in the 19301s.
Irrigation has unquestionably reduced the vulnerability 'to

drought, but irrigation water only supplements the soil moisture
obtained from other sources. In times of drought, the irrigation water

demand greatly exceeds the supply. This was dramatically demonstrated
in Nebraska in the summer of 1974 when a short drought started in June
and ended in early August. This drought próved to farmers in the North
Platte River Valley that the water supply from irrigation can only be
regarded as supplemental and cannot provide all the moisture needed

during a drought.

b) Urban:
The periods of winter snow and cold, as occurred in the

Northern plains, would today have more serious social and economic

consequences, because of the present greater dependence on town food

supplies, oil heating and energy -dependent conveniences.
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2.4 Energy Scenario (1935 - 1936) Characterized by:

- A VERY COLD WINTER

- A HOT SUMMER
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Canada and the U.S. use proportionately more energy than other
countries because of higher stages of development, the nature of their
underlying technological fabric,and climatic conditions. The hostile
climate is an important,íf not dominant,factor. A great deal of energy
is essential to keep warm and survive our prolonged winters. Similarly,
air conditioning exacts high energy demands, especially during
abnormally hot summer.

1935 -36

The winter 1935 -36 was one of the most severe in recorded
history over several States in the north and middle sections of the
Mississippi and Missouri Valleys, parts of the Ohio. Valley, and over
most of Canada westward from the St. Lawrence Valley. In the month of
January, there were negative departures from normal of over 50F
northward from the Dakotas. February negative departures exceeded 100F
over large areas in western Canada, and 20oF over the northern Plains
of the United States.

Consequences
Heating requirements, the principle energy use, are estimated

by accumulating seasonally the departures of daily temperatures from 65
degrees F (18C). These departures are referred to as heating degree
days. The greatest winter accumulations of heating degree days occurred
over northern United States and Canada during the winter of 1935 -1936.

It occurred in the middle of the scenario used for food production, so

that it can be used in more comprehensive planning involving at least
the two factors of food and energy demand.

Table 4: REGIONAL AVERAGE HEATING DEGREE DAYS (U.S.A.)

42 Year
Average

Region

1933 -34

Year

1936 -371934 -35 1935 -36

1. New England 7006 6733 6526 6175 6481
2. Middle Atlantic 6294 6021 6067 5526 5774
3. East North Central 6311 6193 6871 6257 6234
4. West North Central 6063 6342 7367 6914 6527
5. South Atlantic 3133 2972 3373 2841 3070
6. East South Central 3082 2950 3631 3104 3356
7. West South Central 1903 1857 2463 2384 2245
8. Mountain 4481 5340 5596 6051 5626
9. Pacific 2645 3288 3225 3589 3323

Source: Mitchell, Felch et al, 1973 - Population -weighting was used in
obtaining regional values. The under -lined values were extremes for the
period of analysis.

The increase in energy consumption caused by below normal
temperatures can be estimated from Figure 9 using departure from normal
temperature values. Such estimates indicate that large areas would have
increased costs of about 50 per cent or more in February, 1936.
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Figure 8: Departure °F of mean temperature from normal,

January and February, 1936.

Source: Monthly Weather Review

Figure 9: Estimated percent increase in heating fuel consumption by
temperature for Toronto and Regina (for period January,
e.ruary, -r

Fuel
Consumption

-4° -10° -20° -30° -40°

Departure from normal of daily mean temperature

Source: Environment Canada, Atmospheric Environment Service, Toronto - based
on heating -degree -day normals.
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Implications for the future
North America has experienced many cold winters: 1899, 1935 -36

and 1962 -63 are but a few. Cold winters are virtually certain to

reoccur by 2000, possibly with increased frequency. The projected tight

energy supply and demand picture requires careful planning for the

storage, dispatch and regulation of energy in such an eventuality.

Deficiencies of energy are not uncommon in cold outbreaks. Such

reoccurences in the future may have more serious consequences in the

absence of sound planning.
Energy strategies must be developed on both a regional and

interregional basis to minimize the stress and losses occasioned by very

cold winters. The winter of 1935 -36 provides an excellent case for the

development of such large -scale plans.
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2.5 Mexican Drought Scenario (1937 - 1945) Characterized by:

- RECURRENT DROUGHT IN MEXICO
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The drought zroblems in Mexico
Drought in Mexico has major social, industrials and economic

ramifications. The economy and general well -being are highly dependent

on the corn supply, the major source of nourishment for man and

livestock. The rural population grows corn as'a subsistence crop on land
that is marginal and in a climate that is precarious. The more

dependable and irrigated lands are normally used for more profitable

cash crops, but in a time of drought they must be sown in corn to meet

the pressing need for food supplies.
The recovery period following ,a drought is prolonged. A

substantial period of time is required to recharge irrigation and

hydroelectric reservoirs, and during that period the ability to respond

to new droughts or adverse climate is limited. Accordingly, sustained
droughts or frequently recurring droughts of a shorter duration can have

an extended depressing effect on agriculture, industry, and Mexican

society as a whole. The co- occurrence of crop failures elsewhere in

North America would exacerbate this problem.

Description
The period 1937 -1945 was one of recurrent drought. The

complex precipitation climatology of Mexico is a result of its topo-

graphy and its location in both the NE Trade winds and in hurricane

paths. Throughout most of Mexico, eighty per cent of the annual rainfall
occurs between May and September, the summer growing season. The average
yearly rainfall varies from 8 to 12 inches in the north to over 59

inches over agricultural areas in the south, and it is highly variable
over relatively short distances and with time. For example, in eastern

Mexico and in the east -central plateau, rainfall from 1855 has ranged

from 12to 47 inches. Since 1937, the range has been between 18 and 44

inches. There is a suggestion of an upward trend in more recent years,

but strong interannual variability persists. The greatest variability

occurs on the coastal plain (coefficient of variation* =30 %) and in this

atea the risk of crop failure is one in every four years. On the prime

agricultural land of the plateau the variability is less (coefficient of
variation =l5 %), and failures occur about one year in eight. In the

period 1937 -44 the frequency of failure was high and this resulted in a

persistent strain on the Mexican economy.

Consequences
In each year of the period 1937 -1945 one (or more) of the

following signs of stress was evident as a result of depressed

agricultural output:
food shortages and civil unrest
governmental prohibition of the export of agricultural produce
food price control
closure of food -processing systems (mills, etc.)
In addition, there were hydroelectric power shortages and the

water level of Lake Chapala reached its lowest recorded

value.

* See Glossary
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Implications for the future
Increased demands for food in Mexico and elsewhere and present

population trends indicate that a recurrence of the 1937 -1945 drought
sequence in Mexico would have far more serious effects in the absence of
improved contingency plans. The scenario provides an excellent basis
for the development of such plans and for the overall development of
water resources and agriculture on a long -term, integrated basis.
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2.6 Variability Scenario (1950 - 1958) Characterized by:

- DROUGHT ALONG THE PACIFIC COAST

- DROUGHT AND FLOODS ON THE GREAT PLAINS

- COLD AND WARM WINTERS AND SUMMERS

- CLIMATE FAVOURING WHEAT RUST

- COASTAL STORMS

- FOREST FIRES IN WESTERN CANADA
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L950 -1958: A period of Variable climate
The climate for this period was exceptional because of its

variability as well as its extremes. Many climatic records were broken,

but no climatic regime persisted for long. Accordingly, the stress on

society and the economy was varied in type, time, and place. The

individual years can be used repetitively to synthesize the more

sustained stresses which have been shown by history to be of very great

social and economic importance.
The 1950 -1958 period paralleled in some respects the decade

1895 -1905. Both exhibited high variability and extremes in climate.

Although some of the more dramatic climatic events occurred in the

earlier period, the 1950 -58 scenario offers more detailed meteorological
information and a more familiar socio- economic structure. A comparative

analysis between the two scenarios is important in understanding both

the degree to which advances in technology have been used in the past to
mitigate many of the adverse effects and the degree to which today's

highly interdependent society is more vulnerable to climatic change.

1950 -1958: Climate
1950

Spring floods occurred in the Missouri and Red River of the

North basins as a result of snow melt and spring weather. Heavy rains

caused extensive early winter flooding of San Joaquin Valley. Flash

floods in the east. Eleven hurricanes during the year. Dry weather in

the Northwest.

1951
Cold winter in west; -60oF in Colorado, -50oF in New

Mexico, freeze in south Texas, ice storm Texas to W. Virginia. Greatest

flood crest since 1855 on Kansas River. Two hundred and fiftyl forest

fires in Oregon - 516 Pacific State, weather stations report no July

precipitation. Temperatures 95 degrees F or higher for 69 consecutive

days at Fort Worth.

