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Preface

Theinternational focus on climate change, and the adverse impacts of recent Prairie droughts, has alerted agricultural climatologists,
soil scientists and water resource managers to the vulnerability of our agricultural sector in terms of weather extremes. The super El
Nino now in progress has caused serious droughts in Australia, Indonesia and Papua New Guinea. Using the 1982-83 El Nino as a
template, oceanographers and climatologists predict more severe storms and droughts.

Profitable farming businesses in the Palliser Triangle arejust as vulnerable to drought, soil erosion and pests as they were in the
1920's and 1930's. T he recent droughts have served to demonstrate that all Federal and Provincial agencies with avested interest in
drought mitigation and soil rehabilitation must be knowledgeable of the causes of historic drought and be vigilant in anticipating their
future recurrence. In 1988, Gilson and Hill' admitted that governments were not heeding some of the historic lessons, particularly in
farm credit and soil conservation. Conceded Dr. Hill: "We forgot a lot of those things."

In the past 15 years there have been an equal number of Prairie conferences, workshops and other initiatives relating to climate
change, drought and water resource management. Also, an international conference was held in Australiain 1991, on the physical
causes of drought, especidly the role of El Nino. These convocations provided forums for experts to describe some of their research
relating to climate change and droughts. It appears that many of the pieces of the drought jig-saw puzzle are known. These pieces now
fit together to create a partia picture. The gaps indicate where research effort is still required.

Table 1: A Partial List of Recent Prairie Initiatives Relating to Climate Change & Drought

Date Location Initiative Primary Sponsor(s)
1983 Regina Drought Workshop PFRA, Cdn Climate PI'ng Brd
1983 Hanna WATER: The Prairie's Hope PAWM*
1986 Cagary Moisture Management in Crop Production: Alberta Agriculture
Managing Drought
1986 3 Provinces Prairie Drought Study PERA
1986 Edmonton  Impact of Climate Variability & Change: Cdn CCC*, EC*, Alta,
Prairies
1986 Regina DROUGHT: The Impending Crises? NRC*, Univ. of Regina (UofR)
1988 -Saskatoon  Prairie Drought Workshop PFRA, NHRI*, SRC* & CCC*
1990 Calgary Impact of Climate Change & Variability on the CCC, IWD*, NOAA*, USDC*, Univ. of
Great Plains Nebraska
1992 Cagary Palliser Triangle Global Change Project EC, GSC*, PFRA, UofCagary, UofR, UofMan.,
UofWaterloo
1993 Saskatoon 1 st meeting of the Long-Range Weather & CWB*, EC, CGC* & PFRA
Crop Forecasting (LRW& CF) Work Group
1993 Regina Palliser Triangle Global Change Project EC,GSC*, PFRA, UofC, UofR, UofM,
UofWestern Ontario
1995 Winnipeg 2nd meeting of the LRW& CF Work Group CWB, EC, CGC & PFRA
1995 Edmonton  Prairie Climate, Landscape & Vegetation CFS & Geog Dept, UofAlberta
Change
1996 & Saskatoon  Canadian Association of Geographers (CAG) CAG, UofSask., & others
1997
1996 Edmonton  Prairie Climate Workshops EC, AEP*, PFRA, SRC, UofL ethbridge
& Saskatoon (Prairie Adaptation Study)
1997 Wpg, Regina, & Climate Prediction Workshops Cdn Inst Climate Studies & PFRA
Calgary
1997 Montreal 3rd meeting of the LRW& CF Work Group CWB, EC, CGC & PFRA

*PAWM denotes Prairie Association for Water Management: CCC, Canadian Climate Centre: EC, Environment Canada: NRC,
National Research Council: UofR, Univ. of Reginat NHRI, National Hydrology Research Institute: SRC, Sask. Research Council:
NOAA, National Oceanic, Atmospheric Administration: USDC, United States Dept. of Commerce: GSC, Geol., Survey of Canada:
UofC, Univ. of Cagary: CWB, Canadian Wheat Board: CFS, Canadian Forest Service: CGC, Canadian Grains Commission: AEP,
Alberta Environmental Protection:



T his report is intended to be a primer on Paliser Triangle droughts. It draws extensively upon

the climatol ogical research results of the investigators associated with the various Canadian agencies who have
contributed to the initiatives listed in Table 1. Sinceit is now apparent that Palliser Triangle droughts are
caused by teleconnections to global ocean temperatures and to atmospheric circulation patterns, the drought
research results of many international scientists are also highlighted in a attempt to coherently and
scientifically illustrate and explain:

« the vulnerability of Palliser T riangle agriculture to drought;

« the drought driving forces: El Nino, Southern Oscillation and solar radiation;

* the primary drought areas of the Canadian Prairies and their climate;

« the suspected origin of historical droughts, their link to the drought drivers and the threat posed by
global warming; and

the technical feasibility of drought prediction in the Pdliser Triangle.

Although it has been the scourge of mankind for millennia, only in the last two decades has science

been able to identify and explain how distant ocean temperature anomalies, like the El Nino, and
atmospheric processes, like the Southern Oscillation, interact to create droughts in the Palliser Triangle of
the Canadian Prairies. T o effectively summarize and communicate this scientific understanding in a short
technical report is a daunting task. Faced with a somewhat similar and difficult assignment in 1995, that of
reporting on globa warming, Dr. Gordon M cBean, (Assistant Deputy Minister of Atmospheric
Environment Services) cautioned:

"Perhaps one of the most difficult tasks facing the science community is not that of reducing

uncertainty, but of properly assessing what we do and do not know and communicating such assessmentsto
politicians and decision makers (and society in general) in alanguagethat they can under stand.
Communication of thiskind is also a risky business, sinceit often draws theireand scor n of those who feel
the science has been over simplified and uncertaintiestrivialized, whilestill confusing, even paralysing
decision makerswith scientificjargon.”

T hroughout the Primer, | use the term "average" rather then the term, "normal”, being in full agreement
with Gribbin's and Lamb's' conclusion that, "T he first and most important lesson of the historica record is
that there is no such thing as aclimate 'normal’ in the sense that the word was used 50 or more years ago".
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Drought: Nemesis of Palliser Triangle Farmers

The Pdliser Triangle, named dfter the British explorer
Ceptan John Pdliser, is part ofthe Northern Greet Plains
outlined in Figure 1. Thisvast region lies in the "ran-
shadow" ofthe massive Rocky Mountans. TheRockies,
in conjunction with the Coast Mountans, the Cascade
Range and the SierraNevadaRange, form lofty barriers to
theflow of moisturefrom the Pacific Ocean. Moi sture aden
douds from the Pacific Ocean are stri pped of much of their
preci pitation dueto cooling induced by orographic uplift
as the cold lows are thrust upwards by the mountains.
During winter months, the process is usudly so efficient
that the air masses are essentidly dry by the time they
skim over the find barier, the Rockies. Rather than
bringing needed moisture, the dry ar mass creates only
warm chinook conditions across thewestern portion of the
Pdliser Triangle
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Figure 1: The Northern Great Plains (shaded area):
Palliser Triangle is within Canada

About 35 years before Captain Pdliser's exploration
of the Canadian Prairie's, the American cartogrgpher and
explorer, Stephen Long, had mapped the desert region of
thecontinentd interior. Captain Paliser was familiar with
this work having led an expedition through South Dakota
and Wyoming, prior to his Canadian assignment. It is,
therefore, not surprising tha Captain Pdliser correctly
surmised that the semi-arid Prairieregion wasthenorthern
extension ofthenotorious "Great American Desert”. Since
his 1857-1859 expl oration coincided with a severe drought
period, Cegptain Pdliser cautioned that the dry region,
which now bears his name, was not suitabl e for agriculturad
settlement. T he research of Professor David C. Jones' into
the sattlement of this dry region, reved's that a number of
later, but observant, Canadians supported Pdliser.
Commissioner G. A. French of the North-West Mounted

Police, described the region

southwest of Sufidd (Alta) as

"little more than a desert." Thus

the Canadian government was
adequatdy forewarned of the

hazards dryland agri culture would

f face in this semi-arid region,
; paticularly the notorious "Dry
' Bdt" within the heat of the
‘ Pdliser Triangle Historian, Jack

o Gorman, gptly described
\ this region as one of perpetud

drought. Gable, a catoonist with
the Regina Leederpost, portrayed
faming in the southern Pdliser
Triangle as a no-win poker game
against an experienced and sarcastic
"Mother Nature'. In one of his
catoons (Figure2), the old lady has
not only won dl the fame's
money, she has even stooped to
take his pitchfork and pants.



Figure 2: The perils of gambling against Mother Nature in the
Palliser Triangle.

In another cartoon (Figure 3), Gable fectures an ex-
farmer preparing to step into a lion's cage. He expresses
reief for having abandoned a much more hazardous

Figure 3: Lion Taming: a profession safer than farming. (Figures
2 & 3 courtesy Brian Gable)

THREE DESTRUCTIVE DROUGHT PERIODS

By thestart of the 20th century, a number of modern
cropping practices and early maturing whest strains had
been deve oped by the network of Dominion Experimentd
Farms. The summer fdlow system alowed the fidds to
bank moisture for next year's wheat crop. Even if
preci pitation was beow average in the crop year, a good
yidd could be expected. But summer falowing could not
hdp famers if the drought persisted into the second, and

even the third, growing season. This was the terrible
situation which Pdliser Triangle faamers were to endure
three times in the 20th century.

1. The Destructive Dry Bdt Droughts: 1917-1926
Canadian geographer, Villimow', has assigned the name,
"Dry Bdt" to theinterior of the Paliser Triangle (Figure
4). It lies in therain shadow of the tdl Rocky Mountains,
the Cypress Hills, and the Sweat Grass Hills of Montana
The average annud precipitation within this notoriously
drought-proneregion, islessthan 325 mm. Moisturelosses
arehigh dueto winter chinooks and summer heat waves. In
drought years, excessive hest constantly evaporates
moisturefrom the soil. This high loss, added to thebd ow
average return of moisture in the form of precipitaion,
marksthe Dry Bet as aregion of doublemisfortune. Archie
McKdlar, who homesteeded near Bingville, (90 km north
of Medi cine Hat), poeticdly recdled the dryness of the
region':

"Come and 1'll tdl youastory of life on the plains,
sixty miles fromtheHat asthecrowflies, in a land where
it never rains. "
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Figure 4: The Dry Belt: a region of double misfortune.

Ceptan Palliser's wanings were ignored by the
government and railway officids in their zed to sdtlethe
Dry Belt, a decision which sowed the seeds for "the
nightmare in western Canada," according to an eyewitness
of the sufferings created by the 1917-1926 droughts in the
Dry Bdt. Cdigiuri' provides a brief description of the
promotiond campagns designed to atract settlers, the
consequences of the massive droughts and PFRA's efforts
to rehabilitatethedrought-ravaged areas within the Palliser
Triangle



In al fairness to the government and railway
promoters, the land and the deceptively benign climate in
the Palliser triangle were attractive to settlers. Fertileand
easily broken by steam engines and powerful tractors
(Figure 5), thefieldsinitially yielded bountiful harvests.
Mother Nature showered her blessings with timely
rainfalls in four of the six years in the period, 1911 to
1916 (Figure 6). Bumper crops were threshed throughout
the Dry Beltin1915. Inmany districts, yiel dsexceeded 40
bushels/acres. The following year was nearly as good.
Farmers experienced prosperity as wheat prices soared
due to overseas demands in World War 1.
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Figure 5: Two Marshall gastractors™ (35-70HP) breaking sod on the
Canadian Wheatlands Company Limited holdings near Suffield, in
1913 (Glenbow Archives, NA-587-8).

Mother Nature's " Jekyll & Hyde" Personality

n1917, therainsbecame mere sprinklesinthe IDry Belt
south of the Red Deer River. Severe drought conditions
persisted until 1926. During six years, in the ten-year
drought period, the April to June local rainfall did not
exceed 100 mm (Figure 6). Fortunately, preci pitation north
of the Red Deer River was somewhat better.

Wheat yields within the Dry Belt fell. Jones records
thet in the Medicine Hat district, only 7 bushels/acre was
threshed in1917;in 1918 it was downto 1 bushel/acre and
zeroin1919. The next two yearswere hardly better; yields
only averaged 5 and 3 bushel s/acre respectively.
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Figure 6: Growing season (Apr-June) and annual precipitation (in
millimetres) recorded at Medicine Hat, 1900 to 1939. (Graphreplotted
from the MEDICINE HAT NEWS, Thursday, March 24, 1988).

Four years into the drought, desperate Medicine Hat
area farmers and agricultural officials agreed to retain
Californiarainmaker, Charles M. Hatfield (Figure 7). Jones
geaned accounts from the local newspapers to piece
together a description of severa of the secret methods
employed at Chappice Lake, 60 km northeast of the city.
Hatfield's apparatus included a tower, the height of which
onereporter compared tothel egendary Tower of Babel. His
operations encompassed several Dry Belt localities in
Saskatchewan according to Jones. In 1921, the Secretary
Treasurer of Village of Prelate wrote to the Minister of
Agriculture in Regina, of the hope Hatfield had brought to
drought-weary farmers:



"... | might say that regardless of what people think
of Hatfield 1 really thought that his coming herethisyear
has kept some peopl e in this country who woul d otherwise

Figure 7: California rainmaker, Charles Hatfield, explains some
of his techniques to drought weary farmers at Chappice Lake,
June 5, 1921 (Glenbow Archives, NA-2003-67).

The early drought years in southwest Saskatchewan
prompted some naive, but highranki ng, government official s
to attribute the crop failures to bad farming. One such
officia boasted that he was convinced drought was a
controllablefactor incrop productionand that there was no
necessity for complete failure. Some "experts'
recommended excessive surface tillage of summer fallow
fieldsto create a dust-mul chto reduce evaporation. Farmers
who adopted this unscientific advice, werethefirst to see
their topsoil blown away by the unrel enting dust storms.
Wheat Farming Endsin the Southern Dry Belt
Ben Russell, an engineer with the Reclamation Service of
the Department of the Interior, (and later, PFRA's first
Chief Engineer) carefully documented the Dry Belt
drought conditions in a 1924 report'.

But he made no attempt to suggest any cause for the
severe drought period. He does however deserve credit for
admitti ngthat the government, and others, had know! edge of
the dry nature of the region prior to promoting settl ement:

"7t has long been recognized that throughout
extensive areas in Southern Alberta the precipitation is
insuff cient for the growth of crops. From a study of the
precipitation records during the past thirty five years and
thefinancial condition of thelarge majority of thefarmers
living throughout the dry belt, it must be conceded that
much of the area is more suitable for ranching than
farming purposes. Due to continued drought many farmers
have already been forced to abandon their farms and the
prospects arethat this general abandonment by farmers of
the semi-arid lands will continue. "

By the time he had compl eted hisreport, Russell states
that only 645 farmerswere still surviving (withinthe survey
area) of the original 2386 homesteaders. Local municipal
government had ceased to function. Gorman" describes the
subsequent eventsleadingin 1927 to the passage of "An Act
Respectingthe East Tilly Area" (Figure 8). Only ascant four
years | ater, this Act became the basis of the Special Areas
legislation enacted to cope with the devastation wrought
north of the Red Deer River by the droughts of the Dirty
Thirties.

Figure 8: The Alberta
“Special Areas".

111111

S

-|_"|'""|_":|"'€’5?‘
I

Tilley East T
(1927} =
3 Berry Crook
©(1932)
MM Newsral Hills
~ (1835
= Sounding Craek
S (1935) s
Sulvan Lake ot =
{1935 dl..mm'ndqn*
T | Bow Waest 7 i
(1937) i

UBMBLDIENSES

e slsgitie n 1037 iw
aasmiance unded ihe Faesd
Frairmt & Fobel Agresmont”

H
L P

{ B by
Aesrrm Hp
% s 5 i

]




2. The" Dirty Thirties " Droughts: 1929-1937

In his memoirs, Moose Jaw district farmer, Ledie
Ashton", recalls the exact month when the drought
started: "In retrospect, we must now recognize
that the GREAT DROUGHT ACTUALLY
STARTED IN JULY 1928". A year later, the
Stock Market collapsed, ushering in the Great
Depression. International trade barriers
contributed to a ruinous decline in wheat prices.
The ten year nightmare was about to beginin al
of the Pdliser Triangle. It wasto be Canada's
worst calamity.

James H. Gray provides thumbnail sketches of
conditions farm families were enduring and of the
drought blasted and drifting landscape existing on
February 11, 1937, when the Parliament debated a
bill to amend the Prairie Farm Rehabilitation Act,
passed two years earlier to establish PFRA:

"The people Of the West had just survived the
worst year, climatically, within living memory. Not only
had 1936 been the coldest bitterest winter ever
recorded but the torrid summer had seen high
temperatur e records shattered between Winnipeg and
the Rockies. Even as Mr. Gardiner spoke, the winter of
1937 had started in where the winter 0f 1936 had left
off, presaging worse disasters to come

APPROXIMATE AVERAGE WHEAT YIELDS
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Life onthedust bowl farms might have beentolerable
for the 200, 000 farmers and their families on dried-out
relief if they had been well housed and well clothed. For
the most part they shivered or sweltered in shack-houses
with paper thin walls, without modern conveniences,
comatosely holding to afading hope, that next year had to
be better; and for seven years each year had been worse
than the one before.

Thedesert, which had begunin 1929 withtheswirling
up-drafts on the parched summer fallow from Hanna to
Monarch to Cadillac to Melita, now threatened the entire
Palliser Triangle. Blowing topsoil driftedlike snow across
the railway tracks in Alberta.lt blew from the poor land
onto the good land in Saskatchewan and kept Regina,
Moose Jaw and Swift Current coated with dust inside and
out. It bathed Winnipeg in perpetual yellow overcast.
Roads made impassable by snowdrifts in winter were
drifted into impassability again with blowingtopsoil inthe
summer. The drifts built up till they covered the fences,
choked out shelterbelts and gardens, reached the roofs of
the chicken houses, blew through the cracks around
farmhouse windows and under farmhouse doors to drive
theinhabitantsout O their houses and out 0f the country.

Despite drought conditions in
the Palliser Triangle, the opposite
conditions existed in the northern
fringes of the Parklands, and whest

ol yields were good-even in the worst
drought year, 1937. That year, the
southern third of the Saskatchewan
wheat growing area had zero yied
(Figure 9). Many destitute farmers
trekked north to grub-out a new
life in the bush country (Fig. 10 &
11).