1952
January snowstorm traps train in Donner Summit. February

storms sink ships off east coast. Devastating March tornadoes. Highest

recorded floods in Great Plains. Early hot summer over Plains and East.
Over 90 degrees every day for a month at Malden, Mo. June temperatures

10 degrees above normal in Kansas, July 5°F above average at Boston,

warmest on record. Only 0.02 in. rain in July at New Bedford (The "Dog

Days" of 152). Drought and heat persisted into Autumn in Southwest.

September rainfall 10 to 25% of normal.

1953
Warm winter coast -to- coast. Navigation on Lake Ontario opened

March 2nd - earliest in 100 years. April dust storms on Plains. Only

40 in. snow at Ottawa. Major tornado damage to Gulf Coast, Great Lakes

and New England. Severe drought Southern Plains spread to most of

country in early Autumn, ending in October. Fourteen active tropical

storms were listed.
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1954
Above normal summet precipitation over the Northern Plains,

but hot and dry in the South. Some hurricanes take unusual tracks,

moving inland. H8ttest July of century in Mississippi Valley, (117°F

at St. Louis, 118 F at Warsaw and Union, Mo.) and in San Diego.

1955
A second, hot, dry summer in Corn Belt - insufficient soil

moisture reserves, but spring rains broke southern drought. Freezing

weather in Florida in January - three very cold weeks, temperatures

dropped from 86 F to 33 F in 17 hours at Jacksonville as severe

freeze strikesoFlorida and Georgia. Heat waves in New York in July with
eleven days 90 F+ and in Isos Angeles in September -October with eight

consecutive days with 100 F+ temperatures. December floods on west

coast, but very dry from San Diego to New York (50% of normal precipit-

ation) .

1956
From a climatic standpoint, one of the worst drought years.

One -third of U.S.A. had less than 75% of normal rainfall, large areas

less than 50 %, a good corn production year. March very dry in

California - only trace of precipitation at Los Angeles. Damaging late

spring frost near Great Lakes. Very cool summer in North, freezing

weather July 29 in Wisconsin. Hot, dry summer and earl autumn Southern
Plains to Indiana. Fort Worth temperatures reached 100 F August 2 to

18th. September was generally rainless over this area. In contrast tb

the South, Albany, N.Y. had its coldest September in 120 years and

snowfall occurred at Buffalo.

1957
The five -to -seven year drought on the Plains and Southwest was

broken by copious tains. May floods in Oklahoma- Arkansas. Hurricane
inundates Louisiana coast in June. Severely cold January in Northeast

U.S.A. March Kansas blizzard. Summer hot spells in Southwest and

Washington. Citrus crops damaged by Santa Anna winds in November, and

12oF temperatures recorded in Florida in December.

1958
A cool year in the East, but warm in the West and warmest year

of record in Southern California. It began with blizzards from New
England to the Plains, and severe Florida storms. Florida had snow in

February and experienced its coldest winter on record. Following a cool
summer in the east (in which Akron did not reach 90 °F), snow and wind
storms returned in November and December. In the West, the heat and dry
weather gradually extended eastward from the coast across the Northern
Plains. Monthly record highs occurred for four successive summer months
at Seattle. Drought was perceptible across the most western States and
as far east as Minnesota. The warm weather persisted on into October
from California to the Great Lakes. In Salt Lake City area the year was
the driest since 1902.
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Consequences
1950

1951

1952

Flood damage - $160 million Red River and Northern Missouri
River

$33 million San Joaquin Valley, 669,000 acres
flooded, 31 drowned

Hurricanes - Miami - $28 million damage
Cedar Keys - $3.3 million

Tornadoes - Shreveport area - 28 killed, 112 injured
Forest Fire Losses - over $3 million in Western Canada

Flood damage - Kansas City, $923 million property, 28 lives
Drought - 250 forest fires in Oregon
Hurricanes - $2 million damage near Ft. Myers

Storms at sea - two tankers sunk off Cape Cod
Tornadoes - 208 dead, $14 million property loss in March
Floods - $198 million property loss, 11 lives in Missouri,

Upper Mississippi and Red Rivers
Heat and Drought - "most widespread and financially disastrous"

in history of Southwest. Three New
England States declared disaster areas.
Fires destroy 262,000 acres of pine in
eastern Texas

1953
Tornaodes - Robbins, Ca. 18 dead $15 million loss 300 injured

Waco, Texas 114 dead 41 million loss 596 injured

Michigan, Ohio 133 dead 44 million loss 1267 injured

Vicksburg, Miss. 38 dead 25 million loss 270 injured

Worcester, Miss. 90 dead 52 million loss 1288 injured

Heat and drought - costliest weather feature of year.

1954

Rust: Black and brown stem rust epidemic in high plains. Crop
losses Canadian Prairies $33 million:

Wheat Yields
1954 1951 -60 average

Saskatchewan 10.2 19.3

Alberta 17.9 21.8

Manitoba 13.5 22.0

Hurricanes: Rio Grande /Pecos Basins - peak floods, 16 dead
Long Island - 60 killed, $450 million damage
Cape Cod - 21 killed
Washington to Toronto - 154 killed, $252 million
damage in Canada
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1955

1956

1957

1958

Frost: $50 million damage to Georgia fruit crop
Drought: Ontario losses estimated $85 million

major losses, South Dakota to Texas (large breas 65%

of normal)
Hurricane rains: Pa.to south New England - 82 drowner , $831

million loss due to flooding. Major damage
West Coast floods: California /Oregon - 61 drowned, $154

million property losses

Drought: - reduced grain yields over Southern Plains
- water sold by gallon, Dallas, Texas entrerreneurs
- soil erosion by wind on southern Plains
- spring frost damage to crops in Northeast States

- total losses (crops, wages, soil, water sortages)
estimated in billions of dollars

Blizzard - livestock losses in Kansas
Tornadoes - 85 killed, 914 injured, $42.5 million da- age
Floods - Arkansas River - 18 drowned, $105 million loss
Hurricane - tide five miles inland, west coast Louis ana - 390

drowned, damage $150 million
Winds - California citrus crop severely damaged by Santa Anna

winds

Cool wet midsummer on the Eastern Plains resulted In record

corn and soy bean crops, - wheat crop below average due to drought.

Winter storms in Florida inundated crops and rangeland. Cold weather

inhibited foraging, and feed supplies became critical. Widespread

forest fires in Western Canada, damage about $12 million.

Implications for the Future
This scenario provides the view of a climatic period which

requires an alert and highly mobile societal response. It illustrates
the general pattern of mid -latitude climate with high variability from

year to year and across the continent during any one year. Intense

heat and cold, severe drought and flood, and various mixes of humidity,

temperature,and wind alternated and took their toll of life, property,

and productivity.
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2.7 Eastern Urban Drought Scenario (1961 - 1966) Characterized

by:

- SUSTAINED COOL DROUGHT IN EASTERN NORTH AMERICA

57



Drought in the Northeast United States
The northeast United States is traditionally a well -watered

land. Precipitation occurs on the average about one day in three and is

seasonally uniform, and usually tellable from year to year. The

variability of the annual rainfall fot the Legion is the lowest in the

United States, but occasionally long sequences of dry or near -dry days

occur .

When these long sequences of dry days result in below normal

precipitation totals over a period of years, extreme drought conditions

occur. The 1961 -66 below -normal precipitation period is an excellent

example of such a drought and was chosen as a scenario to illustrate the
social and economic stresses associated with long -term deficiencies on

the water supply of any major urban region in North America.

Description
The region covered by the drought extended northward from

North Carolina to southern Canada. The heartland of the extremely dry

period extended along the Atlantic Coast from southeast Massachusetts to
south New Jersey and south Pennsylvania.

Factors associated with the drought included a cold water pool

persisting in the Atlantic Ocean from North Carolina to the middle

Atlantic States, cold Labrador water further south than usual, and a

warmer than usual mass of water off the northwest United States. As a

result of the abnormal flow of the northwesterl.ies over the United

States, precipitation occurred over the sea rather than over the

northeast. The frequency of rainfall did not depart much from normal

during this period but the magnitude of the individual rainfalls was

considerably below normal. The deficiencies occurred in the spring and

summer with below normal temperatures during all seasons.

1962 - July drought disaster in the Northeast. Driest since 1878 at

Pittsburgh. May -June rainfall second lowest in Albany area.

$80 million crop loss in N.Y.