Jack Gorman recalls vividly
the demise of dryland farming in
the northern Dry Belt. Thousand of
destitute farm families were forced
to abandon their homes, a tragedy
he cdls, "The Exodus." Many of
the destitute farmers loaded their
meagre belongings on wagons, old
trucks and even "Bennett Buggies',
named after then Canadian Prime
Minister, Rt. Hon. R.B. Bennett.
The

Figure 9: Average wheat yields in Saskatchewan in 1937 (reproduced from the
Stapleford Report").



"Bennett Buggy" became a visible symbol of the Fords, and other vehicles. Ingeniously, they rigged a drought
and depression in the Canadian Prairies. It, double tree and wagon pole to the front axle and therefore, deserves
some description. Nearly al the hitched a team of horse to provide real "horsefarmers in the 1930's lacked
money to either power" for asow, but comfortable trip into town.

Figure 10: Bennett Buggy trek to Northern Saskatchewan. (The Provincial Archives of Alberta photo 75.334/46)

of 8

Figure 11: Chased north in the mid-1930s by drought and grasshopper plagues from their farm at Creelman, Saskatchewan, Mrs.
Leitch and her three children pose in front of their log cabin. Steeled by back-breaking struggles for survival, her eldest son Merv,
would eventually serve as the Attorney General, the ProvincialTreasurer, and finally the Energy Minister in the Alberta Provincial
Government. His tough farm experiences in the Depression-era left him with one dominant impression: people can solve their
own problems; governments can't do it for them. (The Provincial Archives of Alberta photo 75.334/56)



The Dirty Thirties' Legacy

By 1937, the elements had taken their toll. Gorman
enumerates them:

"The winds, the searing heat, the drought, the weeds, the
mosquitoes, the grasshoppers, the grain diseases - smut and
rust, the interminable winters, the blizzards and the sub-zero
temperatures. " Stapleford was more graphic in portraying
the drought-ravaged southern Saskatchewan landscape
(Figure12): "Intheworst drought areas, i ndescri bable scenes
of desolation have taken the place of the golden fields of
ripening grain, extending far away to the horizon, which in
other and better days gave to the prairie the romantic name,
THE GOLDEN WEST".

Usingdatafromthe 1931 census and the 1936 census,
Stapleford calculated that 66,000 people had gone
el sewhere: tothe other provinces, tothe USA. Someweary
and disillusioned homesteaders even returned to Britain.

Thousands of scraggly shelterbelts still dot the
southern Prairie landscape, mute sentinels to the long
abandoned farmsteads. In some remote areas, a
windowl ess house and its compani on, asagging barn, can
still be seen-like ontheformer Storcher homestead (Figure
13) in Special Area#2, southwest of Y oungstown.

Figure 13: The Storcher homestead: once home to a happy family,
it now provides shelter to a family of great horned owls which nest
in the only surviving farmstead tree.

Figure 12: Cadillac (Sask.) farm abandoned because the topsoil had been lost to the
desertification processes in the 1930s. In this region of southwest Saskatchewan,
annual precipitation during the eight year drought averaged a scant 280 mm
compared to the recent 30-yr average of about 350+ mm. (PFRA photo 32227, c. 1937).

3. The Droughts Of the 1980's: 1983-1988

Post Dust-Bowl Era Preparations
Startingin 1935, PFRA assi sted i nthe construction of
thousands of farmwater sources.

Irrigation Districts and local farmers, PFRA was also
instrumental inexpandingthe areasirrigatedinthelrrigation
Districts, from 155,180 hectares in 1935, to 359,950
hectaresin 1979: Topham'6 has documented the history of
these proj ects. Some of the expansion projects, like Rolling



Eastern Irrigation District, were constructed by PFRA
to resettle drought-displaced farmers from
southwestern Saskatchewan.

Beginning in 1937, PFRA undertook to develop

community pastures in the open-plains area where the
soil and climate had been found by experience and
survey to be unsuited for grain farming. The wind-
eroded areas were seeded to drought resistant grasses
and fences erected.
Eventually, 87 community pastures were operational,
encompassing one million hectares of land that was
once blowing, weed infested, abandoned and useless.
These lands now provide summer pasture for 125,000
head of cattle.

While the dust was still swirling in areas of
amost total crop failure, large-scale tree planting
projects were launched by PFRA with seedlings
provided from the Indian Head (Sask.) Shelterbelt
Centre. Initialy, farmers were hired to plant the
seedlings under PFRA's direction. As the shelterbelts
grew, they provided windbreaks to arrest soil erosion,
refuge for wildlife and beauty and shelter for the
farmsteads.

To assist in the rehabilitation of the drought areas
of southwest Saskatchewan, PFRA constructed dozens
of large storage reservoirs and nine separate projects
enabling farmers and ranchers to irrigate in excess of
16,000 hectares. The crown jewel of PFRA's
engineering achievements was the construction of
Gardiner Dam, one of the largest earth dams in the
world. This structure created Lake Diefenbaker,
(Figure 4), a multi-purpose reservoir, which can
supply water to 124,000 hectares' of potentialy
irrigable lands.

PFRA's ongoing Prairie soil conservation efforts
were refocussed and expanded in response to the
Federd Government's Senate Standing Committee's
investigations on soil degradation” in
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1984. The droughts of 1977 and 1980 prompted
PFRA to study and document a series of land
degradation and soil conservation issues in 1982 and
1983. Solutions were sought to soil salinity, soil
erosion, and organic and fertility losses'. As a result
of this study, severa new conservation accords were
negotiated with the Provincial agencies. Eventudly, a
Permanent Cover Program was implemented which
provided financia incentives to farmers to restore
drought-prone margina lands to permanent cover
(Figure 14).

The "Sealthy" Approach of the 1980's Droughts

The onset of the seven-year drought period, 1983 to
1988, caught nearly dl the Prairie agriculturd
authorities napping, despite Dr. Charles Abbot's 1938
warning to Agricultura Canadato expect the return of
a similar prolonged, severe drought period in the
1980s. Fortunately, PFRA and its provincia partners
had made major progress in drought proofing the
agricultural sector within the Paliser Triangle with
rural water pipelines (Figure 15), tank loaders and
community storage reservoirs.

Blissfully unaware of the trap Mother Nature was
about to spring on them, scores of Canadian and
American drought experts and water resource
managers convened August 29-30, 1983, a the
DROUGHT WORKSHOP in Regina.

The Workshop delegates enjoyed warm and dry
"Indian-Summer" westher. During two days of
sessions, only a few minutes were given to drought
prediction. The primary focus of the Workshop was on
the definition of the phenomenon, on monitoring
aspects and on documenting the impacts. Any
discussions relative to drought prediction were stifled
when one expert, referring to the complacency which
develops in times of ample rain, intoned: "Clearly, we
are along way from being able to use climate records
asapredictor of

future drought." The tota reference to
ENSO, and the research by Dr. Jerome
Namias (of Scripps Institute) on Pacific sea
surface temperature, consisted of only two
brief sentences-at a time when dl the
drought-prone areas around the world were
aready in the relentless grip of awesome
droughts (see Figure 16), spawned by the
century's most powerful ENSO event.

!, Figure 14: Drought prone marginal land near Hanna
seeded to grass under PFRA's "Permanent Cover



Figure 15: Two Fiat Avis F040's
and a Caterpillar D-8 combine
their 1210 HP to plow-in a rural
water pipeline across a bone-dry
pasture near Milk River, Alberta
(PFRA photo 615302-2). The water
source for this 90+ farm
distribution systemis a single well
shown pump tested at 250igpm.
(PFRA photo 61415-2).

Figure 16: Worldwide
occurrence of drought, January
1982 to August 1983
(reproduced from Whilhite's
and Glantz is21 Figure 1).

B Oecember)
The impacts of the subsequent drought years, and
government mitigation efforts, are documented in many
reports, including the PFRA Water Sourcing Studies, and
Wheaton's and Arthur's report. These impacts will not be
discussed in this Primer. Most farmers and ranchers
managed to survive financially.

_ o 1963 Droughts
B 1982 - 1583 Droughts i [ Jin iy LR

Starting in 1984, the three levels of government
provided assi stance to truck hay and to construct new water
sources. Severa income "safety-net" programs were also
operational, such as the Guaranteed Revenue Income
Program (GRIP) and the Net Income Stabilization Account
(NISA).
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Northern Great Plains' Drought Driving Forces

The physical festures of Prairie droughts have been
well documented by early Canadian geographers and
climatologists 24 but the fundamental causes of
drought were not identified. Starting with the latter
stages of the 1930s and continuing for severa
decades, some investigators sought a direct drought-
sun connection. It was not until the 1988 Prairie
Drought Workshop, in Saskatoon, that attention
focused on the two tropicd Pecific variables which
are now known to be responsible for droughts around
the globe. These two variables are the EI Nino and the
Southern Oscillation. Although distinctly separate
phenomena, they invarigbly act in concert, denoted
ENSO.

Regardless of their globa location, all droughts
have two common westher factors: warmer than
average regiona temperatures and below average
precipitation. This is wdl illustrated by the 10-year
moving means for temperature and precipitation
(Figure 17) recorded a Estevan, Sask. Although the
contrast is greatest in the 1980's, the two curves
intertwine during the period of record. In the cooler
periods of the late 1920s, the early 1950s and early
1970s, the precipitation had been above average.

During the anomaous drought periods, the
persistence of above average temperatures demands
an enormous source of hesat to fuel the atmosphere. At
the 1963 Climate Change conference in Rome, Dr.
Jerome Namias25, in discussing surfaceatmosphere
interactions as the fundamenta causes of drought,

theorized, "... that some influences externa to the
amosphere must be cdled upon to provide a
"memory" in order to cause the persistence ... ." Dr.

Namias investigations eventualy enabled him to
finger the labile Gulf of Alaska cyclone 26 (commonly
caled the Aleutian Gyre) as the key to large-scde
weather modification elsewhere. He was then able to
demonstrate that the "memory" component was the
anomalously warm ocean temperatures which fuelled
this atmospheric heat engine. A brief description of the
Aleutian Gyre, a derivative of EI Nino, is provided in
alater section.

In his key note address on "Drought Driving
Forces' a the 1988 Prairie Drought Workshop, Dr.
Eugene Rasmusson2' took time to briefly reminisce
about his drought experiences:

"Among the most vivid memories of my early
childhoodin Kansasare the devastating droughts and dust
storms of the 1930's. The most severe of those hot, dry
summers, 1934 and

1936, have become the standard of
comparisonfor all U.S drought and heat

= — Average Annual Temperature

— Annual Precipitation

waves. Yet, surprisingasit may seem, we
have yet to understand why the climate
of North America was so anomalous
during that particular decade. "

He then proceeded to discuss
the drought drivers, beginning with
the tropical ocean-atmosphere
coupling and remote forcing (through
persistent circulation anomdies), and
concluded by mentioning externa
influences, like solar radiation and
volcanic eruptions. Although Dr.
Rasmusson's paper provides the
general framework for this part of the
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1920 1930 1940 1950

Figure 17: Ten-year, moving averages of annual precipitation and

1980

= Primer, additiona relevant and/or

new information is asc highlighted.

temperatures for Estevan, Sask. During warm decades, the precipitation tends

to be less than average: the converse is also true.



It is now well known that there are two primary
terrestrial drought driving forces: El Nino and the
Southern Oscillation, which when acting in tandem, are
denoted ENSO. A series of complex oceanographic and
atmospheric processes form the linkages between the
ENSO phenomenaand destructi ve weather patternsaround
the globe, including Palliser Triangle droughts. The two
linkages which have received the most scientific attention
fromthe Northern Great Plains' drought researchers, are
the Pacific-North American (PNA) low-pressureand high-
pressure patterns, and the sea-surface temperatures
(SST's) in the North Pacific. Researchers' have also
investi gated other tel econnections, (likethe North Atlantic
Pattern, the South American Pressure Index, the Quasi-
Biennial Oscillation, the Baffin Island-West Atlantic
Pattern and Eurasian snow cover), but a discussion of
these parameters is beyond the scope of this Primer.

Figure 18: A violent dust storm pursues a truck along a Kansas
back road, March 21, 1937 (Courtesy USDA, Soil Conservation
Service).

In this Primer, solar radiation is identified as the
extra-terrestrial driver, albeit, it acts somewhat behind the
scenes in contributing to drought. Sunlight provides the
energy to power the immense oceanographic and
climatol ogical machine. It isawell knownfact that the sun
exhibits cyclical features, suchas the sunspot numbers and
the magneticfield reversal s. Furthermore, i tsenergy output,
which spans much of the el ectromagneti c spectrum, is not
aperfect constant. Because many sci entifi ¢ studies of Great
Pains' droughts have examined the influence of the sun,
some of these results are summarized.

THE DOMINANT TERRESTRIAL DRIVERS

El Nino can be considered as the central "memory
bank" in the Palliser Triangle drought process. It is the
gigantic heat sink whichstoresthe solar energy and slowly
releases it to reinforce the sun's energy in powering the
climate system. The vast thermal energy of El Nifio and its
PNA derivatives, contribute to the persistence of drought.

Closely allied to EL Nino is the Southern Oscill ation,
a see-saw of air pressure between the eastern equatorial
Pacific and the Indonesian region. When the surface
atmospheric pressureis abnormally high over oneregion, it
is usually abnormally low over the other.

Thumbnail sketches of the Southern Oscillation, El
Nino and their linkages to the PNA processes, are provided
in the next three subsections.

1. The Southern Oscillation

Meteorol ogists with the India Meteorological Department
were the first to initiate long range drought forecasting.
Their interest was the southwest monsoon. Y.P. Rao'y
provides a comprehensive description of these
investigations, some of which were started by 1880.
Spearheading the early efforts was H.F. Blanford, then
Director General of the India Observatories. Blanford was
prompted to develop seasonal forecasts because of the
disastrous fail ure of the monsoons, particularly in 1876 and
1877. His successor, Sir Gilbert Walker, continued
Blanford'sinvesti gations for the samereasons. He setashis
goal, monsoon prediction. In a recent paper, Khandekar"
presented a synthesis of all the work to date.

The Walker Circulation

key component of the SouthernOscillationis the
"Walker Circulation” (Figure 19) named after Sir Gilbert
Walker, discoverer of this circulation and other
rel ati onships between seasonal climate variations in Asia
and the Pacific zone. These long distance rel ationships are
now desi gnated, "tel econnections”.

Alongthe equator, the sunis either directly overhead
or at a high angle since its northern and southern extreme
declinations do not exceed 23 degrees, 27 minutes. Hence,
the equatorial zonereceivesmuchmore solar energy per unit
area than the temperate zones and is the site of many
dynamic, atmospheric processes. The most important
process is the Walker Circulationwhich
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Figure 19: Walker Circulation along the equator
from Drosdowsky's Fig. 2.2).
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Drosdowsky', i dentifies three main el ements of

the Walker Circulation:

1. air flows west across the tropics
of the Pacific (south-east trade
winds), being warmed and
gathering moisture fromthe
warmed waters of the western
ocean;

2. itisuplifted over the Indonesian
region, dropping the moisture as
rain;

3. thedry air then flows east, at

an altitude of about 12, 000
metres, to sink again over the
normal lv cold waters of the
eastern Pacific.

Sr Gilbert Walker described the
Southern Oscillation as the tendency
of atmospheric pressure a stations in
the Pacific to increase and the
pressure in the region of the Indian
Ocean to decrease. Scientists now
attribute the Southern

Southemn Oscillation Index

1870
1872

Oscillation to the large changesin the Wal ker
circulation which are closgly linked to the pattern
of tropical Pacific sea surface temperatures,

especialy El Nino.

The Southern Oscillation Index

A very readable description of the Southern
Oscillation Index (SOl) was recently compiled by
Tribbia The SOI is a numeric vaue cdculates from
the monthly or seasond fluctuations in the sea level
air pressure difference between Papeete Tahiti and
Darwin, Australia. Records of barometric pressure at
Darwin and Papeete, used to caculate the SOI, date
back to 1869 and 1871 respectively. Drosdowsky's
25-year time series of monthly SOI'sis reproduced in
Figure 20. As expected, rainfal in esstern and
northern Austraia is closdly correlated with high
positive SOP because the easterly Walker
Circulation bring moisture-laden air into this region.
Drought conditions often prevail when the SOI drops
below -5, because the winds are from the west and
predominantly dry. Drosdowsky analyzed rainfall
events during extreme positive and negative SOI
yearsto determine the ared rainfall distribution.
Hefound that if the SOI was below -10 in El Nino
years, 63% of eastern Australiawould experience
below average rainfall (see Table 2). This condition
persisted from 1990 to 1994, causing ruinous
droughts which are graphically illustrated in the

1994 book, Austrdiain Crisis: THE DROUGHT

EERERRREE

Figure 20: Monthly changes in the SOI and their impact Australian rainfall and
drought. When the SOl is positive, tradewinds blow from the east bringing
rainfall to Eastern Austr the opposite occurs when the SOI is negative.
(Reproduced Drosdowsky's Fig. 3.1).

1974



Table 2: Rainfall in Eastern Australia and the SOI

Area of Eastern Austrailia

Average receiving:
YearType Annual SOI
blaverage ab average
rainfall rainfall
EINino* Below -10 63% 6%
La Nina# Above +10 3% 71

*1918, 1940, 1957, 1965,1972, 1976, 1982 & 1986
#1916, 1938, 1950, 1955, 1970, 1973, 1975 & 1988

2. El Nino

Since 1983, the El Nino phenomenon has been the subj ect
of hundreds of press articles, scientific reports and TV
documentaries. Its effects on local weather and ocean
circulation has been known for centuries by Peruvian
fishermen but as noted by Madeleine Nash in a recent
TIME" article:

"Until recently, most weather scientists paid scant
attention to the periodic episodes of warm water that for
countless centuries had appeared off the coast of Peru . ... it
took the disastrous weather of 1982-83 to convince sci enti sts
and policy makers that the tropical Pacific merited closer
watching ".

The International Geophysical Year Studies

The early 20th century work of Sir Gilbert Walker, on
tropical climate fluctuations, appears to have gone
unnoticed, or was soon forgotten, by western scientists.
Knox" documents that it was not until after the 1957-58
International Geophysical Year (IGY) that oceanographers
and atmospheri ¢ scienti sts agai nbeganto link local El Nino
events to global variations in ocean temperatures and
atmospheric circulation. Fortuitously, the IGY coincided
with the strongest El Nino episode since the 1941 ENSO
event.

The Current El Nino Interest

In the latter half of 1997, an unusually warm El Nino
developed in the eastern Pacific. It soon became apparent
that this El Nino was not only the earliest on record, but
possibly one of the largest of this century, exceeding the
historic 1982-83 El Nino. By September 3, 1997, sea
surface temperatures (SST's) aong the eastern equatorial
Pacific and all along the western North American coast
exceeded the long-time average by 3 degree Celsius
(Figure 21).

Figure 21: El Nifio SST anomalies measured Sept 3/97 by orbiting satellites (FNMOC OTIS 4.0: SST-NCEP). The highest sea surface
temperature anomalies exceed 3 degrees and are shown in dark red. Lower temperature anomalies fade downwards to red, orange and
yellow. Cooler than average regions are those colored in shades of blue. The Aleutian Gyre region (adjacent to Canadian west coast
and Southern Alaska) is prominently outlined by the huge, horseshoe-shaped, pool of anomalously warm ocean waters.



The 1997 E1 Nino temperature
extremes have again balanced much of the
world on the knife edge of unprecedented
natural disasters. Consequently, this El
Nino became the focus of much scientific
and media atention, and the topic of
conversation among farmers in loca cafes.
Numerous Internet websites
feature El Nino data and information.
NOAA's Climate Prediction Center site
(http://nic.fb4.noaa.gov::80) provides
information on historic events. The Fleet

Numerical Meteorological and
Oceanography Internet site
(http://lwww.fnoc.navy.mil/) displays the
SST anomaly maps.

Early in 1983, Canadian climatol ogist,
Amir Shabbar, identified El Nino as the
cause of mild winter in western Canada in
1982-83 and provided a concise scientific
description of the phenomenon”.

Shabbar).

Shabbar's description of ElI Nino is quoted
verbatim in the next section as he introduces other
important climate drivers, such as the Southern
Oscillation and solar radiation. Although written by
Shabbar in 1983, the information is still current. Other
published sources, particularly the Australian bulletin
on CLIMATE VARIABILITY AND EL NINO", and
reports by Knox, and by Ramage' provide excellent
descriptions of El Nino.

Physical Features of an El Nino
In describing the anomaous weather of 1982-83
Amir Shabbar recounted:

"Climatologists with Environment Canada and
elsewhere believe that there is a common denominator
explaining these confusing weather events. It is a
phenomenon known as El Nino.- a weak warm coastal
current that develops off Peru and Ecuador around
Christmaseveryyear and that creates a vast body of warm
water inthe Equatorial Pacific Ocean. Peruvianfishermen
gaveit the name of Corrientedel Nino, in English Current
of the [Christ] Child.

During most of the year, the combined action of
southeasterly trade winds and the Earth's rotation
mai ntains the cold Equatorial Current off western South
America (see map). Thiscold current allows nutrient-rich
water to upwell off Peru and Ecuador, thus providing one
of thewor|d'smost productivefisheries. Everyyear, during
the

regularly N.E. Tradewinds
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Figure 22: Ocean and air currents during the 1982-83 El Nino (map adapted from

Christmas season, the warm El Nino Current moves
southward off Ecuador, literally blocking the nutrients
from surfacing. A decrease in the quantity of
phytoplankton available to the marine food chain causes
a reduction in the population of zooplankton, fish, sea
birds and marine animals, but the effect is short lived.

Occasionally however, the EI Nino current is very
intense and prolonged. Sea-surface temperaturesrise 2-3
degrees Celsius above normal in the equatorial eastern
Pacificand may remain very high for aslong as 18 months.
Fishery yields are significantly diminished, and unusually
heavy rainfall in Ecuador and Peru resultsin flooding. In
recent times, the term'El Nino' has come to be identified
with the extreme warming of the surface watersthat occur
at intervalsof~2to 7 years. ...

The 1982-83 El Nino caught most sci entists off

guard. In contrast to earlier El Ninos, the 1982-83
event first manifested itself in the mid-Pacific rather
than off Ecuador and Peru. Also, the strong easterly
trade winds that usually precede El Nino were
absent. Last year's El Chichon eruption
compounded the problem; the Mexican volcano
injected huge clouds of dust and aerosols into the
atmosphere. Consequently, the satellites over the
Pacific were sensing temperatures which were
lower than true values.



By the end of October when warmwater
appeared off western South America, it was clear
that an El Nino of major proportions was occurring,
and, as predicted, weather patterns wer e affected.

Heavy rains caused flooding in Ecuador and
Peru and el evated ocean temperatures resulted in
the loss of a whole generation of anchovies 0ff Peru.
Ahigh pressure area remained stagnant over the
wester n Pacific and caused the driest season on
record in Australia. In contrast, vigorous storms
lashed the west coast ofNorth and South America. "

Defining El Nino Years
With so much radio and TV hype and articles about
El Nino, it is imperative here to interject a word of
caution. Kevin Ternberth", in his lengthy scientific
article, warns;

"... it has been very difficult to define El Nino
or an El Nino event. The term has changed
meaning; some scientists confine the termto the
coastal phenomenon, while others use it to refer to
the basin wide phenomenon, and the public does not
draw any distinction. Thereis considerable
confusion, and past attempts to define EI Nino have
not led to general acceptance. Clearly, the term El
Nino covers a diverse range of phenomena. "

Trenberth quotes the ElI Nino definition
proposed in 1983 by the Scientific Committee for
Ocean Research:

"El Nino is the appearance of anomalously
warmwater along the coast of Ecuador and Peru as
far south as Lima (12S). This means a normalized
sea surface temperature (SST) anomaly exceeding
one standard deviation for at |east four (4)
consecutive months. This normalized SST anomaly
should occur in at least three (3) offive (5) Peruvian
coastal stations. "

20N

El Nino Regions

Oceanographers have divided the equatoria Pecific
Ocean into four distinct Nino regions as shown in
Figure 23. Nino 1+2 extends from the equator to 10
degrees south while the other three regions straddle the
equator by 5 degrees. Sudies by Trenberth and Hoar
have shown that the key region for coupled
atmospheric-ocean interactions in ENSO is in the mid-
Pacific but extends further south of the equator. They
have proposed a Nino 3.5 region bounded by
meridians 120 to 180W and latitudes 5Sto 10S.

Defining El Nino by Threshold Temperatures
Trenberth provides a careful review of the problems
associated with defining a threshold temperature for El
Nino, given the large variance in the annua cycle of
SST's. He cautions that there is an inordinate
preoccupation by many, solely on the northern winter
months of ENSO. The super-strong 1982-83 and
1986-87 ENSO's continued throught the summer
monthsinto the following winter. He outlines a number
of factors which must be considered to attain a
balanced understanding of the ENSO phenomenon. He
notes that tropics are dominated by one phase of
ENSO or the other, with only brief periods of average
conditions. Trenberth found that overall the best match
with historical judgements was achieved for the Nino
3.4 events for a threshold of 0.4 degrees Celsius and
0.5 in Nino 3. His time series plots are reproduced in
Figure 24.
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05| |- == —PoELlse.. Ning 1 4 Trenberth and Hoar have
proposed afifth region, Nino 3.5,
208 bounded by meridians 120 to
120E 140E 160E 180 160W 140W 120W 100W  BOW 180W and latitudes 5S to 1 0S.



NOAA's Internet website provides plots

of historic SST's in the Nino regions since
1978 (Figure 25), but does not identify any
threshold temperatures. Their website displays
the Southern Oscillation Indices from 1896
(Table 4) and a Multivariate ENSO Index
(MEI) from 1950 (Figure 26).

The MEI can be understood asawei ghted
average of the main ENSO features contained
in the following six variables: sea-level
pressure, the eastwest and the north-south
components of the surface wind, SST, surface
air temperature, and total amount of cloudiness.
In order to keep the MEI values comparable,
al numbers are standardized to a 1950-1993

reference period.
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Figure 24: Five month running means of SST anomalies using data from

NOAH. Shaded years indicate ENSO events.

Historic El Ninos
Trenberth's lists of El Nino and La Nifiaevents are
reproduced in Table 3.

Table 3: Trenberth's listing of EI Nino and La Nina events
after 1950 as defined by SST's in the Nino 3.4 region and
exceeding 0.4 degrees Celsius threshold.

Table 3: Trenberth's listing of El Nifno and La
Nina events after 1950 as defined by SST's in
the Nino 3.4 region and exceeding 0.4 degrees
Celsius threshold.

El Nino Events La Nina Events

Begin | End | Duration Begin . End Duration
Augs1 | Feb 52 | 7mo Mar 50 Feb 51 12 mo
Mar 53 | Mov 53 8 mo. Jun 54 Mar 56 22 ma
Apr 57 Jun 58 15 mo May 568 | Mov 56 T mao
Jun 63 | Feb 64 | 9 mo May B84 | Jan G5 9 mo
May 65 | Jun 66 14 mo Jul TO Jan 72 19 mo
Sep 68 _ Mar 70 | 19 ma Jun 73 Jun T4 13 mo.
Apr 72 | Mar 73 12 mo Sep 74 Apr 7B 20 mo
Aug TE Mar 77 B mo Sop B4 Jun B5 10 ma
Jul 77 | Jan 78 7 ma May B8 | Jun8s 14 mo
Oct 79 | Apr 80 7 mo _ Sep 95 Mar 96 7 mo
Apr B2 Jul B3 16 mo.

Auy 86 . Fab &8 19 mo

Mar 31 Jul 92 17 ma

Feb93 | Sep83 | 8mo

Jun 83 Mar 95

10 ma

Table 4: SOl Ranked by Year, 1896-1995
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Date tabulated by NOAA, Climate
(http:www.cdc.noaa.gov/-cas/year.risk.html)

Diagnostic Center

In an exhaustive report, Quinn" et al., document El
Nino events since the time of the Spanish exploration of
South America. Their listing of very strong, strong,



line of South America, the legacy of strong ENSO events
has been heavy rainfall, floods, and the destruction of
bridges, roads, railways, and the agricultural and anchovy
harvest. Some of their results will be featured in severa
|ater parts of this primer as they provide important insight
on the droughts around the time of Captain Palliser's
exploration and also give a scientific hint of conditions
which can be expected to occur during global warming.
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Figure 25: SST plots by NOAH in the four El Nino
regions. El Nino events denoted by anomalously

Table 5: The Quinn-Neal-de Mayolo's List of El Ninos
Occurring During the Last Two Centuries
Moderate(M) Wk/M

Very Strong* Strong

1791 1803-04 1806-07 1854

1828 1814 1812 1887-89

1877-78 1844-45 1817 1918-19

1891 1871 1819 1930-31

1925-26 1884 1821 1951

1982-83 1899-1900 1824

1911-12 1832
1917 1837,1850
1932 1854,1857-58
1940-41 1860,1866-68
1957-58 1874,1880
1972-73 1896-97,1902
1907,1914

1918-19, 1923
1930-31,1939
1943,1965-66

1976-77

*Avery strong El Nino occurred within a century of the year 1100 A.D., causing
catastrophic floods in Peru.

3 Pacific-North American (PNA) Drivers

The 1982-83 ENSO not only caused major

droughts around the world by disrupting the
atmospheric circulation, it also contributed to
numerous historic flood events in other regions. The
drought regions are delineated in Figure 16 but not
the flood-ravaged area. Just like its 1982-83
counterpart, the 1997 ENSO event has already
revisited the 1982-83 drought areas and flood
ravaged river basins. Large areas in the nations of
Peru, Columbia and even Somalia, have been
inundated in flood waters. Western parts of Mexico
have been smashed by several hurricanes. Other
countries, notably, Indonesia, Papua New Guinea
and North Korea have again suffered drought and
hunger. It is now evident that strong ENSO's cause a
repetition of drought and flood events through their
various derivatives. The processis similar to a giant
anal og computer-a comparison alluded to by Hans
J. Liebscher4l of the West German Climate Change
Institute.

| Figure 26: The Multivariate ENSO
i Index (MEI): it quickly toggles from
positive to negative values,
without a long transition period
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ENSO eventsdrive global weather events by a series
of teleconnections. Investigations of the 1982-83 ENSO
event by Namias, and Dickson and Livezey, clearly
demonstrated that the Pacific North- Ameri ca tel econnection
is one of the strongest extra-tropical responses to ENSO in
theworld. Inan earlier paper, Namias (1978) was quick to
acknowl edge that it was highly unlikely that the extreme
1976-77 weather events could be attributed to one causative
factor. He suggested:

"Rather, it appearsthat several factorsoperatedina
synergistic fashion so that nonlinear feedback |oops were
set up in the earth-atmosphere system so as to force
persistent recurrence of abnormalities for months at a
stretch. " One of the factors Namias fingered was the PNA
Pattern.

The Pacific-North American (PNA) Pattern
A comprehensive treatise on "teleconnections’, was

published by Wallace and Gutzler44 in 1981. Ther
investigations have revealed that the most reproducible
tel econnection pattern is the PNA pattern of atmospheric
pressures (Figure 27) dominating four geographic centres:

A) near Hawaii (20N, 160W)

B) North Pacific Ocean (45N, 165 W)

C) Central Alberta (55N, 115W)
D) USA Gulf Coast (30N, 85 W).
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Figure 27: The winter-month, PNA Patterns outlined by cross-
correlation coefficients between 500-mb height anomalies at
Point B (45N, 165W) in the North Pacific with all other gridded
values: based on Figure 16b in Wallace and Gutzler. This
quasi-stationary pattern is typical of El Nino conditions: a large
high pressure system north of Hawaii; low pressures and
cyclonic circulation (counter-clockwise) in the Gulf of Alaska
created by the Aleutian Gyre; high pressure system over
Alberta and low pressure over the southeast USA.

The cross-correl ation coefficients shownin Figure 27
were based on a 15-year record of monthly 500 mb hei ghts
for a5 degreelatitude by 10 degree longitude grid. Monthly
anomaly heights were computed for each grid point by
subtracting the long-term monthly height from the recorded
monthly hei ght. The correl ations are withrespect to Point B
(inthe North Pacific) whichisassigned a coefficient of 1.0.
A very high inverse correlation exits between the North-
Pacific Centre and Point C at Lesser Slave Lake, Alberta.

Additional illustrations of the 4-Pt PNA pattern is
provided in Part 3. The potential application of the 4-Pt
PNA pattern to drought forecastingis explored in Part 5. A
description of pressure-surface hei ghtsi s givenin Appendix
A.

THE BIG "ET" DROUGHT DRIVER

Solar Radiation

A Ithough there i's a constant i nteraction between the ocean
and the atmosphere, nearly all the energy required to power
thesetwo weather makers derives mainly fromsol ar energy.
Some energy isalso provided by vol canic eruptions but the
amount is unknown.

Bandeen and Maran, two organizers of the 1973
Goddard Space Flight Center symposiumon solar activity
and weather, acknowledged that solar activity events and
cycles generated only small changes in the total energy
output of the sun. But they were quick to affix a caveat:

"However, the energy released by solar activity can
beverylargecomparedtothequiet sunemissionincertain
restricted domains of radiation wavelengths or particle
energy, and it issel ectively depositedinrestricted regions
of the terrestrial atmosphere. Thus, the possibility exists
that this energy cantrigger eventsinthoseregionsthat in
turn may influence the more energetic processes of the
troposphere." (See Hanson 46 for detail sof observationsin
the Antarctic).

Variationsin Solar Radiance

A ccurate measurements of the solar radiation received at
the earth's surface commenced in 1883 when six monitoring
sites were established around the world. Most of the
pi oneeringwork was conducted by the Smithsonian I nstitute.
Thiswork is described by Dr. Charles Abbot, a renowned
sci enti st whose professional career spanned 70 years. Inhis
final paper published in 1963, at age 91, Dr. Abbot"
reported on the relationship between



solar variation and weather. His work on solar cycles
led him to correctly conclude that a drought, akin to
the magnitude of the 1929-1937 one, would strike the
Great Plains about 1975: "There is much reason to
expect such a drought beginning about 1975." The
droughts of 1976 and 1977 proved him right!

A 4l-year plot of monthly solar radiation
intensities is presented in Figure 28. During the
period shown, monthly radiation intensities (measured
a the earth's surface) have varied by as much as 20%
from the long-term historic average. Much of the
variation can be attributed to transient volcanic dust
veils created by huge eruptions. How much of the
variation is attributable to solar activity events and
cycles is still difficult to accurately quantify because
the record from satellite observatories is too limited.

The 1883 Krakatoa volcanic eruption
(documented in a specid Smithsonian Ingtitution
centenary volume 41 created a dense dust veil which
persisted for three years. The reduction in solar
radiation cooled the Northern Hemisphere by 0.5
degrees, creating extremely cold winters in the
Northern Great Plains. Charles Marian Russdl's
memorable water colour painting, "Waiting For A
Chinook-The Last of the 5000", provides a
bonechilling picture (Figure 29) of the grim conditions
during the winter of 1886 on a Montana ranch where
he was working as a cowboy.

Since Dr. Abbot's pioneering work, much
scientific effort has been directed to studying the
possible relationships between solar activity and
meteorologicad phenomena. The 1973 Goddard
symposum was dedicated to Dr. Abbot, who
atended, albeit being 101.
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Figure 28: Solar radiation intensities
measured at the earth's surface
1o (data compiled by Kimball's). The
amount of solar radiation reaching
1 @ the earth's surface decreased
markedly after the colossal
eruptions of Krakatoa in 1883, Santa
Maria in 1902 and Mount Katmai
(Novaruptas®) in 1912.

Figure 29: "Waiting for a Chinook -
the last of the 5000" (watercolor,
1886): C.M. Russell's, grim scene of
a pack of coyotes waiting for a
gaunt cow to expire on a Montana
ranch during the bitterly cold winter
of 1886: many exposed herds
perished from mass starvation
(Used with permission from the
Montana Stock Growers
Association, Helena, Montana).



The Goddard symposi um proceedings feature 26
scientific papers on the subject, including drought on
the Great Plains. In the opening invited paper, Dr.
Walter Orr Roberts cited the 1972 Soviet grain deal as
a example of how quickly a drought could impact
world events. TIME magazine, in its August 25, 1975
issue had dubbed it the "Great Grain Robbery". This
lop-sided deal stung the Americans, who could have
been forewarned had their experts been monitoring
Eastern European drought conditions. On a lighter
note, the dea stimulated the imagination of
cartoonists, like Conrad, who adapted the classic
painting, AMERICAN GOTHIC, to create the cartoon,
Russian Gothic (Figure 30). It featured as the farmer,
then President of the Soviet Union, Leonid Brezhnev,
and asthe farm wife, "U.S. Wheat".