1963 - Driest October in the Northeast intensified the. drought.

Precipitation for the month: .00" at Washington; .09" at

Philadelphia; .24" at New York. Columbus Ohio was without

rain from September 12 through to the 31st of October. A

favourable crop year in the Q.S.A.

1964 - Near record flood in Ohio Valley due to March storms. Severest
drought ever known in Northeast during spring -summer -fall;

driest May in many locations. Albany1s driest year on record.

1965 - Extreme drought in the Northeast. Reservoir /ground water

levels lowest ever, but crops received sufficient warm season

rains. November driest at Washington since 1852. Driest

Nov. -Dec. period since 1871 at Washington, D.C. U.S.A. had

bumper crops, exceeding all previous seasons.

1966 - Hottest summet known in the Mid- Atlantic States. Harrisburg

andoNew York both recorded 107 days of highs with over

100 F. Potomac River recorded at lowest watet level ever.

Drought- diminishing tains fell in September - American crop

season production was favourable and was exceeded only by
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1965 and equalled that of 1963.

1967
Drought ending rains fell March to May in the Northeast and in
July in the Chesapeake Bay area.

Cons equences
The prolonged drought dehydrated the ground over most of the

region and lowered water tables markedly. It contributed greatly to the
formation of an unhealthful scum of algae in major rivers. This algae
thrived on pollution and deprived fish of oxygen. The Potomac River
flowing through Washington, D.C. was little better than a cesspool. The

rate of flow of the Potomac River for the first week of September 1966,

reached a record low of 374 million gallons per day (mgd) compared to a

long -term average of 2.0 billion gallons per day (see Figure 10). Daily
consumption in the Washington area is about 300 mgd. When the gap
between daily flow and daily consumption narrows to 100 mgd, voluntary
restraints ate requested and when the gap closes to 50 mgd, compulsory
restrictions are instituted. Before the heavy rains of mid- September,

the gap between consumption and supply had narrowed to 78 mgd.
Water storage for New York City reached its lowest level in

1965, resulting in moderate restrictions to curb the use of watet.

Table 5: NEW YORK CITY RESERVOIR LEVELS (Billions of Cillons) (1953 -67)

Year 1963* 1964 1965 1966 1967

Reservoir
level(bg) 307.0 382.1 193.6 346.7 476.5

X of
capacity 64.4 80.2 40.6 72.8 98.3

It Date recorded, June 1 - All other dates are April 10.

Some cities in the northeast were without sufficient storage

reservoir capacity and had to bring in water by truck. This was in

sharp contrast to those cities (e.g. Baltimore) which had planned for

adequate reservoir capacity to smooth out the fluctuations in water

supply during extreme drought periods and, consequently, were not

inconvenienced during this period.
The drought's impact was felt also in the Great Lakes where

low water levels adversely affected the volume and unit cost of cargo
movement, diminished the aesthetic and recreative value of beaches,

reduced the access to and use of shoreline structures, and caused
problems with water intakes and sewage outlets. These low levels may
have influenced shoreline development in a manner highly prone to

subsequent flooding and wave damage.
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Figure 10: Rates of flow of water in the Potomac River (1930, 1965, 1966)

CURRENT WATER SUPPLY CONDITIONS Potomac River near Washington, D.C.
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Implications_
The cumulative effect of the long -term deficiencies in the

water supplies have great significance for planning in the rapidly

urbanizing areas of North America. Not only will these deficiencies

cause problems within the city, but also for the numerous support

systems such as local agriculture, industry, recreation, etc. The

hydrologists and water managers understand well the effects of such

droughts on the available water supplies and should be consulted in any

integrated and comprehensive urban planning effort.
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2.8 Sea Ice Scenario (1964,- 1965) and (1971 - 1972)

Characterized by:

- HEAVY SEA ICE
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Sea Ice
Sea ice variations due to climate have played a major role in

Arctic exploration and development. Unfortunately, the period of

organized observation of North American ice is brief and the potential

importance of the variations is not well revealed by history.
Marine transportation is reduced and fisheries impaired by the

extension and thickening of ice. Variations in ice amount, quality and

duration would also limit energy exploration and pipeline installations

in marine areas. Icebergs pose a threat to sub -surface installations.

Anomalous ice has blocked access to and changed the location of fishing

grounds and inflicted heavy damage on equipment.
The ice hazard relates to the presence of second -year or older

ice and the effects of winds. Unfavourable winds, rather than the

overall extent of ice, may be critical to Arctic operations.

Description
Limited evidence indicates that the ice in the Canadian Arctic

was markedly more severe in 1964 -65 than in the previous three decades.

Cold weather and unfavourable winds led to an increase in heavy ice in

the Archipelago from 1962 to 1964. The cold summer of 1964 caused less

than average melting and thereby increased the extent of second year ice

in the 1965 season (Figure 11). The heavy ice persisted throughout 1965

but greatly diminished in extent in 1966, when climatic conditions

favoured melting.

Figure 11: Ice conditions, August 1964
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Figure 12: Ice conditions, May 1972
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Consequences
The consequences of the heavy ice in 1964 -65 were not

outstanding because of the relative lack of activity in the Arctic at

that time.
In 1972, the Canadian Ministry of Transport, for the first

time,was unable to make all its deliveries from Montreal to Eastern

Arctic ports. The ice breaker St. Laurent was forced to abandon a

voyage to North Water in Baffin Bay (Figures 12 and 13). Ice in

Newfoundland caused serious losses of equipment and income. Extensive

ice entering l?udson Bay from Foxe Basin made ice forecasts necessary

well into November.

Implications for the Future
The consequences of future heavy, extensive sea ice will be

more serious because of the major resource development programs which

are either currently underway or projected for the Arctic. Offshore

exploration for oil and gas is in progress in Labrador, in the Sverdrup

Basin, the Beaufort Sea and other locations. While sea ice is valuable

as a drilling platform, it also poses major threats to rigs and

installations. Its movement and bearing strength is of importance in

pipeline installation and security. Marine shipments of hydrocarbons

and minerals will he greatly expanded in the future, and the presence of
second year or older ice in large quantities could pose a major hazard

to such vessels, their crews and to the environment should oil spills

occur. The new technologies and development plans which are being

developed for resource extraction from frontier areas must be carefully

.tried against scenarios of adverse ice conditions if major economic

losses and environment damage are to be avoided.
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2.9 Snowfall Scenario (1970 - 1974) Characterized by:

A - HEAVY WINTER SNOWFALLS (1970 -1972)

B - A LATE, WET SPRING (1974) ON THE GREAT PLAINS
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THE SNOWFALL SCENARIO 1970 -74

The Importance of Snow
Snow is both a positive resource and a potential hazard. Melt

watet runoff from mountain snowpacks replenish the major rivers and

streams of the semi -arid North.American Great Plains. This water is used
for domestic and livestock supply purposes, and irrigation of specialty

and forage croplands. Snow cover protects plants from winter -kill and

its melting provides spring soil moisture necessary for productive plant

growth. Snow is the resource base for the thriving skiing and

snowmobiling recreation industry.
The impact of snow relates both to extreme individual storms,

and to the amount of seasonal accumulations. In excess, snow can disrupt
transportation, industry, commerce, services, entire communities; it can
cause failure of building structures, and kill livestock and wildlife.

Rapid disappearance of heavy snowpacks can cause floods; late disappear-
ance can shorten crop growing seasons.

Snowfall deficiencies can result in winter kill of agricultur-
al crops, water shortages, and failure of winter recreation industries.

Description*
A) The Snowfall Seasons of 1970 -71, 1971 -72

The snowfall seasons from 1970 to 1972 were marked by an

increase in storm frequency over North American latitudes north of 350

N. Record seasonal accumulations were reached at many observing

stations distributed over Canada and the northern United States.
There was a definite increase in frequency of east and west coast storms

and prairie blizzards.
Frequent storms along the east and west coast brought near

record snowfalls to many areas. In the west, the heavy snowfalls

started in November. Mountainous areas between Colorado and Oregon

experienced over 70 inches. By the end of the season Vancouver, and Mt.

Rainier ateas had record snowfall amounts. Blizzard struck tile Plains

in January and February. In Iowa, 27 deaths were accredited to the

worst blizzard in forty years. Twenty foot drifts formed in Oklahoma. A
January blizzard with 14 to 22 inches of snow closed major portions of

the New York Freeway, and in March storm snowfalls of up to 50 inches

collapsed roofs in Vermont. Similar damage was experienced in the

Ottawa Valley area, the season total at Ottawa being 174 inches.
The snowfall in this year was above normal in much the same

ateas, but not as extreme as in 1970 -71. The Ottawa snowfall was about

123 inches, - well above the decadal mean. The Vancouver snowfall was

about 49 inches, about double the long term mean.

Consequences
Extremely heavy snowfalls can paralyze cities for days result-

ing in many deaths and much economic stress. The sequence of events ac-
companying severe snowstorms usually fit a describable pattern which, if
followed to the end, can result in a major catastrophe. To illustrate
the kinds of stresses produced, a brief description of two severe snow-

storms follows:

t For details of 1970 -71 and 1971 -72 snowfall seasons, see Appendix C.
See Table 7 in Appendix C for snowfall amounts at Canadian observing

stations.
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The ( "hica {o Snowstorm
On January 26 -27th, 1967, '3 inches of snow fell on Chicago In

a period of 29 hoots. Tempetatures dropped to the uppet twenties and

wind gusts of more than 60 mph caused snow drifts to 12 feet. Chicago
was effectively paralyzed. Private motor vehicles were abandoned, buses

immobilized, commuter trains were stalled because of frozen and snow -

packed switches. Food shortages rapidly developed. Looting and rioting

broke out in sections of the city where stores were closed. Heticoptets

were the only means of transporting emergency medical cases to hospi-

tals. Forty -five deaths occurred, mostly heart attacks attributed to

exhaustion. The total cost of snow removal for the storm was $5 million

compared to an average yearly total of l.5 million dollars. Total cost

of business Losses incurred during the storm was estimated at $150

million. "Immobilized by millions of tons of snow, Chicago was a 2prime
target for a major catastrophe from fire, disease, of crime wave ".

Snowstorm Isolates Southern British Columbia
On January 16, 1972 the Vancouver Sun reported that 24 passen-

gers and 14 crew members were rescued by helicopter from a passenger

train trapped for 3 days by snowslides forty miles east of Prince

Rupert. On January 20th a severe snow and ice storm struck southern R.C.
Power, transportation and communication services were crippled. Ice

brought down 27 transmission towers valued at $50,000 each. British

Columbia Hydro estimated the storm cost them between $3 million and $4

million. The Vancouver Sun reported "Heavy snow and slides have plugged

all toad and rail links between southwestern British Columbia and the

rest of Canada with the exception of a single lane on the Hope- Prirrceton
highway ".

The Fraser Canyon was blocked. There were reports of snow-

drifts as high as 50 feet in the Fraser Valley between Boston Bar and

Hope. Seventy transport trucks were stalled at Hope waiting fór toad

crews to clear the snowslides,. Three CP passenger trains were stranded

including westbound trains at North Bend, Colden,and an eastbound train

at Mission. The CP line was blocked by three large slides east and west

of Revelstoke. CN had two westbound trains containing 700 passengers

stuck at Kamloops and an eastbound train with 253 passengers aboard

stuck at Vancouver. The crippling of rail lines and highways caused

significant delays in cargo deliveries to ships waiting at Vancouver.

During this time all commercial air traffic had ceased as a result of an
air traffic controlletts strike. In essence, southern British Columbia

was cut off from the rest of Canada.

B) 1974 A late wet spring_ on the Great Plains
Agriculture over much of the Great Plains was subjected to a

sequence of adverse conditions. The delayed disappearance of the snow

covet, and flooding caused by rapid snowmelt and spring rains greatly

delayed land cultivation and seeding. The wet spring was followed by

drought conditions over a large area. Early autumn frost further

diminished harvest prospects.

2
J.S. Smith, Ueatherwise, December, 1967. pp. 248 -254.
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Consequences
The seeding of grain was delayed, shortening the growing

season, thereby greatly increasing risk of damage by autumn frost. By

June 1st only 53% of Saskatchewan's grain acreage was seeded. Drought

in southern areas greatly reduced yields; cool Wet weather in the north

delayed maturation. Early frost reduced grain grades. Wet autumn

weather reduced grades and increased losses, necessitating extensive use

of grain dryers. Continental yield estimates changed radically during

the season, affecting international trade and assistance decisions. The

final estimate of 1974 Canadian prairie wheat yields was 21.8 bu /acre, a

16% reduction from the previous 5 year average of 2.5.8 bu /acre.

Implications
With the expansion and increasing interdependence of urban

areas, severe snowstorms can cause major catastrophes in the absence of

any real defensive planning. Moreover, with changes in climate

patterns, snowstorms such as the 1967 Chicago occurrence can happen

elsewhere, including areas not generally susceptible to large

snowfalls.
For agriculture, snow could be more efficiently exploited for

crop production. The magnitude of winter accumulation of snow in rural

areas should be carefully monitored and better used in the planning of

agricultural strategies. For example, for the forthcoming crop season

defensive planning for the adverse effects of delayed melting and

subsequent flooding should be part of such a strategy.
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2.10 Global Interdependence Scenario (1972) Characterized by:

- VERY COLD WINTERS IN NE CANADA, AND USSR

- DROUGHT IN SOUTHEAST ASIA, THE AFRICAN SAHEL, AUSTRALIA,

CHILE, PERU, CENTRAL AMERICA

- FLOODS IN NORTH AFRICA, SOUTHERN EUROPE

- HIGH OCEAN SURFACE TEMPERATURES OFF PERU

- UNUSUALLY GOOD WEATHER IN AMERICAN CORN BELT
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Global interdependence Scenario
The preceding scenarios are of value in incorporating

climatological knowledge for North America into the planning process.

This essential step does not take into consideration climatic

occurrences in other continents which may have serious consequences for

North Americans. The year 1972 provides convincing evidence that this

must be done.
Drought in monsoon areas, particularly Southeast Asia, and a

very cold, relatively snow -free winter in and near the Ukraine resulted

in widespread crop failures in 1972. The result was massive purchases

of North American grain causing the price of milling wheat to triple.

The failure of the anchovy fishery off Peru led to the quadrupling of

soybean prices by June 1973. Despite excellent crops, North American

food prices rose sharply.
Growing interregiona L dependencies as well as the growing

impact of regional climatic change on society (Figure 14) make the

consideration of global climatic scenarios a necessary next step for

planning purposes.
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Figure 14: Climatic anomalies, 1972
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APPENDIX A

GLOSSARY

anomaly. - the deviation of (usually) temperature or precipitation
in a given region over a specified period from the normal value for
the same region.

biota - the plant and animal life of a region or of the world.

circulation - the flow of the atmosphere, especially its large -
scale winds

climatic change - an alteration, either of a regular or irregular
nature, from existing climatic conditions to different climatic
conditions.

climatic dynamics - the physical framework for understanding
climatic behaviour in terms of physical laws that describe climatic
change.

climatic variability - the degree to which climate departs from
normal behaviour.

climatic variation - as used in this report, the same as climatic
change.

cloud nucleation - the process initiated by small particles
(nuclei) by which the liquid water droplets of a cloud atibelow
freezing temperature are changed to ice crystals.

cooling degree -day - a one degree temperature of the daily mean
temperature above a hase temperature (e.g. 75o or 24oC); used
as an indication of fuel consumption for refrigeration or air
conditioning.

corpuscular radiation - energetic particles from a radiating source
(e.g., the sun).

cryosphere - the ice and snow covered areas of the earth.

eddy transport - the transfer of atmospheric properties (e.g,
moisture, momentum, energy) from one point to another by means of
small -scale circulations (eddies) in turbulent air flow.

ensemble statistics - the statistical properties of the total
collection (ensemble) of various states of a quantity.

feedback - the process by which the modification of a system by a
driving mechanism acts also to modify (amplify or suppress) the
driving mechanism itself.
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general circulation* - the complete statistical description of
atmospheric motions over the earth.

Lreenhouse effect* - the heating effect exerted by the atmosphere
upon the earth by virtue of the fact that the atmosphere (mainly,

its water vapour and carbon dioxide) absorbs and remits infrared
radiation.

heating. deuce-day. - a one degree departure of the daisy mean
temperature below a base temperature (e.g., 65 F or 18 C); used
as an indication of fuel consumption for heating.

holocene - the most recent postglacial epoch of the earth's history
during which humans have lived.

model - a mathematical, mechanical laboratory, or a computer
simulation or analogue of the behavior properties of a physical
system, such as the atmosphere or climate.

normal* - the average value of a meteorological element over any
fixed period of years that is recognized as standard for the

country and element concerned.

paleoclimate* - the climate of a time period in the geologic past;
that is, a "prehistoric" climate.

palynolgy - the study of spores and pollens, e.g., those found in
sediments and fossils.

narameterization - the use of a simple, adjustable factor
(parameter) in an atmospheric or climatic model to represent a

complex, intractable process.