Figure 30: Russian Gothic (Conrad, Los Angeles TIMES).

Solar Activity Events and Cycles

At the 1973 Goddard symposium, Dr. Roberts
piqued the interest of the assembled scientists, by
featuring a sunspot-drought relationship (Figure 31)
adapted from the Ph.D. thesis of Marshal". it showed
that al of the mgor droughts came remarkably close
to the solar activity minima that followed the minor
peaks. He dangled an interesting comment: "It will be
interesting to see what happens in this region in the
period 1974 to 1978". We now know: the 1976-77
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Figure 31: Great Plains' drought relation to sunspot numbers
(adapted by Roberts in 1973 from Marshall). Historically,
drought periods have occurred a few years after a solar minima
that followed the minor peak; the droughts of 1976-77
maintained this relationship.

In 1982, the USA Nationa Research Council
published a comprehensive report titled, Solar
Variability, Weather, and Climate. Part of the report
focuses on a possible correlation between centurylong
changes in the level of solar activity and climate. The
Maunder and Sporer minima of reduced sunspot
activity coincided with the Little Ice Age. The latter
was an anomaoudy cold period between about A.D.
1400 and 1750, when European and North American
surface temperatures were about one degree cooler
than a present. Archeologists have speculated that this
cold period led to the demise of the Norseman colony
in Labrador.

The subject of the sun's facial radiant energy
output, has been explored by Eddy et al52., and by
Gilliland", who aso attempted to elucidate the relative
importance of anthropogenic CO02 increase and
depressing effects of volcanic aerosols. The former
study concluded that the total radiative output of sun
only varies by 0.2%, a vaue deemed too small to be
significant in practical weather or climate predictions.

Gilliland's study results (graphicaly displayed in
Figure 32) indicate that the greenhouse gases have
warmed the planet by more than 0.2 degrees. Cyclica
varigtions in solar radiation have modulated the
temperatures from -0.3 to +0.3 degrees from average.
Volcanic dust veils have had a greater range of
temperature modulation. Massive dust veils are
capable of depressing Northern Hemisphere
temperature by 0.5 degrees or more.

Using a temperature prediction model, based on
the external forcing parameters graphed in



Figure 32, Gilliland calculated the Northern Hemi sphere
temperaturesfromyear 1800 to year 2000 (Figure 33). The
model demonstrated that an anomalously warm decade
greeted Palliser's 185759 expedition.

As the world enters the 21st Century, the Gilliland
model predictsasharp increaseinglobal temperaturesdue
to the tandem effects of the 76year solar cycle and to the
greenhouse gases.

MODEL HEMISPHERIC TEMPERATURE VARIATIONS PC)
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Figure 32: Computed hemispheric temperature
variations for C02 forcing, 76, 22 & 12.4 year solar
cycles forcing and volcanic dust veil effects.

Temperature Sunspot cycle

The search for a link between solar variation and
terrestrial temperatures led two researchers at the Danish
Meteorological Institute to demonstrate a surprising
relationship between the two variables. Eigil Friis
Christensen and Knud Lassen showed that the solar radiance
has varied in phase with the 80 to 90-year period
represented by the envel ope of the 11-year sunspot cycle,
and that this variation has caused a significant part of the
changes inthe global temperatures (Figure 34). Inalengthy
commentary on the research, the Editors of SCIENCE
advised:

"Take a good look at the graph ... . It's giving
climatologists goose bumps. The curves show that when
the interval between peaksin sunspot abundance began
shortening at the end of the past century, the Northern
Hemisphere began to warm. When the sunspot cycle
stopped shortening and began lengthening around 1940,
thetemperaturespeaked and began falling. Andwhen the
solar cycle started shortening again in the 1960s,
temperatureturned around too. The close association of
these two curves is the most striking correlation ever
found between climate and small variations in solar
activity - and the strongest suggestion ever of a casual
link. "
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Figure 33: Northern Hemisphere temperatures
modelled by Gilliland. Note the anomalously warm
period coinciding with Palliser's exploration in
18571859.

Figure 34: Smoothed
sunspot cycle lengths and
Northern Hemisphere mean
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Volcanic Dust Veils

The deceivingly wet period, 1911-1916 (Figure 6), which
lured homesteaders into the Dry Belt, owed its exi stence to
the four decade of anomalously cool temperatures from
about 1875 to 1915 due primarily to decreased solar
radiation. The first variation is due to the nadir in the 80
year solar luminosity cyclewhichEddy denotesis called the
"Gleisshberg cycle". The second variation is due to the
reducti oninradiationreachingthe earth's surface because of
the dust veils created by two huge vol canic eruptions: Santa
Maria (Guatemala) in 1902 and Mount Katmai's Novarupta
(Alaska), in June 1912. The early 20th Century cooling may
have triggered other favourable conditions, like countering
the effects of the 1911-1912 El Nino.

The 0.7 degree cooling of the Northern Hemisphere,
following the June 1991 mammoth eruption of Mount
Pinatubo (Figure 35), verifiesGilliland's cal cul ations of the
temperature suppressi onby vol cani ¢ dust veil sgenerated by
extreme eruptions.

Nuclear and Dust-Sorm Veils

Caution is necessary inassigning a cause to the cool period
of 1953-54. Arakawaand Tsutsumi sb, two Japanese climate
experts, have attributed the cooling to the dust veil created
by atmospheric nuclear tests. Hydrogen bomb tests had
commenced in November, 1952 and continued into the
spring of 1954. Since each explosion hurled an enormous
volume of dust into the stratosphere, adust veil was created
resultingintemporary cooling of the Northern Hemi sphere.
Since the 1950's were an unusual period in Prairie
agriculture, the literature on this topic should be compiled
and studied.

The American solar sciertist, |. F. Hand, was of the
opinion that the cooling trend which brought an end to the
Dust Bowl, was in part due to the dust |ofted high into the
atmosphere by the dust storms.

It is now evident that in the last two centuries, that
variationinsolar radiationhasforced Northern Hemi sphere
temperatures to deviate by nearly 0.8 degrees Celcius from
average. This fact has been largely overlooked by al the
recent preoccupati on with greenhouse gas warming.

Figure 35: Recent global temperature departures from average. The 0.7 degree Celsius temperature drop late in 1991 and
early in 1992, was due to the dust veil created by the Mount Pinatubo eruption in the Philippines. This cooling caused late
summer (Aug. 21-23, 1992) snowfalls and killing frosts in many areas of the Prairie grainbelt. Heavy snowfalls blanketted the
southwestern Palliser Triangle, lodging countless wheatfields. (Reproduced from, USA TODAY, Oct. 1, 1994).



Wheat Drought Areas in the Canadian Prairies

THE PRAIRIE GRAINBELT

The graingrowing regions of the Canadian Prairies,
includingthe Palliser Triangl eand the Peace River country,
areoutlinedin Figure 36. Despiteitsnorthernlocation, vast
tracks of fertile lands in the Peace River Country produce

excellent harvests.
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Figure 36: The Prairie grainbelt.
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THE GRAINBELT CLIMATE

Longterm Average Precipitation

Climate is usually described by a series of longterm
averages for precipitation (Figure 37), frost-free days
(Figure 38) and temperature (Figure 39).

Asarule, 30-year averages are used to define various
climatological parameters, such as the longterm annual
preci pitati on. These averages can be misleading asthey fail
to provide a true picture of the vagaries in the Prairie
climate. Nor do these averages accurately reveal just how
vulnerable the Prairie grainbelt farming enterprises are to
past, present and future climate extremes. This subject was
explored by Hares' and others at a 1987 symposium on the
impact of climate variability.

Precipitation During Extended Droughts

Nosingle climatol ogical parameter can adequately quantify
either the severity or the areal extent of droughts. It is the
conjugation of a number of unfavourable weather and
agronomic conditions that create a wheat drought.

Figure 37: Average annual
precipitation, 1961 to 1990.

Figure 37: Average annual
precipitation, 1961 to 1990.
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Figure 38: Frost-free
days.

Indrought years, wheat yields are very sensitive to
low antecedent moisture reserves, bel ow averagerainfall
in the crop growing season, summer heat waves, and hot
dry winds.

Cutforth and Judiesch recently published theresults
(Figure 40) of their analysis of growing season water
deficits(at Swift Current) based onrecorded precipitation
and temperature data. These two researchers were quick
to acknowledge that the

"graph illustrates the year to year variability in
climate and the climate extremes typical of the Brown
soil zone. Drought years immediately followed by wet
years are interspersed between periods of drought and
wet periods”.
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Figure 40: Growing season (May, June, July) water
deficit, at Swift Current, estimated from temperature
and precipitation.



The Swift Current research confirmsthe observations
of various American experts. The USA Homestead Act of
1862 encouraged settlers to move into the Great Plains
regions but few prospered. Rosenbergand Katz discuss the
reasons for failure; the main culprit they said wasthelarge
fluctuationinrainfall betweenwet and dry spells.

To survive and prosper inavariable climate, Prairie
farmers have had to adapt to a number of adverse
conditions. Inmany crop growing seasons, agricultureinthe
northernfringes of thePrairiegrainbel tisvul nerabletol ate
summer frosts, particularly in the Peace River Country.
Droughts are rare but excessive early autumn rainfall can
delay harvest. Early autumn snowfall can cause much
damage by lodging standing wheat crops (Figure 41)
throughout the grainbelt.

Figure 41: Two combines stand idle in a field near Regina
because of an early September snowfall in 1996. These
heavy wet snowfalls can cause severe lodging of standing
wheat crops throughout the Grainbelt (Regina LeaderPost
photo).

The unwel comed September snowfalls are associated
with "Colorado Lows" and appear to berelated to the cold
LaNinaevents. A cursory inspection of results compiled by
Jones and Peterson, on precipitation during the two years
after an El Nino, and the list of extreme La Nina events in
Table 4, suggests that La Nina conditions may be
responsible for the adverse Prairie harvest weather. It's an
observation which merits further i nvestigation.

HISTORIC WHEAT DROUGHT AREAS

Using awater budget approach to estimate wheat yields,
Williams mapped the areal extent of 26 annual wheat
droughts occurring from 1929 to 1980. Six of these
drought areas, plus those of 1984 and 1985, are outlined in
Figure 42.
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Figure 42: Historic Prairie wheat drought areas.



Williams found that the highest frequency of
drought has been in the Dry Belt, followed by adjacent
aress in the Triangle itself. The Peace River country has
also experienced six droughts during the study period. A
third distinctive drought area extends from east-central
Albertainto northcentral Saskatchewan. Sincetheturn of
century, 1988 appears to be the only year when much of
the grain belt experienced severe drought (Figure 43).

Bl Wet Spell (PDI>+2) Bl Drougt (PDI -4 to -6)
[ ] Average (PDI2t0-2)

[ Dry Spell (PDI -2 10 -4)

reproduced from Maybank, et al., 1995).

Bl severe Drought (PDI>6)

Coping With Consecutive-Year Droughts

Modern farming technologies and practices now
enable farmersto cope with single-year droughts. Most
of the light lands in the droughtprone areas are now
either community pasturesor seededto permanent cover.
Yet even with modern technologies, the current
wheatlands are not able to yield sufficient returns to
justify cropping in the second drought year.

During the consecutive-year droughts,
theprecipitation deficit accumul atesand leads
to the depletion of the soil moisture in the
root zone to a depth of a metre or more.
During some extended droughts, the deficit
accumul ated at an annual rate of about 75 mm
(Figure 44).

Throughout the Palliser Triangle, the
impact of theaccumul ated deficit canbringthe
grainbelt to the verge of desertification, a
process which actually occurred inthe 1930's
(see Figure 12 of a farm near Cadillac,
Saskatchewan). Thereis no technology, apart
fromirrigation, which cansustain either cereal
grain or hay production during extended
drought periodsin the Palliser Triangle.
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Figure 43: The 1988 drought areas defined by Palmer Drought Indices (in
inches) which treat drought as a function of accumulated differences
between actual precipitation and the required crop moisture. (Figure

Figure 44 (below): Accumulated precipitation
deficit at Lethbridge during consecutive year

droughts.
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DROUGHT WEATHER PATTERNS

Soring and Summer Droughts

Studies of the Northern Hemisphere
circulation, undertaken in the 1950's by the
USA Wesather Bureau under the direction of
W. H. Klein", served to identify the principa
storm tracks of migratory coldlows which
were responsible for bringing precipitation
into the Great Plainsregion. Klein's map of the
June tracks is reproduced in Figure 45.
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Figure 45: Principal and secondary tracks of migratory low
pressure system for the month of June. The tracks are
respectively: 1) Liard Gap, 2) Trans-Cordilleran, 3) Columbia

River, and 4) Sonoran.

At about the time Klein was conducting
his studies, world renowned meteorologist, Dr.
Irving Krick, noted for his correct weather
forecast for the historic D-Day invasion and for

the cloud seeding experiments during the

Alberta Hail Suppression study, identified 12
dominant, North American weather patterns.

These formed the basis for his long-range

weather forecasts'.

Cognizant of Dr. Krick's work,
Nemanishen and Meers, sought to identify the
principal storm tracks responsible for the
excessive spring and summer ranfals in
Northern Alberta During their research, it

quickly became obvious that extreme floods

invariably coincided with droughts in the Northern Great
Plains. This was quickly verified by comparing the historic
flood levels of Lesser Save Lake levels (Figure 46) with the
USA Northern Great Plains, Palmer Drought Severity Indices
(Figure 47) published by NATIONAL GEOGRAPHIC.

Figure 46: Constructing an elevated log road along the main street of
Sawridge (atown adjacent to Lesser Slave Lake) during the historic flood of
July, 1935). A 30-year plot of annual flood peaks is super-imposed on the
scene (photo courtesy R.W.H. Eben-Ebenau: lake levels from Nemanishen
and Cheng").

Figure 47: Northern Great Plains', Palmer Droughts Severity Indices super-
imposed on a picture of a 1976, droughtravaged Minnesota field (National
Geographic, V.150, #5, p. 598-599).
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Figure 49: Surface and upper air weather maps, and storm track, for the June 14,
1971 storm which drenched Northern Alberta. Two more coldlow storms trekked
along the same route to bring additional heavy rainfall on June 26 and July 3.

PFRA's ongoing drought
studies were boosted when
Nationa Geographic lent support
to these fledgling efforts by
providing dl the original notes and
caculations of the scientists who
had contributed to the Palmer
Drought Severity Indices.

Some of the early
droughtflood relationships were
briefly described by Nemanishen in
a paper prepared for the 3rd
International Hydrology
Symposium.

By the early 1970's, orhiting
satellites provided scientists with a
birds-eye view of the Great Plains
region, from Kansas to Lesser
Slave Lake. In the imagery
reproduced in Figure 48, the "eye"
of the cold-low storm is clearly
shown, plus the trailing cold-front
extending to Montana.

The surface and upper air
circulation, and the daily location
of the centre of the migratory cold-
low, typicaly responsible for the
Northern Alberta floods and the
droughts in the Pdliser Triangle,
are shown in Figure 49. During this
particular storm, the closely spaced
isobars around the "low" resulted in
strong westerly winds in Southern
Alberta and associated dust storms.
Similar meteorological conditions
in the 1930's created the violent,
"Haboob" dust storms® (Figure 18)
due to convective instability aong
the trailing cold front. Soil losses
from summer-falow fields were
phenomenal because the surface
was dust mulched in the mistaken
believe that this would conserve
soil moisture by preventing upward
migration by capillary action.



The Summer Drought of 1988

In the section on Historic Wheat Drought Areas, Ithe
extreme drought of 1988 was highlighted. Trenberth,
Branstator and Arkinexplored at |ength the multipl e causes
of the 1988 drought and concl uded:

" Along the West Coast and in northwestern

United States drought conditions devel oped during
1987 in association with the 1986 to 1987 EI Nino
conditionsin the tropical Pacific Ocean. Record
low rainfalls from April to June 1988, led to rapid
devel opment of the drought in the North Central
United States. Srong anticyclonic conditions and a
northward displaced jet streamin the upper
atmosphere over North America throughout this
period were but a part of a pronounced and
distinctive wavetrain of anomaliesin the
atmospheric circulation that appeared to emanate
fromthetropical Pacific. "

Trenberth's illustration of the April-May-June 1988
wavetrain of anomalies is reproduced in Figure 50. This
wavetrain displays the classic 4-Pt PNA Pattern described
inPart 2 and showninFigure 27. The three authors provide
further insight i nto the persistence of drought: "In general in
summer, once anticyclonic conditions (eg., high pressure
systems) prevail over the United States, other local factors
probably hel p mai ntai ndroughts and produce heat waves. In
particular, land-surface processes i nvol ving the absence of
soil moisture probably have a significant effect. Normally,
heating from the sun is partitioned into evaporation and
sensible heati ng of the surface and the atmosphere. But in
drought conditions, evaporation and plant transpiration are
greatly reduced so that nearly all heating is manifested as
temperature increases. Moreover, the absence of moisture
conspires against widespread precipitation. Heat waves
result and a drought becomes in part, sel f-perpetuating.”
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Figure 50: Classic 4-Pt PNA Pattern based on 300 mb height

anomalies during tl_1e April-May-June 1988 drought
(Trenberth's et a's., Fig. 5).

Fall and Winter Droughts

The physical causes of fall and winter droughts in the
Palliser Triangle are well known because of numerous
i nvesti gati onsinto the causes of anomal ously coldwintersin
Central Canada and the American east coast and the
midwest, particularly the winter of 1976-1977.

The Winter of 1976-1977

Many reports have been published on the
bonechilling 1976-1977 winter in the eastern
American states and in central Canada. In a feature
story, National Geographic, heralded it as"The

Y ear the Weather Went Wild." The lengthy
scientific article contrasted the cold, wet eastern
weather with the drought conditions in the Great
Plains and the western coast. The article became
another corner stone in PFRA's drought
investigations as it focused attention on the
interaction of six critical oceanographic -
atmospheric processes, illustrated in Figures 51 and 52:

Figure 51: Pacific SSTs, November 1976. (Reproduced from
NATIONAL GEOGRAPHIC, vol. 152,

Figure 52: North America weather circulation during January,
1977. (National Geographic, vol. 152, NO. 6).