Permafrost* - a layer of soit or bedrock at a variable depth be-
neath the surface of the earth in which the temperature has been
below freezing continuously from a few to several thousands of

years.

proxy data - climatic data inferred from non-climatic records in

the absence of instrumental observations.

quaternary climates - the climates that occurred during the
Quaternary geological epoch, which includes the Pleistocene Ice Age
and the post -glacial period up to the present day (the last 2 -3

million years) .

scenario - as used in this report, a sequence of weather events
representing a possible type of climatic variation that might place
serious stress of social and economic structures.

synoptic* - referring to the use of meteorological data obtained
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simultaneously over a wide area for the purpose of presenting a
comprehensive and nearly instantaneous picture of the state of the

atmosphere.

teleconnections - interrelations among events occurring great

distances apart, e.g., at intercontinental range.

*Definition excerpted from Glossary of Meteorolop, American
Meteorological Society, Boston, 1970.
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APPENDIX B

NATURE OF CLIMATIC VARIATIONS AND THE POSSIBILITY OF PREDICTING THEM

B.1 Introduction
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2.1 Climate Change Due to External Mechanisms

2.2 Climate Change Due to Internal Mechanisms

B.3 Prediction of Climatic Change
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B.1 INTRODUCTION
ß.1.1 Nature of Climatic Variability
The term climate connotes "average" behaviour of the atmospheric
state including its variability in space and Lime. As such, climate
can he viewed in two ways. On the one hand, it is a descriptive

entity estimated from the observed statistics of weather conditions
over a period of many years. On the other hand, it is a basic phy-

sical entity, with respect to which the weather is but the momen-

tary, transient behavior of the atmosphere striving to satisfy the

requirements of the horizontal and vertical transfer of mass, mom-

entum and energy. This second view is more appropriate in terms of
understanding (rather than merely describing) overall atmospheric

behaviour. It introduces the notion of climate dynamics which

provides a physical framework for understanding -- and hopefully

predicting -- climatic fluctuation and change.
No one disputes that the climate of the earth has been in a

more or less continual state of flux, on all resolvable scales of

historical and geologic time. History indicates that variability

deserves recognition as a fundamental quality of climate, and that

it would be potentially perilous for humanity to assume that clim-
ate will he any less variable In the future than it has been In the
past.

B.1.2 Sources of Climate Variability
Unlike day -to -day weather changes, longer period variations of cli-
mate most likely depend for their genesis and evolution on physical
processes external to the atmosphere. Such processes are likely to
he of many different kinds, which for convenience we divide into

two groups.
One group of processes responsible for climatic variationk

consists of internal mechanisms. These involve "feedback" inter-

actions between the atmosphere and the oceans, the ice masses (or

cryosphere), the land surfaces, and the biota. It is convenient to

consider these various elements of the environment that interact

with the atmosphere as a single thermally and dynamically coupled

system, defined as the climatic system (see Figure 13).
The other group of processes responsible for climatic vari-

ations consists of external mechanisms. These include all geophy-

sical changes outside the climatic system, terrestrial, extrater-

restrial, or anthropogenic in origin. Such changes are said to

produce external forcing of the climatic system.
A primary goal of climate research is to understand the behav-

iour of the climatic system with particular regard to the origins

and predictability of climatic variations. It is not yet cleat to

what extent the observed variability of the climatic system

originates from internal mechanisms, and to what extent from ex-

ternal mechanisms. It appears likely that the answer depends upon

the time scale of the variability, with internal mechanisms probab-
ly very important on the scale of months to decades, and external

mechanisms becoming increasingly important on time scales beyond a

84



century.
Questions about the degree of predictability of climate ate as

yet unresolved. The highly complex, nonlinear processes that gov-
ern climatic variability and evolution may suggest low predictabil-

ity. Nevertheless, useful predictions of climate on any chosen
time scale should he possible if a significant part of climatic
variability is either L) driven by a recognizable internal feedback
mechanism with a characteristic time scale longer than the time
scale of the prediction, or 2) driven by an external forcing mech-
anism that is itself predictable on the time scale of the predic-
tion. (See Figure 15)

Figure: 15
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B.2 CAUSES OF CLIMATIC CIIANCE
ß.2.I Climate Change Due to External Mechanisms
n) Solar I? ffcc t;s__._----------------- -__- -_

Since the sun is the basic energy scarce for the climatic system II

is natural to expect thai changes in solar output could affect.

climate.
Changes in solar radiation over thousands of years, attribut-

able to variations in the earth's orbital parameters, are on much
longer scales than those of interest here. On shorter time scales,
the variations of the total solar output, of all parts of the solar
spectrum, and of corpuscular radiation have all been suggested as

possible causes of climatic variation. Variations in the total
solar output are difficult to measure and it cannot he stated to

what extent they have occurred in the recent history of the sun. It
is, therefore, not yet possible to determine whether this is a

source of significant climatic change on the time scales of

interest here.
Variations in certain regions of the solar spectrum (particul-

arly in the ultraviolet) and of corpuscular 'radiation have been
detected. The difficulty in relating these phenomena to climatic
change resides in the lack of continuous observations of such vari-
ations and in a lack of understanding of how such energetically
weak forcing can significantly affect climate.

There is a long history of attempts to relate climatic paran;
eters to changes in sunspot number as an indicator of solar vari-
ation. This record has well- defined cycles (those of 11 years and
longer) and extends over more than two centuries.

The possible connection between solar activity and climate fe-
mains one of considerable controversy as well as one of

considerable interest.

b) Lunar and Solar Tidal Effects
Careful analyses of weather data have shown relatively small but

highly consistent relationships between weather and the phases of

the moon. For the most part, these relationships appear to involve
atmospheric tidal effects on the timing of heavy rainfall events,
which are destined by other meteorological circumstances to occur
anyway. Because lunar tidal variations follow the lunar calendar
rather than the solar, they are properly regarded as a source of

climatic variability.

c) Particulate Natter in the Atmosphere
Particulate matter in the atmosphere may significantly affect
climate by influencing the earth's radiation balance and /or cloud
nucleation and precipitation.
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Sources of particulate matter are both natural and anthropo-

genic. Major sources and types of atmospheric particulates include:
sea salt particles from wind -driven spray and breaking waves; fly'

ash from industry, smoke from fires; emissions of gaseous compounds

of both natural and human origins (mainly sulphur dioxide) which

are converted to particulate form; mineral dust, primarily of

natural origin, but which in part is stirred up by human

activities; and volcanic emissions.
Of these many sources and types of atmospheric particulates,

those from volcanic eruptions and from human activities are most

often suggested as possible causes of climatic change. Effects of

very large volcanic eruptions on the'earthis radiation balance have

been clearly observed. Further climatic effects of volcanic

eruptions, while difficult to disentangle from the background

variability of climate, probably contribute to a general cooling.

The effects of anthropogenic particulates on the temperature of the
atmosphere and on cloud processes are largely unknown.

d) Carbon Dioxide
Atmospheric carbon dioxide participates in the chain of inter-

actions which form the natural carbon cycle. This cycle involves

the storage and transfer of carbon, in various forms, in and be-

tween the atmosphere, ocean, biota, on the land surface, and in

ocean sediment. The concern for climate arises from the perturba-

tion of the natural carbon cycle due to burning of fossil fuels. Tt

is generally agreed that there has been an increase in atmospheric

carbon dioxide of about 10 per cent since the late 19th century and

that the increase is continuing and possibly accelerating.
As a result increased heat is retained in the atmos-

phere, particularly in polar
CO,

atitudes. This increase is theoreti-

cally predicted to contribute to higher surface temperatures.
The effect of the manufacture of CO,, on climate depends on

the rate of production and on the processes which remove CO
2

from

the atmosphere. Such processes include storage in the bita and

absorption in the ocean. There is the troublesome question of

possible feedback effects. Warming due Lo CO2 may reduce the

oceanic ability to store CO , for instance.

A doubling of atmospheric CO is considered likely by the

early 21st century, although this2could be averted by a more rapid

than expected phase -out of fossil fuels as a prime energy source.

The potential effects of CO2 production of climate therefore

merit close attention.
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e) Ozone
Predictions that some human activities will lead to depletion of

the atmospheric ozone shield have received considerable attention

recently. The bulk of the ozone lies in the stratosphere, where

its absorption of solar ultraviolet radiation both screens the

surface from biologically damaging radiation, and provides the

major heat source for this region. Since the atmosphere is

coupled to lower layers radiatively and dynamically, changes in oz-
one amount may cause significant changes of climate at the ground.

The total amount of ozone may change as a result of variations
in the solar ultraviolet output and as a result of variations in

the amounts of a variety of chemical species involved in photo-

chemical reactions which maintain the ozone balance.

f) Nitrogen Oxide
Nitrogen oxides (NO ) are important in the natural photo-

chemical balance of ozone. One of the major sources of NO is

the activity of micro -organisms in the soil and in the oceaís. Of

growing importance, however, are various anthropogenic sources

related to the increasing use of nitrogen fertilizers and the

engine emissions of stratospheric aircraft. NO may also be

deposited in the stratosphere by nuclear explosioñs.

In addition to NO , chlorine compounds reaching the strato-

sphere may be very efféctive in depleting the ozone layer. Of part-

icular concern here are chlorofluorocarbons (CFC, or "freons "), and

other chlorine compounds of both natural and industrial origin.

g) Other Possible Causes of Climatic Change
Additional human effects on climate may follow from the release of

waste heat, and from alterations to the energy and hydrológical

cycles due, for instance, to land use practices, to irrigation and

to alterations of natural waterways.
While such factors are at present assumed to be imporant only

to local climate, the possibility exists that they may lead to or

reinforce large scale climatic disturbances.

B.2.2 Climatic Change Due to Internal Mechanisms
In addition to being influenced by external forcing mechanisms,

climate is also influenced by internal mechanisms within the

atmosphere- ocean - land- cryosphere -biota components of the climate

system. in this system, the atmosphere by and large has a shorter

time scale than the other components. It is thus conceivable that

climate changes on time scales shorter than the characteristic time
of the slower varying components of the climatic system could be a

result of internal changes, or "self- fluctuations ", of the system.
The internal climatic system consists of numerous interactive

processes that adjust simultaneously with changes of climatic

state. If an external parameter were to be changed by a specific

factor, the response of the climatic system to that change could be
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modified by the actions of these internal processes which act as

"feedbacks" on the climatic system and modify its evolution.
There are some feedbacks which are stabilizing, and some which

ate destabilizing (i.e., they may intensify deviations of weather

from its long term norm). In this way destabilizing feedbacks may

amplify the effects of external forcing of the climatic system.

What are believed to he especially important feedbacks in the

climatic systems are identified below.

a) Water vapour- greenhouse feedback
The atmosphere is believed to maintain a somewhat uniform distribu-
tion of relative humidity over a large range of lower atmosphere
temperatures even though the absolute amount of water vapour in the
air varies strongly with temperature. The absolute amount of water

vapour in the atmosphere determines, to a large extent, the opacity

of the Lower atmosphere to infrared radiation. Increased temper-

ature at constant relative humidity leads to increased trapping of

thermal radiation ( "greenhouse effect "), which gives rise to fur-

ther increases in the temperature of the lower atmosphere. In this

manner, external forcing which leads to an increase of temperature

(for example, an increase in CO2) may amplify the warming effect.

b) Cryospheric Feedback
The high relativity of snow and ice, as compared to water or land

surfaces, is a dominant factor in the climate of polar regions. The
extent of the snow and ice cover of the earth's surface depends

strongly upon surface temperature. If a lowering of the planetary

temperature would lead to a long -lasting and more extensive snow

and ice cover, this would cause a decrease in the amount of solar

energy absorbed by the earth -atmosphere system and thereby a

further lowering of temperature. Again, any factor that tends to

warm (cool) the climate may have the warming (cooling) effect

amplified by this feedback.

c) Cloudiness- Surface Temperature Feedback
Most clouds are both excellent absorbers of infrared radiation and

reflectors of solar radiation. Therefore, clouds are a major

factor in determining the planetary energy balance. An increase in

clouds tends to warm the surface by reducing the infrared cooling

to space, and cool the surface by reflecting solar radiation.

The net effect of increased cloudiness is to either warm or cool

the surface, depending on cloud type, latitude and season. Whether

a variation in terrain on temperature or other factors would have a

negative or positive feedback interaction with clouds is a major

question in climate theory that must he answered with extensive

analyses of observations and model studies.

d) Sea Surface Temperature Anomalies
Climatically significant sea surface temperature anomalies occur on
regions of the order of one million square kilometers or larger
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where sea sutface temperatures depart, appreciably and systematic-
ally, from their long -term average values for periods of weeks,

seasons, and years. These anomalies are among the most frequently
postulated factors influencing the behaviour of the atmosphere. AL

the present time it is not fully understood to what extent these

anomalies can be looked upon as factors essentially external to the
atmosphere with a dictating influence on the weather over the

continents. There appear Lo be feedbacks between the atmosphere
and ocean whereby atmospheric anomalies and sea surface temperature
anomalies tend to reinforce one anothet.

e) Feedbacks from the Land Surfaces
Feedbacks between the atmosphere, land surface, and biota are

likely to be of importance in a time of extended drought. There is

an old adage Lhat "drought begets drought ".
One impact of lessened precipitation is the deterioration of

vegetation in the area. Dust stirred up in an extended dry spell
may over -seed clouds, i.e., create many small droplets which cannot
readily coalesce into drops large enough to rain out. Dust may
also influence the radiation balance of the region.

It should be pointed out that stripping land of vegetation can
result in important changes in the reflection of solar radiation

from the surface. Numerical calculations show that this mechanism
may be particularly important on the margin of a desert region.

The Western Great Plains of North America, particularly near the

border of the Nevada- Sonora desert, may be susceptible to this kind

of feedback.
To the extent that most of the above mechanisms reinforce

drought, dry spells can he quite persistent (and poor land manage -i,

ment practices may make them more so). Only a long period of

rainfall caused by forces external to the drought area can break
the back of a drought.

B.3 Prediction of Climatic Change
B.3.1 Overview
The primary objective of most studies of climatic change is to

enhance our ability to predict the future climate. Although there
have been some notable achievements along these lines, our ability
to predict the time sequence of future climatic events is still

very limited.
On the other hand, the advent of large scale computers and

earth satellites has opened up new possibilities for understanding
climatic changes, and perhaps we already possess sufficient skill

to predict important aspects of large scale long -term changes in

average climatic conditions - changes that we increasingly recog-
nize could he induced by the industrial or agricultural activities

of society.
The important questions to address here are, how might we

improve our skill and how long might it take us to do so?
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Ultimately, satisfactory understanding of the natural process-

es that have caused past climatic changes will be essential if we

are to improve reliable climatic forecasts. Still, some skill can

evidently be achieved in the meantime. Two approaches are often

pursued to this end. Although these approaches are quite differ-

ent, they are interdependent.
Traditionally, the "statistical -empirical" approach, which

infers future patterns from their resemblance to past events, has

been emphasized. Although this technique can provide some glimpse
into a year or so into the future, it needs to be supplemented by
an improved understanding of physical cause -and - effect mechanisms.

That, in turn, relies on the development of mathematical models of

the climate, which are based on the known physical Laws of conser-
vation of mass, momentum and energy. These mathematical models

then become an analogue to the real climatic system and permit us

to carry out experiments that could not otherwise be performed'

(unless we possessed a "twin earth" or were to risk performing

expermiments with the one earth we have). Unfortunately, the vast

size and complexity of the actual climate system compared to the

capacity of our computers and to the scope of our climatic data

hase force us to simplify our models considerably. Thus, all models
ate but approximations to reality. Models of varying complexity

can be constructed. Simpler ones are used to study the importance

of a very few physical processes, outside the context of the many

other processes involved in climate behavior. More sophisticated

models able to incorporate more processes in greater detail, have

already managed to stimulate a number of important features of the

real climate. Out understanding, and, ultimately, predictive

skill, can best be extended by a judicious interplay between models
having different levels of complexity.

Comparisons of model- simulated climates with the actual climate
are an essential aspect of verifying the utility of models. Such

comparisons depend on the availability of a data hase adequate to

determine the statistical properties of the real climate in many

impottant aspects. Herein arises the need for intercomparisons of

the mathematical approach with the statistical -empirical approach;
the statistical methods suggest hypotheses which can be tested with
mathematical models, and the performance of the latter must he sub-
jected to scrutiny in the light of real observations. Both ap-

proaches thus complement each other in the development of

predictive skills.
There is an important class of predictive problems for which

we are forced to rely exclusively on mathematical models. These

involve the assessment of human impacts of climate. Because certain
human activities are known (or suspected) to alter the environment
in hitherto unprecedented ways, we cannot draw upon past experience
atone to estimate their potential significance to climate. Despite
their shottcomings,models will have to be relied upon to evaluate
the impact's of society on the climate.