A El Nino conditions along the coast of Peru;

B: accumulation of warmwater along the western
coast of North America (a derivative of EI Nina);
C: cool Pacific-North American (PNA) ocean
temperatures,

D: formation of a massive |ow-pressure system (the
so called, "Aleutian Gyre') that expanded to fill the
entire North Pacific;

E: northward displacement of the winter high
pressure systemwhich in turn displaced the polar
low-pressure centre southeastward over Canada;
and

F.- quasi-stationary high pressure ridge along the
western coast which caused the jet stream, which
had looped-around the Aleutian Gyre, to deflect into
the High Arctic, become super cold, turn
southeastward and bear-down on Central Canada
and American east coast. " And the disaster was
born. "

Within ayear of the Nationa Geographic

feature story, other scientific articles appeared,

notably, Dr. Jerome Namias, "Multiple Causes of

the North American Abnorma Winter 1976-77. He

concluded:

"The autumn pattern of southerly airflow over

the eastern North Pacific reduced heat losses from
the ocean, induced advection of warmer waters, and
reduced coastal upwelling. Meanwhile, the cold sea
surface temperatures generated in spring and
summer over the central North Pacific persisted.
These cold waters seemto have been generated by
the persistently strong Aleutian low which,
following Bjerknes' hypothesis, was associated with
apersistent EI Nino which began several months
before and lasted through the abnormal winter . ...
The"signals" of the oncoming winter's patterns
were clear by November to permit a reasonably
successful long-range forecast. "

The Aberant Winter Drought of 1961

Attempts at correlating Paliser Triangle droughts
directly with ENSO events are frustrated by certain
severe but aberrant drought years, like 1961. This
particular drought year, ranking with the six worst in
the 20th Century, actualy coincided with the La Nina
phase. This fact has lead some to incorrectly conclude
that it is the cold ENSO phase which causes Palliser
Triangle droughts. In redlity, the 1961 drought was
probably related to the strong, 1957-58 ENSO (Figure
24). Since there are a number of important lessons to
be

learnt from the 1961 drought, a discussion of its
probable causes is deferred to Part 4.

The Winter of 1987-1988
When El Nino conditions developed late in 1986 and
persisted throughout the summer and fall of 1987
(Figure 24), it was evident from Dr. Namias model
that severe drought could be expected in the Palliser
Triangle in 1988. Trenberth et a., have identified
some of the fall precursor signas (Figure 53) to
summer drought in 1988, a number of which had
aready been described by Canby, Namias and others:
A anomalous El Nino SST's along the eastern
equatorial Pacific;
B: large displacement of the mgjor rain
producing convergence zones in the tropics;
C: stronger than averageridge of high pressureinthe
vicinity of the west coast of the USA;
D: lower than average pressurein the North Central
Pacific Oceaninthe Aleutian Gyreaspart of atrain of
waves emanating from the equatorial Pacific Ocean,
referred to as tel econnections.

Figure 53: The 1987-fall precursor signals to drought.

Wagner" commented on a weak but persistent
trough just off the coast of California:

" Even though this trough was weaker than normal,
a noticeably stronger-than-normal subtropical ridge
extending from Baja, California westward to Hawaii
contributed to enhanced 700mb westerlies north of the
trough that fed Pacific moisture, some of it theremainsof
tropical storms,
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into southern California and the lower Great Basin.
Evidence of wind currentssteering the moisture shows
even more strongly at higher levels, where a rather
persistent subtropical jet streamwasin evidence most
of the time between Hawaii and southern California. "

American meteorologist, Gail Martell, stressed
the importance to southern Albertaof the

Figure 54a: ANovember 26,
1997, weather satellite
image captures twin, cold-
low pressure systems over
Northwestern America.
Each system is steered by
a strong jet stream. Coastal
California was deluged by
rainfall while snow fell over
the Sierra Nevada
Mountains. Parts of
Colorado were blanketed by
a metre of snow. Due to the
influence of Aleutian Gyre
(Figure 54b), the northern
system proceeded up the
coast after reaching British
Columbia.

split jet stream in explaining the cause of the dry
1987-88 winter:

"The strong branch is the southern (subtropical)
jet which steers one storm after another into the
Californiacoast. Theweak sister isthenorthern (polar)
jéet stream, which tendsto swing northward throughthe
Gulf of Alaska and northern British Columbia. In
between thetwo stormtracks, thePrairie Provincesare
left high and dry. "

Fall 1997

Fall westher conditions in 1997 have been
reminiscent of 1987. Although it has been
essentially warm and dry in the Pdliser
Triangle, the western coast lines of the USA
and British Columbia have been subjected to
series of high wind storms, torrentia rainfall
and even heavy snowfdls in the interior
mountain ranges of Northern California and
Colorado. As though one huge storm event
was not enough, the November 26, 1997
satellite imagery (Figure 54a) captures twin,
low-pressure systems simultaneously
battering the USA and the Canadian western
coastal regions. Wesather forecasters usualy
nickname the USA storms, "The Pine-Apple
Express* since they are spawned by the warm
ocean waters around Hawaii .

Figure 54b: November 14, 1997, GOES-9 satellite imagery of
Pacific northeast and Western North America. The Aleutian
Gyre is outlined by the counter-clockwise rotating clouds. In
time-lapse photos, the motion of the Gyre is very evident.



SUMMARIZING THE DROUGHT LESSONS
LEARNED FROM EVENTS SINCE 1976

Palliser Triangle Droughts are Linked to ENSO

The scientific evidence presented in this part proves
conclusively that Palliser Triangle droughts are linked
to the eastern-equatorial Pacific ENSO events. The
linkage is through a series of interlocking derivatives
of warm El Nino SST's and the Southern Oscillation.
There are a number of unknowns in this ocean-
amosphere process. In Part 4, some of these will be
addressed.

A Positive. 4-Point PNA Pattern Brings Drought

A few months after the onset of an ENSO, a series of
anomalous circulation patterns are established over
the Pacific-North American (PNA) ocean region and
over the North American continent. The dominant
features of the fal circulation are shown in Figure 55.
This is the positive PNA Pattern, comprising a quasi-
stationary low in the Gulf of Alaska, a blocking high
over northwest and a low over the USA south east.

Wesather expert, Mary Murray advises that this is a
relatively stable and persistent weather pattern.

Figure 55: The Positive PNA Pattern which is the primary cause
of Palliser Triangle droughts, comprises the huge Aleutian Gyre
of low pressure (L), the Alberta high-pressure ridge (H) and the
lowpressure system (L) over the USA southeast. (Reproduced
from Murray).

Portions of the positive 4-Pt PNA Pattern are
shown daily on TV weather reports (Figure 56). Last
fal, the positive PNA Pattern favoured the Prairies
with warm dry weather while eastern Canada and the
American northeast had to contend with snow.

Figure 56: Meteorologist, Michelle Skinner, highlights the jet
stream location, weather systems and temperatures on the first
full autumn day, September 23, 1997-Indian-Summer in the
West but blustery conditions in Central Canada.

Droughts Are Not Random Events

American drought expert, Prof. L.M. Thompson,
was one of the earliest weather researchers to
challenge the assumption that droughts were random
events. The present level of scientific knowledge
tends to support Prof. Thompson's reasoning. We now
know that mgjor droughts are linked to ENSO. Since
ENSO events occur frequently and are now
predictable, they cannot be considered random-nor can
droughts. There is an important lesson to be learnt.
Those who would still cling to the unproven
assumption that droughts are random occurrences
should heed Rudyard Kipling's admonition to another
professiond group who had trouble learning from
frequent painful experiences. Kipling was perceptive
onthis point:

Let us admit it freely as a business people should,
We have had no end of a lesson, it will do us no end
of good.



Lessons from historical El

In this part of the Primer, the role of the North Pacific
Ocean temperatures is examined. The present level of
scientific knowledge of the drought driversis then used to
pan through historic reports for some evidence that the
Northern Great Plains' droughts prior to 1976 wererel ated
to ENSO events.

PACIFIC-NORTH AMERICAN OCEAN SST'S
The two preceding parts attempted to unravel the
complex interplay of EI Nino, the Southern
Oscillation, and the Pacific-North American
weather pattern, in creating Palliser Triangle
droughts. Easily overlooked however, is the rol e of
the Pacific-North American SST's. The ocean
temperatures adjacent to the North-American west
coast (NAWC) appear to be one of the key factorsin
Palliser Triangle droughts. This part of the oceanis
probably the heat sink which powers the Aleutian
Gyre. Namias investigated the links between
periodic climatic variations over North America
and the Aleutian low and its upper-level wind
patterns.

Origin of the Warm Ocean Ad iacent to the NAWC
Recently, there have been a series of hasty attempts to
correlate various Palliser Triangle agronomic and
climatological factors directly with ENSO related
parameters. Some dismal failures have ensued. It is
necessary to use a "derivative" of ENSO. The termimplies
that the parameter derives from the ENSO phenomena.
Khandekar has applied this term to the monsoon predictors
(discovered by Walker) which are directly or indirectly
related to the Southern Oscillation (SO).

Itisnot compl etely clear fromthe published literature
exactly how the anomal ously warmwatersreach California
and further north. A clue might befound in Ramage's article,
El Nino. Figure 57 reproduces an illustration by Ramage
which represents the difference in SST's between August
1972 and August 1979, respectively El Nino and La Nina
years.

Thereisastrong hint in Ramage's map that the warm
waters pool ed adjacert to the Baja Peninsuladerived from
El Nino Region4. Lending credenceto this specul ativeidea
i stheundeni abl e evidence of suchawarm-current traj ectory
in the September 3, 1997, satellite image in Figure 21.
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Nifos and Droughts

Figure 57: Differences in SST's between the August, 1972 EI Nino
and the August, 1979 La Nina; trail of warm SST's outlined by the

arrow (from Ramage).

The oceanographic and atmospheric processes by
which the vast pool of warm El Nino waters, accumul ated
in the Indonesian region of the Western Pacific, reach the
equatorial coast of South America are well known. These
areillustrated in Figure 58.
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Figure 58: Simplified diagramof the atmospheric and oceanographic
currents creating the "derivative" warm pools of water of the USA
and Canadian coast line. (The source of thisillustrationis not
known).

At the onset of the SO, the easterly Trade Winds
weaken. If the ENSOisvery strong, like in 1997, the Trade
Wind reverse (as shown in Figure 58) and blow from the
west. While Trade Winds had been blowing from the east,
warm water had been piled-up inthe Western Pacific and
attai ned ahi gher el evati on thanthe east-coast oceansurface.
Once the easterly winds diminish or reverse, gravitational



forces start to transport the warm pool eastward inaseries
of huge waves, known as Kelvin Waves. Each successive
wave takes one to two morths to traverse the equatorial
Pacific. Their eastward movementisfacilitated if the Trade
Winds reverse and cause the EL Nino waters to pile-up
against the west coast of Central America and Peru.
Gravitational forcesagai n contribute to their northward and
southward dispersal. Strong cyclonic winds, and even
hurricane winds, assist in dragging the warm waters up the
North American coast line, creatingthe "derivatives' pools
of anomal ously warmwater. A portion of these watersflow
extremely slowly, westward, as Rossby Waves, a class of
wavesthat depend ontherotati on of the earth. They traverse
the North Pacific toward the Kuroshio Region east of the
Philippines and Japan, by a process described by
McPhaden. These wavesdefl ect the strong, warmKuroshio
Current northeastward i nto the North Pacific Aleutian Gyre
region, produci ng unusual ly warm seasurface temperatures
across the Pacific from Japan to North America.

The 1961 Drought: An offspring of the 1957-58 ENSO?
Studies by Jacabs, et a., conclude that the complex,
1982-1983 El Nino derivatives-the ocean currents and
Rossby Waves-may have influenced weather patterns over
the North American continent for a decade. The same may

be true of other strong ENSO's.
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The Palliser Triangle drought of 1961 may owe its
originto the 1957-58 EN SO. This severe drought occurred
whenno ENSO conditi ons exi sted but warm SST's persi sted
until 1959 at the Peruvian coastal village of Chimbote.
During the winter of 1960-61, apool of anomal ously-warm
coastal waters extended from the Baja Peninsula to
Vancouver Island. Furthermore, a4-Pt PNA Pattern existed
(Figure 59). The SST's in the Kuroshio region of the
Western Pacific may also have had arole.

The Kuroshio Teleconnection

Relter and Chen have investi gated the Kuroshio Current and
have established a tel econnection between SST's in the
Kuroshio Region and the late-winter temperatures over the
eastern United States. Thistel econnectionmay explainwhy
thereis some evidence that Great Plains' droughts appear to
originate in the south and migrate north as described inthe
next section.

THE CREEPING DROUGHT

PHENOMENON

Although not extensively investigated, Hoffman recently
suggested that the 1930's droughts first began in Texas and
Oklahoma and swept northward. Some preliminary studies
at lowa State University by Dr. Louis Thompson s tend to
support the theory of drought migration. This subject merits
further attention.

Figure 59: (left) The 700-mb height anomalies (in tens
of feet) for the winter of 1961. The positive 4-Pt PNA
Pattern for this winter, which was a precursor to the
severe drought of 1961, is evident. (below) The North-
Pacific SST anomalies for the corresponding period
are shown on the small map below. (Reproduced from
the CALIFORNIA COOPERATIVE OCEANIC FISHERIES
INVESTIGATIONS, ATLAS No. 27, June 1979).




EVIDENCE OF HISTORICAL, ENSO
"DERIVATIVE" DROUGHTS

Captain Palliser's report to the British Parliament, on his
three years of expl oration of western Canada, contains
sufficient evidence to conclude that his sojourn coincided

with an ENSO derivative drought.
The following evidence is congruent with recent

observations:
The ice on Lake Superior did not thaw until mid-June, 1857. Captain
Palliser chartered a steamer to cross rather than following the example
of the Governor of the Hudson Bay Company who resorted to large
canoes-some of which were wrecked by pack ice. He writes":
"Owing to the unusual lateness of 'the season, Lake Superior was
crowded with floating ice, offering great difficulty even to the
steamrer, ... gfter consulting with experienced persons, |
determined to accept the further assistance of the steamer,
"lllinois ", whose captain agreed, for the sumof $300, to take
my canoes on deck, 16 voyageurs, and ourselves across the lake,
and leave us near Isle Royale, about eight hours' paddling
distance from Fort William .- We came on fields office, and the
captain, gfter pushing his way for several miles, fell in with a
schooner that warned himto return and try a course along the
north shore of the lake. We arrived at Fort Williamon the 12th
of June ... we learned that Sir George Simpson had only,
proceeded us by 11 days, having been eight days on the north
shore of Lake Superior where his canoe had been broken on
theice. "

« Mid-winter conditions in central Alberta were so warm and snow
cover so scant, that Palliser and his explorers had great difficulty in
finding enough snow covered ground to dog-sled from Fort
Edmonton to Rocky Mountain House.

« Warm chinook conditions greeted Palliser at his
destination.

«  The following summer, Palliser found that many shallow
Prairie lakes were dry.

Based on the above, and the explorer's graphic
description of Sullivan Lake, Nemani shen and Woodvine
have concluded that Captain Palliser's drought probably
ranks in severity with the 1984-1985 ENSO derivative
droughts.

2. Inthe Dirty 1930's Droughts

Hoyt's Report on the USA Great Plains’ Droughts

The devastati ons caused by the 1930-1934 drought period
inthe USA Great Plains regionare documented by Hoyt. He
cited three primary causes of the droughts: deficient and
unfavourably distributed preci pitati on, excessive heat, and
warm winds. Almost as an after-thought, Hoyt made a
sweepi ng statement that these conditions prevailed

"in all States except those bordering on the Atlantic
seaboard, eastern Gulf of Mexico and northern Pacific
coast." His comments on the USA temperature regime are
equally as important to us now in fingering the exact cause
of the 1930's Great Plains' droughts:

"During 1934, especially in the first 8 months,
unusual temperatures were noticeable in most sections of
the country. The winter in the Northeastern Sates was
much colder than usual, and in February most previous
records as to both severity and duration were broken in
this area as far south as Virginia. On the other hand,
Sates west of the Mississippi had a mild winter. The
spring, in general, waslatein the Northeastern Statesand
early in the Northwestern Sates. "

Hoyt's observations mirror the conditions which
prevailed during 1976 to 1977 drought years, and also
during 1983-1984. Autumn and winter circulation would
have been similar to that shownin Figure 55.

The Palliser Triangle Evidence

Drought was still a poorly understood subject when the
Saskatchewan Drought Commi ssionwas establishedin1931.
Since farmers have always been keen observers of weather,
they were quick to offer ideas to induce moisture-laden
clouds to surrender their rain. Given the mysterious aura
surrounding radio signal transmission and atmospheric
el ectricity inthat era, the Commi ssionwas urged to try these
new mysterious forces. Some farmers advocated the use of
radioactiveradiationto reducethedry air i nsul ationbetween
the overhead, rain-swollen clouds and the parched
farmlands. Some argued for the need to understand the
connection between el ectrostatic conditions of the air and
drought.

Although James Gray, in his monumental work, MEN
AGAINST THE DESERT, deal sat | ength with many aspects
of the 1930'sdroughts, heis strangely silent ontheir origins.
Moose Jaw district farmer, Leslie Ashton, offers several
critical observations:

"The 1928 crop was a bumper onein Western Canada and
the fall wasdry and clear throughout; the last rain (of a
general type) ,fell on July 6, or possibly July 29, and no
appreciable rain of either type was received for several
years, ... onthewriter'sfarmonly one and one-half inches
of snow fell that winter . ... What rain clouds do come
around simply pass over to some place where a sufficient
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supply of moisture remains to trigger the necessary
primary precipitation ... when the rains that were lost to
the Prairieshadto travel clear acrossto the Great Lakes
district, gathering moisture all the way, until they
encountered air damp enough to trigger themoff, and they
then just about drowned out everything there, and
thoroughly ruined the Niagara, fruit cropswith rainsthat
should have been first deposited on the prairie wheat
fields. "

Without even having to embark upon lengthy
climatological search, it is evident that this farmer's keen
observations point an accusing finger at anomal ously warm
sea-surface temperatures as the basic cause of the Dirty
Thirties' drought. Y et the primary cause of these SST's may
not have been exclusively due to ENSO conditions. The
subject needs careful investigation in the author's opinion.
The anomalously high Northern Hemisphere temperatures
(Figure 60) probably sustained the warm SST's in the
Aleutian Gyre responsibl e for deflecting the Pacific cold-
lows across Northern Alberta.