Although unexpected breakthroughs in either the statistical-

91



empirical or the numerical modelling approaches to climate ' predic-
tion cannot be ruled out, we must recognize that, in all probabil-
ity, progress in developing more skillful climate prediction will

be stow and painstaking. We can be hopeful that, just as progress
has been made in the past, we will manage to further narrow the

range of uncertainty in our assessments of future climatic changes.
In the meanwhile, we counsel that an examination of past events is

the best guide to planning for future climatic contingencies - save
those of human origin.

B.3.2 Statistical and Empirical Approaches
Short -range forecasting deals with the deterministic prediction of

individual weather systems, white Long -range forecasting and cli-
mate prediction must deal with systems not yet horn. At present,
forecasts beyond a week are made using statistical information in

some form.
Much long -range prediction utilizes the concept of persistent

recurrence of anomalous atmospheric patterns within a given month
or season and sometimes even within successive years. Persistent
recurrence refers to a tendency for similar atmospheric patterns to
recur after being temporarily interrupted one or more times. Tt is
believed to arise from physical influences which tend to restore
and maintain certain anomalous states. There is no general agree-

ment as to what these physical influences are. Suggested mechan-
isms include variations in solar activity, varying surface condi-
tions (sea surface temperatures, snow and ice cover, characteris-
tics of land surfaces), and internal atmospheric phenomena.

Methods of prediction vary according to the time scale of the

phenomena being studied. On the medium time range (up to one week)
numerical predictions are used in conjunction with a variety of

subjective and objective statistical techniques. In a number of

countries, detailed predictions based on numerical methods are able
to provide four to five forecasts. As numerical prediction models

improve, the time range of detailed weather prediction can
presumably be extended.

At ranges up to a month, a variety of techniques are used.
Trends, periodicities or singularities are sought with the help of

maps, graphs, harmonic analysis, or spectrum analysis. For the most
part such techniques are studies in time- series, perhaps the oldest
form of long -range forecasting. The history of such efforts togeth-
er with new theoretical understanding, suggests that the potential
for further improvement along these lines is rather modest.

Empirical considerations as to the behavior of the long waves
in the westerly wind stream at temperate latitudes, on time scales
up to a season, are also used. Relationships are being sought
between these long waves and the principal centres of action (e.g.,
the Icelandic Low and the North American High), utilizing the well -
established "teleconnections" (long -distance interrelationships)
between these centres of action and branches of the general
circulation., Considerable physical and statistical knowledge of
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these teleconnections now exists.
On scales of weeks to decades, time- averaged maps may be

studied synoptically, occasionally with the help of harmonic

analysis. Energy budgets are occasionally employed. Indices re-

flecting the strength of the temperate westerlies or sub -tropical

easterlies are also considered.
Analogue methods of long -range prediction attempt to discover

a past situation in which conditions correspond as closely as pos-

sible to present conditions. Several meteorological and oceano-

graphic elements may be examined in the process of finding the

"best analogue ". Attempts are sometimes made to use the phase of

the solar cycle as one of the criteria for analogue selection. The

procedure for selecting analogues may be either objective or

subjective.
Statistical correlation and contingency methods are increas-

ingly being used for both the specification and the prediction of

weather patterns. Regional and temporal variations in persistence,
combined with studies of teleconnections, are used to arrive at

predictions for varying time intervals up to seasons and years.

Multiple regression analysis is used to specify weather pattern
associated with various pressure patterns, and to predict weather

conditions from numerically predicted pressure patterns at the

surface and aloft.
Interactions between anomalous ocean and continent- surface

conditions, and the overlying atmosphere, have been given increas-

ing weight in long -range forecasting. However this approách is

still partly conceptual and not sufficiently objective. The

philosophy behind this approach is that the ocean and cryosphere
provide the "memory" for the restless atmosphere, thereby restoring
it from time to time to a preferred state of abnormality. This

approach has the virtue of being based on a clearly conceived
forcing mechanism and is capable of being tested and applied both

statistically and in dynamic models.'
Weather forecasters seeking to utilize solar- weather relation-

ships are attempting to prove, and improve, their methods with the

help of new indices of corpuscular or ultraviolet enhancement, in-

dices of geomagnetic activity, and especially, radiation measure-

ments that are planned to be made by satellite. Here again the gap

between theory and practice is wide and, lacking adequate physical
understanding, relationships are investigated by statistical
analysis.

Proper statistical verification of forecasts is absolutely
essential both to demonstrate the usefulness of a prediction method
and to offer clues for further investigation.

No discussion of the potential for improved long -range fore-

casting would give a complete picture without reference to numer-

ical models of climate. Progress in this area automatically carries
with it the possibility of progress in the long -range weather

forecasting problem. At present, numerical models are being tested
to determine the primary mechanisms in the atmosphere which account
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for its characteristic lime and space scales and also for the

variability of the atmosphere on each of these scales. Now that the
large scale characteristics of the atmosphere can be reasonably
simulated, detailed results are being sought. Unfortunately these
"details" require more exact knowledge of such physical processes
as the evolution of cloud systems, exchanges of momentum and wafer

vapour, internal turbulent exchanges, radiation transfers, and in

fact, the entire gamut of meteorological processes.
It is possible that some of these processes can be approxim-

ated or even omitted. if only for this reason, the empirical ap-
proach must he pursued. It appears Likely that empirical knowledge
will still be necessary to make optimal practical use of any phy-
sically based long -range forecasting model. Decades of empirical
research should not he ignored in this connection.

B.3.2 Numerical Model Approaches
The processes of the climate system may be expressed in terms of a

set of dynamic and thermodynamic equations for the atmosphere,
oceans and ice along with appropriate equations of state and con-
servation laws for selected constituents (such as water substance,
CO, and the ozone in the air, and salt and trace substances in

the ocean). Expressed in these equations are the various physical
processes which determine the changes in temperature, velocity,
density, and pressure. Processes considered include evaporation,
condensation, precipitation, radiation, and the transfer of heat
and momentum by advection, convection and turbulence, as well as

the various chemical and biological processes relevant to climate.
The mathematical modelling approach to climate prediction in-

volves the numerical simulation of many of these physical process-
es. This simulation is generally only approximate in form, neced --

silated by our Limited ability both to observe the system and to

compute its behavior. The problem of modelling climate is best
approached by constructing a hierarchy of models of varying com-
plexity, each model suited to the physical processes dominant on a

particular time or space scale.

a) Statistical Dynamical Model
To study the relative contribution of an individual physical

process to the maintenance and evolution of climate, one approach
is to test the sensitivity of Lhe statistics generated by a climate
model to perturbations in the parameters which influence that
particular physical process. In such a modelling program the

effects of changes can first be tested in isolation from other
interacting components in a simplified model, and then in the

context of a more complex model.
Owing to the tremendous range of scales of interacting atmos-

pheric processes in relation to the limited special resolution of

computational grids and observing systems, it is neither technical-
ly nor economically feasible to observe or calculate explicitly the
effects of small -scale processes in detail. Thus, in view of the

94



fact that the small scale processes below the Limits of resolution
are of great importance, it is necessary either to telate their

statistical effects to measurable or explicitly computable condi-

tions on larger scales, or to simulate their effects in some other

manner. This procedure is referred to as parameterization.
Common examples of parameterization are the relation of the

turbulent and/or convective transport of heat, momentum and

moisture through the planetary boundary layer to conditions at the

surface and at the top of the boundary layer. Another example is

the parameterization of heat and moisture transport by deep moist

convection in terms of resolvable vertical profiles of temperature

and moisture.
On an entirely different scale, one may seek parameterizations

for the net heat, momentum and moisture transported vertically and

horizontally by the large -scale synoptic disturbances in terms of

mean values of temperature, moisture and wind. By this means, the

ensemble statistics are produced by repeated tuns of the finer -

resolution variables. The validity of this simplification depends
on the realistic expression of these ensemble statistics in terms

of Large scale variables. Such models are known as statistical -

dynamical models.

b) Three -Dimensional Explicit Dynamical Models (General
Circulation Models)
An explicit dynamical model of the atmosphere (known as a General

Circulation Model) differs from a statistical dynamical model in

that the dynamical effects of Large scale disturbances are computed
explicitly. In an explicit model, the behaviour of cyclone waves,

planetary waves and other large scale disturbances in th4 atmos-

phere is followed in detail. Accordingly, one can avoid the dif-

ficulties of parameterizing the effect of these disturbances in the
dynamical and thermodynamical equations. An explicit dynamical

model is potentially very useful for further studies of predicta-

bility of climate and can be used for calibrating the parameteriz-

ation of statistical dynamical models. However, important
limitations of explicit models are the enormous amount of computer

time required for long term integrations of the model, and the

difficulty in tracing cause and effect.

c) Thermodynamic Models
In these models, special emphasis is put in the thermodynamic en-

ergy equation, applied to the atmosphere -ocean -land system. Various
conservation laws and semi -empirical relationships are used to

parameterize the transient eddy transport as well as the heating

functions.
This type of model has the advantage of using considerably

longer time steps than the General Circulation Models, and there-

fore far less computer time. However, the success of this approach
depends on an adequate parameterization of the eddy transports.