The 1930's were a period of extremely high solar
radiation (Figure 61). During this decade, in nine of ten
years, the solar radiation was above average. This was
likely one of the primary causes of the global warm period
which continued until
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Figure 60: Northern Hemisphere land temperature anomalies,
relative to 1951-1980. (Reproduced from Figure C2(a) in
CLIMATE CHANGE 19928': graph compiled by D.P. Jones).
Even though there is considerable year-to-year fluctuation, the
smoothed curve by D.P. Jones hints at an 1l-year and an
80year temperature cycle-both of which may be linked to solar
activity. The cool period from about 1865 to 1915 and the warm
period, 1916 to 1950 may be tuned to the 80-year Gleissberg
Cycle mentioned on page 22.

1950 (Figure 60). Between 1920 and 1945, major volcanic
activity virtually ceased (Figure 62); consequently, the
atmosphere was very transparent. The repeat of similar
conditions in the late 1980's motivated University of
Chicago Professor, Dr. Paul Handler, in 1989, to hope for
amgjor vol canic eruptionto cool the NorthernHemi sphere.
Dr. Handler, who had two years earlier correctly predicted
the 1988 drought, expressed his views in a speech to the
Chicago Farmers' Club". His 1988 drought prediction had
been made partly on the bases of an exceptionally clear
stratosphere. Dr. Handl er had only towait 17 months. Mount
Pinatubo answered his hopes in June 1991.
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Figure 61: High solar radiation intensities sustained the Dirty
Thirties drought and dust bowl era. Is this the "smoking gun”
evidence linking excessive solar radiation to prolonged
drought? (PFRA photo 25960, c. 1936, of a drought-stricken
farm in the Cadillac district of southwest Saskatchewan).
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Figure 62: Major volcanic eruptions from 1800 to Mount
Pinatubo in 1991 (graph adapted from Simkin's and Fiske's,
Figure 130). The dust veil indices and the volcanic explosivity
indices (shown in brackets) are reproduced from Robock's
and Mao's" Table 1.



Temperature Anomalies ( °C )

PRE-SETTLEMENT DROUGHTS

Prairie Climate From the "Medieval Optimum'to the
Construction of the CPR Railway

Althoughthe 1857-1859 Palli ser expeditionto the Canadian
Prairies undertook some temperatures and precipitation
observations, thefirst long-termclimatol ogical stationwas
not established until 1883 at Winnipeg. Consequently, itis
necessary to rely primarily on proxy data to reconstruct the
climate onthe Prairiesprior to the construction of the CPR
Railway and the Experimental Farms. Muchof thisessenti al
work has been done by several Canadian geographers,
pal eontol ogists and geologists. Using the hard-won field
results of her own research and that of her colleagues,
Alwayne Beaudoin hascompiled the significant features of
the Alberta climate from the time the glaciers retreated to
1883 when the first CPR train, "chugged across the
Prairiesand drew into Calgary. " Three pre-instrumental

climatic intervals are critical to Prairie agriculture:
« the "Medieval Warm Period", ¢.800 to 1150 AD, when
temperatures were warmer than in the 1980's;
o the "Little Ice Age", ¢.1200 to 1750 AD, when
temperatures dropped by one degree, causing even the
Thames River at London to freeze-over in the winter;
and
« the warm, "Palliser Drought Period", ¢.1840 to 1860.
Luckman, Robinsonand Col enutt have reconstructed a
900 year-long temperature record Figure 63) for the

Columbia Icefield area based on tree-ring densitometry.
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The Columbia Ice Fields record reveals that April-
August temperatures in western Canada during the final
decades of the Medieval Warm Period were about 0.7
degrees Celsius warmer than present temperature. For
scores of years during the Little Ice Age temperatures
averaged 0.7 degrees cooler than the mean for 1961-90.

Itislogical to ask, "What was happening within the
Palliser Triangle during the extremely warm Medieval
Optimum? " The results of pal eoclimate investigations by
Vance, Mathewes and Clague at Chappice Lake (50 km
northeast of Medicine Hat) offer the best clue. They
concl udethat desi ccati ngdroughts ravaged the regionduring
the warm Medieval Optimum. Thisis not surprising seeing
that all the droughts tend to coincide with years of above
average temperature. In the preceding parts of this Primer,
the link between warm Northern Hemi sphere temperature
anomalies and Palliser Triangl edroughtswas demonstrated
aswastheconverserelationship. The droughts of the 1930's
and the 1980'swere the direct consequence of the unusually
warm periods. For example, the latter drought period
spawned six of the warmest years on record.

An educated guess suggests that precipitation was
much less during the Medieval Optimum droughts than
duringthe 1930's. An analysis of the 1930-37 precipitation
record reveal s that most areas within the Palliser Triangle
had to annual ly copewith50 mm| ess preci pitati onthan now
(Figure 64).
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Figure 63: 900 Year Record of Western Canadian temperatures: "Medieval Optimum" to the present. (Graph courtesy Prof. Brain H.
Luckman, Department of Geography, The University of Western Ontario).



e

Figure 64: Average annual precipitation within the Palliser Triangle
during the 1930-37 drought period.

EVIDENCE OF " SUPER DROUGHTS'

One of the di squi eting consequences of the 1980's droughts
was the exposure of numerous " graveyards" of tree stumps.
A number of scientific journals have reported on these
discoveries. Several Canadian and American researchers
have concluded that our i nstrumental record is not revealing
the truth about the frequency and the persistence of super
drougtts.

Discoveriesin California

New Scientist and other journals have chronicled the
discoveries made by Professor Stine of California State
University. Stine dated the tree stumps, exposed by
declining lake levels, to a century and a half long drought
between AD 1200 and 1350. This period coincideswiththe
medieval " Climate Opti mum whichisevidentinLuckman's
work at the Columbia Ice Fields. Stine sounded an alarm
about these super droughts because no oneknows how much
climate changeis needed to trigger persi sternt drought in the
USA.

Stine's discovery of the California super droughts is
corroborated by a similar dating of a 12th century super
drought in the Northern Great Plains, of which the Palliser
Triangle is the apex. Nature has published the results of
field investigations conducted by Laird, et a

Tree Sump "Graveyards™ in Saskatchewan
A four metre decline in the level s of White Bear Lake
(Figure 65) near Carlyle, Saskatchewan,

exposed several tree stump "graveyards"
(Figure 66).

These"graveyards' aremuteevidence
of a multi-decade long super drought.
1 Andrew Ashford of PFRA's Shelterbelt
Centre identified the relic trees as
"trembling aspen” (Populus Tremulides
Michx.)

Studies undertaken by PFRA and the
University of Regina suggest that this
drought may have occurred about 200 years
ago. These investigations are documented
by Sauchyn.

The White Bear Lake
occurrence is not an isolated discovery.
Stine reports that emergent aspen stumps
were discovered at Basin Lake, 120 km
northeast of Saskatoon, which he carbon
dated as being about 200 years ol d.

Based on dendroclimatic reconstruction of annual
preci pitation on the Western Prairies, Caseand MacDonald
conclude that the 1917-1922 was not the most severe
drought periodinthePalliser Triangle. They found evidence
of a decade-long super drought commencing about 1790.
Their finding is supported by Sauchyn's and Porter's
dendrochrol ogy dating of a super drought in the Cypress
Hills during the same time span. This then was the likely
period whenthe trembling aspens grew at White Bear Lake
and Basin Lake.
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Figure 65: Plot of White Bear Lake levels, 1910 to 1992. In 1988,
when the lake level receded four metres to el. 730 m, tree-stump
graveyards were exposed (see Figure 66).



Figure 66: White Bear Lake tree stump graveyard exposed by a 4m decline
in water levels between 1976 and 1990. If Mount Pinatubo had not erupted
and caused global cooling, and increased precipitation in the Palliser
Triangle, young aspens may have already sprouted among these emergent
stumps.

DROUGHTSAND GLOBAL WARMING
Environment Canada's recently released report,
Responding to Global Climate Change in the
Prairies, presents estimates of global warming for
a doubled C02 atmosphere. Seasonal-Prairie
temperatures are predicted to increase by an average
of two degrees Celsius. Thiswould resultin
temperatures higher than the Medieval Optimum
and consequently, mgjor dislocations to Palliser
Triangle agriculture. A likely scenario would be a
repeat of the Dry Belt disaster. University of
Calgary professor, David C. Jones, intwo separate
books, EMPIRE OF DUST and WE'LL ALL BE

storms of the 1930's had abated, thousands of farms
had been abandoned. Authors Gorman (ref. 11) and
Gray (ref. 13) have carefully documented the
supreme efforts required by the farmers and the
three levels of governments to rescue the southern
Prairie agricultural sector fromtotal disaster.
Pioneer poet, Mildred Mellen, poignantly
recalls the times in a poem published in THE
PRAIRIE CRUCIBLE, a history of the small towns
which dotted the treeless, shortgrass landscape in
the Dry Belt area of southeastern Alberta. Some
towns still exist, like Jenner-the site of the Prairie
Dust Motel-and Iddesleigh, with it streets named
after American Presidents. But most towns have
succumbed to drought and depression, likeMajestic,
with its scenic location and Tide Lake,
imagi natively named after a shallow slough that is
notoriously dry every drought year. Mildred Mellen
described the cooperative spirit of the pioneersin
helping their neighbours to salvage their meagre
possessions and start life anew (Figure 67):

Each gave a hand to his neighbour, a
link in an unending chain

and together- pressed fbrward to triumph
over drought, and heartbreak and pain.

BURIED DOWN HERE chronicles the agonies and Figure 67: Neighbours lend real and mechanical horsepower to
the hardships of the early dryland homesteadersin help a fellow farmer to move his house from drought-stricken

southern Alberta during two prolonged droughts:
1917-1922 and 1929-1937. By the time the dust

Iddesleigh, Alberta. (Photo courtesy Ab Grover and Tom
Osadczuk).



Predicting Palliser Triangle Droughts

Westher forecasting has aways been the butt of
many jokes. A few cartoonists have even

invoked some barnyard humour; but if the present
level  of scientific knowledge of drought
forecasting, isjudicialy exploited, success can be
achieved.

. ?,{
= W, M
“Let's all Enmmﬂmwmhtﬂm
it's going to rain.”

(Courtesy of the Canadian Cattlemen
Magazine; cartoon by Clair
Anderson).

THE PROMONTORY DROUGHT SIGNS

As documented in the preceding part, many of the
promontory signs of drought have long been known by
Palliser Triangle farmers.

Despite its alure, a warm dry fal has usualy
been a harbinger of drought. Invariably, these benign
conditions would continue into early winter, much to
the relief of farmers and ranchers wintering their herds
outdoors. Frequent chinooks would sublimate much
of the meagre snow pack, permitting winter range
grazing. Figure 68, taken near Craigmyle (Alberta)
December 10, 1987, shows the bamy early winter
conditions, however, these were the precursors that
heral ded the exceptiona ly severe 1988 drought.

Many experienced ranchers dubbed these
conditions, "Winter Drought". Typically, soon &fter
New Year's day, warm dry spring-like westher would
arrive weeks before the vernal equinox. During these
extremely mild winters, it would not be unusud for
some Southern-Alberta

climatological station to record the warmest daytime
temperature and be accorded the distinction of being
"Canada's hot-spot”. Ironically, Milk River, Alberta
earned this award on February 24, 1988 (with a record
high temperature of 21 degrees Celcius) while loca
farmers and ranchers met in an old country school
house with PFRA and Provincia officials to discuss
the need for groundwater exploration and rura water
pipelines (see Figure 15).

Tempernture Anomalies from November 1 to Decemboer 21,1087
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Figure 68: above) Balmy, December 10, 1987, farmyard scene
near Craigmyle, Alberta; below) regional autumn, daily
maximum, temperature anomalies at Calgary.

Armed with a basic knowledge of the foregoing
precursors, any dert drought forecaster could have
been in a position to develop long-range drought
forecasts decades ago. One such case is high lighted
inthe next section.



SOUTH SASKATCHEWAN RIVER RUNOFF
FORECASTS

During the period 1971 to 1975, the Prairie Provinces
Water Board (PPWB) studies on Streamflow Forecasting
were conducted. One study resulted in the devel opment of
an unique, long range water supply forecasting procedure.
It featured an improved regression equation forecast, of
South Saskatchewan River spring and summer runoff, using
aderivativeof the North Pacific Oceantemperatures. It was
named, "The Integrating Loss Basin" (ILB) forecasting
method. It is described indetail ina PPWB report'*°.

The ILB forecasting method, based on a multiple
regression eguation, uses as one of the independent
variables, the normalized spring snowmelt runoff from
small gauged watersheds within the Palliser Triangle of
Southern Alberta. A simple, graphical illustration of the
method is provided in Figure 69. The curve shows the
functional relationship between the forecast residual (of
convertional, three variable, regression forecasting
equations) and the spring runoff of the ILB basins.
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Figure 69: Curve relating 3-variable regression forecast residuals
to the ILB spring snowmelt runoff.

The ILB forecasting method derives its accuracy from
being able to quantify the effects of all the early drought
warning signalsrel atingto low antecedent moi sture and the
persi stence of low preci pitation. Theseeffectsare primarily
attributabl eto apositive 4-Pt PNA Patternwhi ch causesthe
Prairie droughts. Conversely, if the pattern is negative,
more preci pitation and more runoff occurs.

RELEVANT INVESTIGATIONS

Linking SST's To Prairie Precipitation

The relationship between the North Pacific
SST's was subsequently investigated by
Nemanishenand Meers for the Lesser Slave
Lake regionin Central Alberta. They found that
the net inflow into the lake was inversely rel ated
to the North-Pacific SST's (Figure 70).
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Figure 70: Graphical relationship between Lesser Slave Lake net
inflow and Pacific-North American SST's. (PNA pattern Point. 3 is
at Lesser Slave Lake).

These studies were extended to establish the correlation
between the lake inflow and ElI Nino conditions. At Dr.
Jerome Namias' recommendation, separate correlations
were conducted betweenthe warmEl Nino and thecold La
Ninaoceantemperatures measured at Puerto Chicama, Peru.
Theresultsof the E1 Nino correl ations, showninFigure 71,
demonstrate that:

A high inverse correlation (r= up to 0.8) exists between anomalously

high autumn (September to December SSRs)

El Nino temperatures and spring snowmelt runoff. The physical
explanation is simple-the late autumn and winter jet stream shunts the
snowstorm across Northern Alberta;

« 2. A high positive correlation (r= 0.6) exists between the
autumn anomalous El Nino temperatures and rainfall
runoff the spring and summer months of the following year. Earlier
in this Primer it was shown how the jet
stream tends to deflect spring and summer rain storms into
Northern Alberta during EI Nino years.
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Figure 71: Correlations coefficients between Puerto Chicama SST's
and runoff into Lesser Slave Lake. The antecedent, August to
December, SST's correlate well with the April-May snowmelt runoff.
May to August, summer runoff is related to the October to January
SST's. Both correlations suggest that there may be about a six
month lag in the teleconnection.



RECENT STUDIESWHICH HAVE CREATED THE
ESSENTIAL KNOWLEDGE BASE

In the last decade, many investigators have contributed to
the present wealth of information on the ENSO
teleconnections to climate extremes around the globe. A
number of researchers, like Keplinger and Mjelde”®’, have
assessed the drought related impacts on cereal crop
production; however, the studieswhich are relevant to this
Primer are the ENSO connections to the weather of the
Northern Great Plains. The following sections summarize
several pertinent studies.

The Role of North-Pacific SST Gradients

A conclusive teleconnection was recently established
between North Pacific SST's and growing season extended
dry spells onthe Canadian Prairies by Bonsai, Chakravarti
and Lawford. Figure 72 is reproduced from their paper. It
illustratesthat the dry spells are created by a positive SST
anomaly gradient (lower SST anomaliesinthe east-central
North Pacific and higher anomalies al ong the west coast of
North America). They concl uded that thel onger the positive
anomaly gradient persists, the greater the probability of a
maj or extended dry spell. A persistent nine-month anomaly
guarantees adry spell. Dr. Bonsai hypothesi zesthat thereis
afeedback mechani sm between the Aleutian Gyre and the
gradient regions. Theauthorscauti oned that further research
was needed to identify the precise physical processes and
recommended that it include analysis of the upper long-
wave patterns, thei nvesti gati on of the possibl e rol e of snow
cover, solar variability and ENSO. They advised that the
wet spells be included.
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Figure 72: Typical SST anomaly pattern in the North Pacific
Ocean and the typical 500 hPa anomaly pattern over the
Canadian Prairies during drought.

The Connection Between North-Pacific
Atmospheric Circulation and Sreamflow

Cayan and Peterson were perhaps the two earliest
researchers to correl ate the runoff of western USA streams
and the sea-level pressures over the North Pacific. Their
study area extended Wallace's and Gutzler's PNA region
(PtsA, B and CinFigures27 and 72) to include the Central -
North Pacific (CNP). The latter is the ocean region
straddling the long chain of Aleutian Islands.

Not surprisingly, Cayanand Peterson found that one of
the streams best tuned to the atmospheric circulation inthe
North Pacific (as defined by either the PNA index or the
CNP index) was the Clark Fork at St. Regis, Montana.
Based on the three dominant winter atmospheric flow
patterns (a, b, and ¢ reproduced in Figure 73), they

concluded:

» a) when the CNP low is weak, storms tend to be
carried inland by strong-zonal jet stream flow;

* b) when the CNP low is well developed (see
Figure 52), storms tend to be carried toward
northern BC, leaving northwestern USA dry;
and

» () in strong ENSO years, the American
southwest receives heavy precipitation because
of the combined moisture brought by the split-
polar jet stream and the subtropical jet stream
(see Figure 54).

Strong Central North ()
Pacific Low (PNA)

\3

Hawaii 5
A @R, Subtropical jet

Figure 73: Cayan's and Peterson's schematic of winter
atmospheric flow and associated streamflow anomalies during
weak Central North Pacific lows, strong Central North Pacific
lows, and during the winters of a "mature” phase of El Nino.
(PNApoints A, B and C are plotted).



Thewinter sea-level pressure patternresponsiblefor
the cold, heavy-snowfall Prairie winter of 1968-69 is
shownin Figure 74(a) whil e the pattern associ ated withthe
mild 1976-77 winter isshownin (b). Pattern(b) represents
the late fall and early winter, 1997, Pacific weather
circulationresponsi bl efor thesevere stormswhi ch battered
the southwestern USA.
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Figure 74: North-Pacific winter (Dec-Feb) sea-level
pressures: a) 1968-69, b) 1976-77. (Note: 1000 mb is
subtracted from the sea-level pressures. Low pressure
areas are stippled-high pressure areas are stripped).

Canadian ENSO Related I nvestigations

Maybank et al ., and Wittrock provide conci se overviews of
the forces which are precursors to drought inthe Canadian
Prairies. Since then, additional research has been
compl eted on this subject.

An exhaustive search has recently been conducted by
Shabbar, Bonsal and Khandekar to establish the ENSO
related preci pitationresponsesover Canada. Usingmonthly
precipitation records from 69 Canadian sites, they first
cal cul ated three month movi ng means and then standar di zed
these means by subtracting the average seasonal val ues and
dividing the difference by the standard deviation. Maps
were then plotted using the composite of standardized
preci pitati on. Theresul tsshow adisti nct pattern of negative
preci pitation anomalies occurringinthe Prairies duringthe
firstwinter foll owing the onset of El Nino (Figure 75a) The
preci pitation anomalies are positive for La Nina

events (Figure 75b). They expressed this conclusion:

"All of~the significant precipitation anomalies can
be explained by the associated upper atmospheric flow
patterns which during the first winter following

Figure 75a: Composite of standardized precipitation anomalies
for January-to-March season following the onset of an El Nino
during the preceding fall.

Figure 76a: JFM (+1) composite 500 hPa anomalies (in
metres) associated with El Nino. Negative contours are
dashed. Arrows show the split-jet streams.



the of El Nino ... events, resemble the positive ... phase of
the Pacific-North American (PNA) pattern. Results
I ndi cate a buil d-up of negative Southern Oscill ation I ndex
(SOI) valuesprior tothe observed precipitationanomalies
during the winter following the onset of EI Nino events.
This suggests the possibilities of developing a long-
range,forecasting technique for Canadian precipitation
based on the occurrence and evolution of the various
phases of ENSO. "

They al so note that after the onset of LaNina, the PNA
pattern becomes negative and the SOI positive.

Their maps of the 500 hPa anomali es and thej etstream
for the EI Nino and La Nina phases are reproduced in
Figures 76a and 76b respectively. These three experts
recommend that further analysis be done to determine the
impact of EIl Nino and La Nina on the inter-annua
variability in Canadian preci pitation and they advocate that
individual ENSO events be studied withrespect tointensity,
duration and spacial extert.

Figure 76b: Same as (a) but for La Nina years. (Figures 75 and 76
reproduced from Shabbar, Bonsal and Khandekar).

Summer Temperature Forecasts

Asshownby the Estevantemperature and preci pitation
curves (Figure 17), thesetwo variablestend to beinversely
related in the Palliser Triangle. Hence, Garnett, Khandekar
and Babb "** have focused their current i nvesti gations onthe
utility of using ENSO and the Pacific North America(PNA)
indices for forecasting summer weather over the crop
growingregionof the Prairie. Their resultsdemonstrate that
these predictors can be utilized to

2 Legend: O = Observed F = Fitted P = Predicted

Mean Summer Temperature (°C)

Year

Figure 77: Comparison of observed (0), fitted (F) and predicted (P)
summer temperature over the Prairie crop growing regions.
Forecasts based on ENSO and PNA indices. (Reproduced from
Garnett, Khandekar and Babb).

foreshadow the summer temperature (Figure 77) withalead
time of two to seven mornths.

Garnett, Khandekar and Babb have reinforced their
analyses by empirical procedures which yield profiles of
accumul ated monthly tel econnecti on indices for the hottest
and coldest, or driest and wettest summer months over the
Canadian Prairies (Figure 78). They conclude that it is
possible to develop a skillful forecast of summer weather
over the Prairies with alead time of two to four months.
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Figure 78: Composite of accumulated PNA Indices for the four
hottest (1988, 1970, 1989, 1987) and for coldest (1993, 1992, 1969,
1985) June-July periods on the Canadian Prairies.

THE FORECASTING TECHNOLOGY

There are currently three basic drought forecasting
technol ogi es: anal og procedures, correl ati on equati ons, and
computer models. The merits of each technology is briefly
described next.

Analo$ Forecasts
Anal ogforecasti ng proceduresare among the ol dest, having
beenused by BenjaminFranklinand shortly thereafter
refined by the editors of THE OLD FARMER'S
ALMANAC. Analog procedures



formed the basi s of weather forecasts since about 1930. In
the hands of experienced forecasters, this technol ogy ranks
with the best.

Analog forecasts are based on categorizing historic
weather events into distinct and recognizable patterns.
Because the ocean atmosphere represents a huge analog
computer, weather patterns tend to repeat. Earlier inthis
Primer, reference was made to the work of the renowned
American meteorologist, Dr.Irving Krick, and the West
German expert, Dr. H.J. Liebscher, two of the world's
| eading experts onanal og forecasti ng. In Canada, the anal og
procedures are still extensively used. A classic example of
an analog forecast is Environment Canadas current
prediction of atypical winter temperature response to El
Nino (Figure 79).

Correlation-Equation Forecasts

Multi pl eregress ontechnol ogy has beenused sincethe
1950'stoforecast seasonal streamflow runoff. Historic data
is used to derive a three or four variable, mathematical
forecasting equation. Forecasts can be quickly computed
and their accuracy is directly linked to the accuracy of the
input data.

More recently, the regression technology has been
greatly improved by the development of the Canonical
Correlation Analysis (CCA) described by Shabbar and
Barnston. CCA analysis has the ability to mathematically
capture the pattern-to

pattern rel ationship betweenlarge-scal e predictors and the
predictand. The authors report that by using the CCA
technol ogy, seasonal forecasts of surface temperatures and
preci pitati on have been achieved for |ead times of upto one
year.

Although avery powerful technology, CCA does not
fully explain the nonlinear relationships which are
encountered in weather related phenomena.

Computer-Forecasting Models

The Neural-Networks Computer Technology

In Canada, seasonal climate predictions are madefor the
country by the Canadian Institute For Climate Studies
(CICS) located onthe campus of the University of Victoria,
at Victoria, B.C. A "Neural-Network" Model is used to
makethe predi ctions. This computer model utilizes SST and
SOl datato predict seasonal preci pitati on and temperatures.

The power and advantages of neural-network
technology is summarized in arecent CICS bulletin:

"The ability of neural networks to recognize and
reproduce complex patterns from large data sets make
them ideal tools for application to the ENSO-climate
anomaly problem. They can simulate the linear and non-
linear relationships between physical events (eg.,
war ming/cooling of tropical
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Figure 79: Typical winter response to El Nirio. (Reproduced from The Canadian El Nirio Bulletin by Amir Shabbar and David Phillips of

AES).



surface water) and a downstream response (e.g., air
temperature anomalies over Western Canada) in
situations where specific details of the underlying
relationship are not well understood. For these reasons,
CICS has chosen neural networks to simulate seasonal
climateconditionsfor Western Canada using ENSO asthe
sour ce of the seasonal climate signal. "

CICScurrently prepares seasonal climateforecastson
amonthly basi sfor itsmembers, including PFRA. The CICS
forecast of 1997 winter precipitationis shownin Figure 80.
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Figure 80: Winter 1997 precipitation forecast (data courtesy of the
Canadian Institute of Climate Studies).

CURRENT DROUGHT FORECASTING
INITIATIVESIN OTHER COUNTRIES

In Australia

The Australian's long-range drought forecasting initiative
was nearly operational by the time they hosted the
International Conference on drought forecasting in
Melbourne in 1991. ENSO based forecasts are now
regularly prepared and published. The Australians provide
avery readabl e account of their i niti ati vesinthe Department
of Primary Industry publication, WILL IT RAIN? The
Effects of the Southern Oscillation and E1 Nillo on
Australia.

InIndia
i ndia pioneered monsoon forecasts shortly after the turn of
the century using various ENSO

derivative variables. A comprehensive description of the
forecasting proceduresis provided inthe publication, THE
SOUTHWEST MONSOON, and in Dr. Khandekar's paper
(Reference 74) on the Indian Monsoon and World Grain
Yields.

Inthe U.S.A.

Various American government agencies, like the Weather
Bureau and NOAA, prepare various long-range forecasts.
These can be consulted on the Internet.

A number of weather consulting firms, like Weather
Trades Inc., and AccuWeather Inc., provide specialized
forecasts to subscribers. Some commodity brokers retain
meteorologists to assist their clients in judging weather
impacts on commodities.

Inlsrael

The recent Israeli break-through in long-range drought
forecasting is described in the NEW SCIENTIST report,
"Pacific Upheavals Relieve Israel's Drought". Forecasters
in the Weizmann Institute at Rehovot found that winter
rainfall risessharplyinthe hillsof Israel during yearswhen
El Nino causes drought in Australia and storms in South
American deserts (NS, p. 13, 6 July 1996). The Bible
contai ns accounts of heavy rainfall and rainfall periodicity
that were likely linked to El Nino. The recently discovered
teleconnection with El Nino might explain the rainstorm
which occurred in the wheat harvest (1 Samuel 12:16-18)
when it is traditionally dry. Elijah observed towering
cunulous clouds over the Mediterranean which were
precursors to a downpour which broke a severe drought (1
Kings 18:41-45). Thereis aso the well known seven-year
cycleof bountiful harvests. Thelatter was probably aresult
of the quasi periodic seven-year El Nino cycle.

THE CHALLENGE TO PRAIRIE DROUGHT
RESEARCHERS
o0 embark on an initiative to develop Palliser Triange
drought forecasts will entail risking failure. Yet the
President of Princeton University, Harold T. Shapiro, inhis
commencement address to the 1990 graduating class,
counselled them to take informed risks. His words of
wisdomto themwere:

"The willingness to risk failure is an essential
component of most successful initiatives. "



Summary, Conclusions and Recommendation

Part 1 of this Primer briefly dealt withthe precarious nature
of farming in the lowest rainfall area of the Palliser
Triangle, the Dry Belt. As a consequence of a seven-year
drought, 1917 to 1923, grain farming essentially ceased in
the southernsector. Thedroughts of the 1930's greatly added
to the area of abandoned farms. The droughts of the 1980's
demonstrated that dryland farming in all of the Palliser
Triangle was still at the mercy of prolonged droughts.

Part 2 explored the role of the ENSO phenomena in
contributing to drought. Evidence was presented which
demonstrated that the Southern Oscill ationand El Nino, and
their derivatives, are the primary drivers of drought around
theworld. The Aleutian Gyre, aderivative of ENSO, figures
prominently in Palliser Triangle droughts. Wind currents
and ocean currents convey warm tropical waters into the
Gulf of Alaska during the ENSO months to create an
enormous source of energy which sustains a huge low
pressure system in the Gulf, but the details of the
conveyance systemare not yet full y deci phered. For months,
this becomes one of the four dominant atmospheric
circulation features, which collectively are denoted the
positive 4-point Pacific-North American (PNA) pattern.
Since all the weather rel ated processes derive their energy
from the solar radiation which reaches the earth's surface,
factors which effect this critical variable were identified.
Recent studies have established a link between solar
activity and weather but further research is needed to
explain the processes. Preci se measurements show that the
sun'sluminosity varies cyclically. A complicating factor in
these studiesarethetransient dust veil screated primarily by
mammoth volcanic eruptions. Radiation measurements
reveal that the dust veils can screen-out up to 25% of the
solar energy.

Part 3 identified the salient features of the Prairie-
grain belt climate, including the areal extent of historic
drought years. The most severe drought inthe last 50 years
occurred in 1988. Its origin was the positive 4-Pt PNA
pattern which became established the preceding autumn.
This pattern was a derivative of the 1987 ENSO.

Part 4 collated historic evidence to demonstrate that
not only was the drought observed

by CaptainPalliser, but al so those of the 1930's werelinked
to ENSO. During the latter drought period, a clear
atmosphere allowed higher than average solar radiation to
reach the earth's surface and sustain the weather factors
conducive to perpetuating drought. Evidence was also
presented of earlier and much more severe droughts but
their exact cause(s) are still conjectural.

Part 5 presented some of theforecasti ngi nvesti gati ons
and studies currently underway to i mprove and advance our
understandingin this area. It showed that Canada lags only
slightly behind Australia, India, Israel and the USA in
drought forecasti ng technol ogy. However, we now havein
hand most of the prerequisite scientific knowledge.

CONCLUSIONS

1. Based onrumerous scientificinvestigationsrel ating
to Prairie droughts, the ENSO phenomena, solar radiation,
and the Pacific-North American weather patterns it is
evident that:

a) The Prairies continue to be vulnerable to
droughts; b) Droughts areriot random events,

¢) The origin of Prairie droughts are the weather
systems spawned by Pacific-North American SST'sand
air- pressuresarid sustained by the4-Pt PNAPattern;
d) The drought causing weather patternsare

now recogni zable and can be used to predict
drought.

2. The ENSO phenomena is now well known. At
intervals of 3 to 7 years, sea-level pressures reverse
between Tahiti and Darwin (Australia), the easterly
tradewinds weakenor reverse, and within months, the warm
waters accumulated in the Indonesian region, spread
eastward to Central and South America. The strength and
duration of ENSO is very variable, perhaps as a
consequence of factorsrel ated to the radiant energy fuelling
the process. This energy isrelated to cyclical variationsin
the sun's lumi nosity and atmospheric screening by volcanic
dust veils. ENSO acts through a series of derivative
phenomena, such as the Aleutian Gyre, in contributing to
Prairie droughts. As global warming increases, the
frequency of droughts and their durationswill also increase.



3. It has now been conclusively demonstrated that
ENSO droughts tend to occur simultaneously in drought-
prone regions around the world. The weather patterns are
known to establish broadbased cause-and-effect
rel ationships to generate timely drought forecasts.

4. Withthe advent of geostati onary weather satellites,
the Aleutian Gyre can be observed daily. Since it is
essential ly ahuge heat engi ne powered by the warm El Nino
waters, it lendsitself readily to temperature measurements
needed as input to drought forecasting equations.
Furthermore, itseffectsonthe atrmospheri ¢ pressure patterns
is known and its rel ationship to the split-polar jet streamis
well documented. Thesefactors canimprove the predictive
equations.

5. Long-range drought forecasts for the Canadian
Prairies are now within easy reach but it will take the
combined and coordinated efforts of various investigators
and their respective agencies. The following
recommendations are therefore offered in the spirit of
scientific advancements.

RECOMMENDATIONS

1. No Canadianagency, beit government or university,
has a clear mandate to conduct Palliser Triangle drought
research. Theextremely strong, 1997 El Nino, hasobviously
prompted a series of
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uncoordinated studies. Since PFRA has always had a
Prairiewide mandate to deal with drought, and has
partnered with its provincial counterparts on relevant
initiatives, PFRA should offer its services in convening a
drought-forecasti ng strategy meeting. Theinvitationsshould
extend to University and government drought i nvesti gators,
to officials of the Canadian Institute of Cli mate Studies, and
to the members of the Long-Range Weather and Crop
Forecasti ng\Work Group. Thisconvocati onwoul d be tasked
with identifying knowledge gaps in the drought-driver
processes, and in formulating a strategy, workplan and
budget to attai ning operational drought forecasts.

2. The ongoing i niti ative of Garnett, Khandekar and
Babb to forecast Palliser Triangle summer temperatures
should continue to be encouraged and supported.

3. Scientistsat the Canadian Climate Centre should be
consulted to determine if any of the current Global
Circulation Model s can be adapted to predict the domi nant
features of the Aleutian Gyre.

4. Further proxy-data research shoul d be conducted to
quarttify the severity of the 18thcentury super drought and of
the medi eval -opti mum drought.
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factual knowledge.
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|

v



Reference and Notes

1. Gilson, Clay, and Hill, Dr. Harry M. "Some 'dust bow!' lessons have been forgotten." The Western Producer. February 25, 1988,
p. A33.

2. McBean, Dr. Gordon. "Status of the "Global Warming Hypothesis". Paper delivered to the World Meteorological Congress,
Geneva. June 16, 1995. p. 19.

3. Gribbin, John, and H.H. Lamb. "Climate Changein Historical Times." Climate Change. Ed. by John Gribbin. (Cambridge, England:
Cambridge University Press, 1978). p.68.

4. Jones, David C. Welll al be buried down here: the Prairie Dryland disaster, 1917-1926. (Calgary: Historical Society of Alberta,
1986) pp. XXX, XXXi.

5. Villimow, JR. "The Nature and Origin of the Canadian Dry Belt." Weather & Climate. J.G. Nelson, M.J. Chambers and R.E.
Chambers, eds. 1970, pp. 51-74.

6. Roth, Grace, ed. Prairie Crucible. (Prairie Sod History Book Society, Friesen Press, Altona, Manitoba, 1991).

7. Cdligiuri, Erminio, PFRA - 60 Y ears of Achievement. (1995). pp. 1-5.

8. A Marshall gas tractor (35-70 HP) of the same vintage as the two shown in Figure 5, is on display at the Western Development
Museum in Saskatoon, Saskatchewan. The Museum Tractor was manufactured by the Marshall & Sons Company
(Gainsboro, England) in 1911.

9. lbid. pp. 27.

10. Russell, Ben. "Southern Alberta Drought Area, East of Range 13 and Bounded by the Red Deer River and the South
Saskatchewan Rivers'. (Department of the Interior, Irrigation Branch, Reclamation Service, December 1924). 106 pp.

11. Gorman, Jack. A Land Reclaimed: The Story of Alberta's Special Areas. (Hanna, Alberta: Gorman & Gorman Ltd., 1988). 188
pp.

12. Ashton, Leslie W., On Guard Against Drought. (Unpublished memoirs, 1976). p. 75.

13. Gray, James, H. Men Against the Desert. (Saskatoon, Saskatchewan: Western Producer Prairie Books, 1978). pp. 2-3.

14. Stapleford, E. W. Report on Rural Relief Due to Drought Conditions and Crop Failure in Western Canada. (Ottawa, Ontario,
King's Printer, Agriculture Canada, 1939). p. 27.

15. Ibid. p. 94
16. Topham, H. History of Irrigation in Western Canada. (Regina, Saskatchewan: Agriculture Canada, PFRA, 1980). 90 pp.




17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

SOUTH SASKATCHEWAN RIVER REPORT. (Ottawa, Ontario: King's Printer. Prepared by the Royal
Commission on the South Saskatchewan River Project, 1952). 423 pp.

Soil At Risk. (Ottawa, Ontario: Queen's Printer. A report on Soil Conservation by the Standing Committee on
Agriculture, Fisheries, and Forestry, to the House of Commons, 1984). 215 pp.

Land Degradation and Soil Conservation Issues on the Prairies. (Regina, Saskatchewan: PFRA, Agriculture
Canada, 1983). 326 pp.

Whilhite, Donald A., and Glantz, Michael H. "Understanding the Drought Phenomenon: The Role of Definitions'.
Water International, Vol. 10, 1985, pp. 111-120.