Such a model computes the atmospheric and surface (ocean and con
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tirent) temperatures, together with the different heating compon-
ents. It also may be designed to predict departures from normal in
the horizontal extent of cloudiness and snow cover, which are es-

sential variables in any climatic model..

d) Other Models
A variety of time and space averaged models can be constructed with
some sophistication. These models may include parameterized energy
and momentum fluxes together with induced meridional circulation,
and the consequent release of latent_ energy in the tropics.

e) Applications of Models
The General Circulation Models predict the detailed evolution of

weather systems and have been used successfully in short range

weather predictions (1 to 3 days). Extended range prediction
applications of such models (3 to 5 days) have also been useful in

some cases.
In application of the General Circulation Models to climatid

change, long -term integrations ate carried out and climatological
statistics are computed. The main applications carried out have

been studies in which the response of the system to varying an

external parameter is evaluated.
.The thermodynamic models predict directly mean conditions over

a given period. They have been used with some success to predict

the mean anomalies of surface air temperature and precipitation for
monthly periods. Applications to predict mean anomalies of

ocean temperature over the Northern hemisphere have also been car-

ried out . These predictions have likewise shown some success.

The thermodynamic models have also been used to estimate the res-

ponse of the climate sv,tem to changes in the external forcing.

B.4 Research Priorities for the Most Effective Statistical
Synoptic Prediction of North American Climate

1. Data base: - The development of an adequate base of northern
hemispheric climate data, such as air temperature, pressure and

sea- surface temperature, etc. and proxy data of past climate of

North American temperature and precipitation regimes is an absolute
first necessity.
2. Statistical tools: - The use of sophisticated statistical tools
to exploit to the full spatial and temporal non -linearity in

predictor- predictand relationships in all the data is a second

necessity.
3. Statistical- analytical procedures: - The most effective

application of these statistical tools to the specification,
reconstruction and prediction of the North American temperature and
precipitation fields, including the detection and identification of
all cyclical relationships, is a final necessity.
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APPENDIX C

1970 -71 Snowfall Season
November 1970 - storm on the 23 -24th hit London and southwest Ontario

with 25" of snow.
December 1970 - two major storms in Canadian Maritimes on the 24th and

26th. A number of towns and cities declared state of
emergency.

- an all time record 16" snowfall at Madison, Wisconsin on

10th to 11th.
- all time snowfall records for the month set at many New

England and Northeastern states
January 1971 - on the 1st, a midwest blizzard "worst in 40 years"

occurred. 15.7" snow at Des Moines, Iowa - 27 deaths
attributed to storm in Iowa.

- a major portion of the New York Throughway was closed by
two blizzard' type storms in northern New York on 26 -27

and 29 -30th.
- heavy snowfalls in southern British Columbia on the 16th

caused snowslides in Fraser Valley and suspension of
traffic in Vancouver.

- on the 20th a storm dumps 12" snow at St. John's, Nfld.

- on the 26th and 27th at London Ontario strong winds,
heavy drifting, zero visibility, and 15" of snow
paralyzed transportation.

February 1971 - heavy snowfalls in southern Ontario. St. Lawrence
Valley brought 5 ft. of snow to Ottawa, 4 feet of snow
to both Montreal and Quebec City.

- big storm on southern U.S. plains. Record 36 "Isnowfall

at Buffalo. Oklahoma had drifts to 20 feet deep.

March 1971 - snowfall accumulations reached catastrophic proportions

in large Canadian centres.
- 50" snowfall on 3 -4th at Old Forge in the southern

Ad itondacks.

- many roofs and buildings collapse in Vermont due to

record snow depths.
April 1971 - a deep snowpack in Montana and Idaho provided excellent

prospects of summer water supplies.
- snow in August in Utah insured good spring skiing at ski

resorts and good summet irrigation potential.

Snowfall Season of 1971 -1972
October 1971 - Winnipeg received IL" snow on the 30th.

November 1971 - heavy snowfall with gale force winds hit Nfld. on 14th
and 15th.

December 1971 - Revelstoke and Allison Pass in southern B.C. received
97" and 93" of snow respectiverly.

- Asheville, North Carolina heaviest 24 hour snowfall in
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modern record - 16.3"
January 1972 - 50" snowfall at Oswego East, New York on 4 -5th.

- blizzard conditions in Washington State - damaging
mountain snowslides 8 -18th - nII mountain passes closed
Ilth.

- southern R.C. storm 20th - heavy snowfall, ice closes
mountain passes, causes power failures, snowslides -

effectively seals off communication and transportation
links Lo rest of Canada.

- on 25th a violent storm hit Montreal - wind gusts up to
71 mph - traffic disuption, number of deaths,
considerable property damage.

- frequent blizzard conditions hit Nfld. - at one time
. ferry service to Nova Scotia inoperable.

February 1972 - on 16th a severe storm moved across Alberta and
Saskatchewan - thunderstorms, winds, 4" snowfall blocked
transportation.

- 19 -20th a storm hit Ontario, Quebec - heavy snowfall, 50
mph winds - severe drifting: many highways became im-
passable - lack of snow removal in Montreal made almost
catastrophic effect - snowmobiles only transportation.

Match 1972 - 2nd -4th: 73 hours of continuous snowfall at Quebec City
accompanied by freezing rain - left large areas along
the St. Lawrence River Valley without electricity for a
week.

- lst -5th: a 1 foot to 2 foot snowfall in New Brunswick,
Prince Edward Island, freezing rain in Nova Scotia
caused closing of roads and schools, numerous
accidents.

- 40 mile wide band from Kalamazoo to Battle Creek,
Michigan suffered $4 million damage from major ice storm
on 13 -14th.

April 1972 - on 21st a severe storm in Red Deer - Edmonton area
stranded hundreds of motorists and caused breaks in
power transmission lines.

May 1972 - 11" to L7" snowfalls in Black Hills, S.D. on lst -2nd
caused extensive damage to power and communication
lines.
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Table CANADIAN WINTER SNOWFALL NORMALS AND SEASONAL TOTALS

Normall 1969 -70 1970 -71 1971 -72

(inches)

Revelstoke 162.1 111.2 261.9 311.4*

Hope 63.8 41.3 124.8 182.4*

Terrace 146.2 73.4 211.3 302.8*

Banff 86.1 75.2 106.5 179.3*

Pincher Creek 119.3 115.5 131.4 190.2*

Thunder Bay 87.4 116.7 107.6 105.2

White River 116.3 99.7 104.3 114.0

Sault Ste. Marie 107.5 119.9 141.1 151.8

Timmins 136.6 143.1 152.8 178.4

Muskoka 115.6 109.2 169.0 145.0

London 79.2 105.9 134.1* 86.7

Ottawa 84.9 102.4 174.8 123.0

North Bay 111.9 110.7 119.1 136.7

Trenton 66.9 59.1 97.2 83.9

Windsor 40.8 78.5* 60.0 42.3

Toronto 52.5 60.5 67.2 74.2

Mont Intl 94.3 77.5 150.8* 103.4

Quebec 121.1 140.7 161.5 165.4

Sherbrooke 110.0 113.4 144.0 145.0*

Schefferville 132.1 174.9 120.4 189.2

Val Dior 116.7 149.7 135.1 162.8

Fredericton 110.4 86.4 188.6* 151.5

Moncton 123.5 73.2 201.3 191.1

Saint John 116.8 78.2 147.6 132.0

Halifax 118.1 85.3 187.0* 169.7

Greenwood 103.5 89.3 183.5 195.7*

Charlottetown 120.1 81.7 177.4 212.2*
St. John's 143.2 80.8 122.3 162.5

1 A normal is the average for period 1941 -1970.
*record winter snowfall
(from Manning, 1973)
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