Alberta Sourcing Water Study, Aberta Region, PFRA, 1985.
Manitoba Sourcing Water Study, Manitoba Region, PFRA, 1985
Saskatchewan Water Sourcing Study, Saskatchewan Region, 1986

Wheaton, E.E., and Arthur, L.M. Some Environmental and Economic Impacts of the 1988 Drought. (Saskatoon,
Saskatchewan: SRC Publication No. E-2330-4-E-89, Dec. 1989). 362 pp.

Nelson, J.G., Chambers, M.J., and Chambers, R.E., eds. WEATHER & CLIMATE. (Process and Method in
Canadian Geography, Methuen Publications, 1970).

An Applied Climatology of Drought in the Prairies Provinces. (AES Drought Study Group, Canadian Climate
Centre Report No, 86-4, 1986). 197 pp.

Namias, Dr. Jerome, 1963; "Surface-Atmosphere Interactions as Fundamental Causes of Drought and Other

Climatic Fluctuations'. Changes of Climate. (Proceedings of Rome Symposium by UNESCO and WMO, 1963). pp. 345-

359.

Namias, Dr. Jerome. "The Labile Gulf of Alaska Cyclone - Key to Large-Scale Weather Modification Elsewhere".
(Proceedings of the International Conference on Cloud Physics, Toronto, 1968). pp. 735-743.

Rasmusson, Dr. Eugene M. "Drought Driving Forces: A Meteorological Point of View". (Proceedings of the
Prairie Drought Workshop: D.J. Baur, ed., 1968). pp. 19-44

Shabbar, Amir, Higuchi, Kaz, Skinner, Walter and Knox, John L., "The Association Between the BWA Index and

Winter Surface Temperature Variability Over Eastern Canada and West Greenland". International Journal of Climatoloev.

Vol. 17, 1997, pp. 1195-1210.

Rao, Dr. Y.P. SOUTHWEST MONSOON. (New Delhi, India: Meteorological Monograph Synoptic Meteorology
No. 1/1976, India Meteorological Department, June 1976). 367 pp.
Khandekar, Dr.Madhav L. "El Nino/Southern Oscillation, Indian Monsoon and World Grain Yields - A
Synthesis®. Advances in Natural and Technological Hazard Research. (Kluwer Publishers, 1996). pp. 79-95.
Drosdowsky, Wasyl. "The Southern Oscillation”. WILL IT RAIN? The Effects of the Southern Oscillation and El

Nino on Australia. (lan J. Partridge, ed. Dept of Primary Industry,, Queensland, Information Series Q194015, 2nd edition,

1994) 56 pp.



32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Tribbia, Joseph. "What the Southern Oscillation Is: An Atmospheric Perspective." Usable Science 11: The Potential Use and
Misuse of El Nino Information in North America. (31 October-3 November 1994, Workshop Report: Michael H. Glantz,
organizer. National Center of Atmospheric Research, Boulder, Colorado). Pp.17-20.

Martin, Ray. Audtralia in Crises. THE DROUGHT. (Corella Publishing, Victoria, Australia, 1994). 86pp.

. Nash, Madeleine, J. "Is it El Nino of the Century?' TIME, August 18, 1997, pp. 32-34.

Knox, Pamela Naber. "El Nino" EARTH, September 1992, pp. 31-37.

Shabbar, Amir. "El Nino: The Child With Many Faces'. Climate Perspectives. (Downview, Ontario, Environment Canada, May
13, 1983) pp. 6-7.

CLIMATE VARIABILITY AND EL NINO. (Bureau of Meteorology, Australia Department of the Environment, Sport and
Territories, 1994).4 pp.

Ramage, Colin, S. "El Nino". Scientific American, Vol. 254, 1986, pp. 76-83.

Trenberth, Kevin E. "The Definition of El Nino". (National Center for Atmospheric Research, Boulder, Colorado. Paper is dated
May 30, 1997 and was submitted to Bulletin American Meteorological Society).

Quinn, William H., Neal, Victor T. Preliminary Report on El Nino Occurrences Over the Past Four and a Half Centuries. (College
of Oceanography, Oregon State University and Banco Central de la Reserva del Peru (Reference 86-16) Dec. 1986). 36

pp.

Liebscher, H.J. "Palechydrologic Studies Using Proxy Dataand Observations'. The Influence of Climate and Climate Variability
on the Hydrological Regime and Water Resources. (Proceedings of the Vancouver, BC., Symposium, August 1987: IAHS
Publ. No. 168, 1987).

Namias, Jerome. "New Evidencefor Relationships Between North Pacific Atmospheric Circulation and El Nino". Tropical Ocean-
Atmosphere Newdletter, March 1985, p. 2-3.

Dickson, R.R., and Livezey, R.E. "On the Contribution of Major Warming Episodes in the Tropical East Pacific to a Useful
Prognostic Relationship based on the Southern Oscillation”. Journal of Climate and Applied Meteorology, Vol. 23, 1984,
pp. 194-200.

. Wallace, John M., and Gutzler, David S. "Teleconnections in the Geopotential Height Field During the Northern Hemisphere

Winter". Monthly Weather Review, Vol. 109, 1981, pp. 784-812

Bandeen, William R., and Maran, Stephen P., editors: POSSIBLE RELATIONSHIPS BETWEEN SOLAR ACTIVITY AND
METEOROL OGICAL PHENOMENA. (National Aeronautics and Space Administration, Washington, D.C., 1975). 263

pp.

Hanson, Kirby J. "Explosive Warming in the Antarctic Stratosphere”, IGY Bulletin. Transactions of the American Geophysical




geomagnetic disturbance lasting 9-10 hours was observed and ionosphere records indicated arise in radiowave absorption,
followed one hour later by a sharp drop in F-2 critical frequency (the frequency above which radio waves completely
penetrate the F-2 layer). At 1700 UT on the 22nd, very low critical frequencies, about 4.5 megacycles per second, were
observed in the F-2 region; critical frequencies did not reach the normal eight-megacycle level until 1700 UT on the 25th.

The onset of warming at the 10-millibar level was nearly concurrent with the beginning of the geomagnetic and ionosphere
disturbances . ... It is interesting to note that warming of nearly equal magnitude to that over the South Pole region swept
over alarge portion of Antarctica within a 24-hour period beginning on October 22nd . ... Plots showing the time of
occurrence of maximum temperature at 50 millibars over a number of Antarctica stations also suggest this pattern of
change."

As the zenith of the Gleissberg, 80-year solar cycle approaches, it is anticipated that spectacular displays of the aurora
borealis will become common. A recent report on the Brownfield (Ab.) weather by Bud Bargholz, in THE REVIEW,
(Coronation, Ab., Tuesday, December, 2, 1997) described a recent auroral display: "Did anyone see the Northern Lights
on the night of November 22? |'ve seen alot of these lights over the years, but nothing to compare to that night and they
were bright for hours!”

47. Abbot, Dr. Charles Greely. Solar Variation and Weather. (Smithsonian Miscellaneous Collection, Vol. 146, No. 3, October 18,
1963). 72 pp.

48. Simkin, Tom, and Fiske, Richard S. KRAKATAU,1883: The Volcanic Eruption and its Effects. (Washington, DC., Smithsonian
Ingtitution Press, 1983). 464 pp.

49. Kimball, H.H. "Variation in Solar Radiation I ntensities M easured at the Surface of the Earth”, Monthly Weather Review, No. 52,
1924, pp. 527-529.

50. Gruening, Ernest. "The Lonely Wonders of Katmai." NATIONAL GEOGRAPHIC, Vol. 123, No. 6, pp. 800-831.

51. Roberts, Walter Orr. "Relationship Between Solar Activity and Climate Change" in Possible Relationships Between Solar Activity
and Meteorological Phenomena, (NASA, Washington, D.C., 1975), pp. 13-24

52. Eddy, John A., Gilliland, Ronald L, and Hoyt, Douglas V. "Changes in the Solar Constant and Climatic Effects’. Nature, Vol.
300, No. 5894, Dec. 1982, pp. 698-693.

53. Gilliland, Ronald L. "Solar, Volcanic, and CO2 Forcing of Recent Climatic Changes'. Climate Change, 4(1982), pp. 111-131.

54. Friis-Christensen, Eigil, and Lassen, Knud. "Length of the Solar Cycle: An Indicator of Solar Activity Closely Associated With
Climate". SCIENCE, Vol. 254, 1 November 1991, pp. 652-653 and 698-699.

55. Eddy, John A. "A Historical Record of Solar Activity". Proceeding of the Conference on the Ancient Sun, 1980, pp.119-134.

56. Arakawa, H., and Tsutsumi, K. "A Decrease in the Normal Incidence Radiation Values for 1953 and 1954 and its Possible
Cause". Geophysical Magazine ,(Tokyo), Vol. 27, 1956, pp. 205-208. The world's leading authority on dust veils, H.H.
Lamb, supported Arakawa and T sutsumi's observation. Lamb labelled 1954 as one of, "...the wretchedest summers in
Britain." (See p.494, "Volcanic Dust in the Atmosphere: with a chronology and assessment of its meteorological
significance.” Philosophical Transactions of the Royal Society of London, Series A, Vol. 266, 1970, pp. 423-533).

57. Hare, Kenneth F., "Vulnerability to Climate". Proceeding of Symposium. The Impact of Climate Variability on the Canadian
Prairies. (Published by the Alberta Climate Advisory Committee, Alberta Environment, 1987).




58.

59.

60.

61.

Cutforth, Herb, and Judiesch, Doug. Research Newdletter. (Swift Current Sask., Semiarid Prairie Agricultural Research Centre,
Agriculture and Agri-Food Canada, 1997).

Rosenberg, Dr. Norman J., and Katz, Laura A. "Climate Variability and Great Plains Agriculture”. Proceeding of Symposium
Impacts of Climate Change and Variability on the Great Plains. (Department of Geography Publication Series, Occasional
Paper No. 12, 1991). pp. 55-64.

Jones, Ken and Peterson, Byron. "El Nino's Effect on the Prairies’. Proceeding of the Long-Range Weather and Crop
Forecasting-Work Group. (Meeting #1: April 22-23, 1993; edited by Ray Garnett and Dr. Madhev Khandekar).

Williams, C.D.V Agricultural Drouzht. (Environment Canada, Canadian Climate Centre, 1983).

62. Klein, W.H. Principal Tracksand Mean Frequencies of Cyclones and Anticyclones in the Northern Hemisphere. (Research Paper

63.

65.

66.

67.

No. 40, United States Weather Bureau, 1957). 60 pp.

Krick Irving P. "Long-Range Weather Forecasting as a Water Supply Tool". Journal American Water Works, Vol. 51, No. 11,
Nov. 1959, pp. 1366 - 1377.

. Nemanishen, W. Meers, S.L. Lesser Slave Lake Flood Study. (Calgary, Alberta, Environment Canada, 1980). 150 pp.

Matthews, Samuel W. "What's Happening to Our Climate?' NATIONAL GEOGRAPHIC, Vol. 150, No. 5, November 1976,
pp. 576-621.

Nemanishen, W., and Cheng, T. Lesser Slave L ake Water L evels 1914-1977, (Calgary, Alberta, Environment Canada). 101 pp.

Nemanishen, W. "Relationship of Northern Alberta Floods to United States High Plains Droughts’. Paper prepared for the 3rd
International Hydrology Symposium, June 27-29, University of Colorado, 10 pp.

68. "Haboob" is aterm derived from the Arabic word for violent wind. Strong cold-low weather systemswhich trek through Northern

Alberta are fed by flows of moist air from the Gulf of Mexico. These flows often generate long, squall lines, with haboobs
fanning out below and ahead of each cell in the line. For a description, see Sherwood B. 1dso's article, "Dust Storms' in
Scientific American, Oct. 1976, pp. 108-114.

69. Trenberth, Kevin E., Branstator, Grant W., and Arkin, Phillip A. "Origins of the 1988 North American Drought”. Science, Vol.

70.

71.

242, December 23, 1988, pp.1640-1644.

Canby, Thomas Y. "The Y ear the Weather Went Wild". National Geographic, VVol. 152, No. 6, Dec. 1977, pp. 799829

Namias, Jerome. "Multiple Causes of the North American Abnormal Winter 1976-77". Monthly Weather Review, VVol. 106, No.
3, March 1978. pp. 279-295.

72. Wagner, A., James. "Northern Hemisphere Seasonal Circulation Patterns: The Weather of 1987". WEATHER WISE, Vol. 41,

73.

No. 1, pp. 20-24.
Martell, Gail. " World Weather Situation": paper presented to the March 15-16, 1988-Calgary conference, Accent 88 - Taking
Stock. 19 pp.



74. Murray, Madeline. "Defeating Chaos'. DISCOVER, July, 1991, pp. 18-20.

75. Thompson, Louis M. "The Cyclical Weather Patternsin the Middle L atitudes". Journal of Soil and Water Conservation, March-
April, 1973, Val. 20, No. 2, pp. 87-89.

76. Namias, Jerome. "Negative Ocean-Air Feedback Systems Over the North Pacificinthe Transition from Warm to Cold Seasons."
Monthly Weather Review, Vol. 104, September 1976, pp. 1107-1121.

77. Khandekar, Dr. Madhev L. "El Nino/Southern Oscillation, Indian Monsoon and the World Grain Yields'. Advances in Natural
and T echnological Hazards Research, (No. 7, Kluwer Academic Publisher, 1966) pp. 79-95.

78. McPhaden, Michael J. "The Eleven Year El Nino".NATURE. Vol. 370, 4 August, 1994, pp. 326-327.

79. Jacobs, G.A., Hulburt, H.E., Kindle, J.C., Metgzer, E.J., Mitchell, J.L., Teague, W.J., and Wallcraft, A.J. "Decadescale Trans-
Pacific Propagation and Warming Effects of an El Nino". NATURE, Vol. 370, 1994. pp. 360363.

80. Namias, Jerome."Some Statistical and Synoptic Characteristics Associated With E1 Nino". Journal of Oceanography, Val. 6,
March 1976, pp. 130-138.

81. Reiter, E.R., and Chen, L. "Sea Surface Temperature Anomalies in the Kuroshio Region and Temperature Anomalies over North
America'. Meteorological Atmospheric Physics, Vol. 35, 1-9 (1986).

82. Hoffman, George. "The Arid Years'. LEGION MAGAZINE, March/April, 1997, pp. 40-42.

83. Thompson, Louis H. "Cyclical Weather Patternsin the Middle Latitudes’. Journal of Soil and Water Conservation, March-April,
1973, Vol. 28, No. 2, pp. 87-89.

84. Palliser, Captain John. Papers Relative to the Exploration of that Portion of British North America. (Report presented June 1859
to both Houses of Parliment by Command of Her Majesty). Report reprinted by Greenwood Press, Publishers, New Y ork).
pp. 5.

85. Nemanishen, W., and Woodvine, R. "Fitting Captain Palliser's PiecesInto T he Big Climate Change Jig Saw Puzzle". (Agriculture
Canada, PFRA: Paper given at the November, 1992 meeting of the Palliser Triangle Project, Regina).

86. Hoyt, John, C. Droughts of 1930-34. (USA Department of Interior, Water-Supply Paper 680, 1936). 106 pp.

87. Houghton, J.T., Callander, B.A., and Varney, SK., eds. CLIMATE CHANGE 1992: The Supplementary Report to the IPCC
Scientific Assessment. (Cambridge, England: Cambridge University Press, 1992).

88. Handler, Dr. Paul, "Drought Likely Next Year: What the farmers really need is a volcanic explosion”. The Western Producer,




90. Beaudoin, Alwayne, B. "What They Saw: T he Climate and Environmental Context for EuroCanadian Settlement in Alberta”. In
Alberta Before Alberta, Michael Payne, ed. (Edmonton, Alberta: Archaeological Survey, Provincial Museum of Alberta,
February, 1997).

91. Luckman, B.H., Robinson, B.J., and Colenutt, M.E. Field Investigations in the Canadain Rockies in 1996. (London, Ontario:
Department of Geography, University of Western Ontario. Report to Parks Canada, May 1997). 27 pp.

92. Vance, R.E., Mathewes, R. W., and Clague, J.J. "7000 Y ear Record of Lake-L evel Change ontheNorthern Great Plains: A High-
Resolution Proxy of Past Climate". GEOLOGY, Vol. 20, 1992, pp. 879-882.

93. Stine, Scott. "Extreme and persistent drought in California and Patagonia during medieval time", NATURE, Vol. 369, 16 June
1994, pp. 546-549.

94. Laird, K.S., Fritz, K. Maasch, and Cumming, B. "Prairies not always breadbasket", NATURE, Vol. 384, pp. 552554.

95. Sauchyn, Dr. D.J. White Bear Lake Relic Tree Stump Project. (Regina Saskatchewan, University of Regina, Department of
Geography. Final Report to PFRA, March, 1995). 4 pp.

96. Stine, Scott. Personal communication, November 14, 1994.

97. Case, Roslyn A., and MacDonald, Glen M. "A Dendroclimatic Reconstruction of Annual Precipitation on the Western Canadian
Prairies Since A.D. 1505 from Pinus flexilis James'. QUATERNARY RESEARCH, Vol. 44, 1995, pp. 267-275.

98. Sauchyn, Dr. D. J., and Porter, S.C. Pre-Settlement Precipitation Variability in Southeastern Alberta and Southwestern
Saskatchewan. (Regina Saskatchewan, University of Regina, Department of Geography. Final Report to the PFRA, April,
1992). 37 pp.

99. Herrington, R., Johnson, B., and Hunter, F. Responding to Global Climate Change in the Prairies. (Environment Canada, 1997).
235 pp.

100. STREAMFL OW FORECAST ING: South Saskatchewan River Below Red Deer River. (Calgary, Alberta: Environment Canada
report to the PPWB Committee on Hydrology, March 1974). 250 pp.

101. Keplinger, Keith, and Mjelde, James, W. "The Influence of the Southern Oscillation on Sorghum Yields in Selected Regions
of the World". (College Station, Texas, Texas A&M University, Agricultural Experiment Station. Project H-6507 funded
by the National Science Foundation Grant (NOAA), 1997). 19 pp.

102. Bonsal, Br., Chakravarti, A.K., and Lawford, R.G. "Teleconnections Between North-Pacific SST Anomalies and Growing
Season Extended Dry Spells on the Canadian Prairies”, |nternational Journal of Climatology, Vol. 13, 1993, pp. 865-878.

103. Cayan, Daniel R., and Peterson, David H. "The Influence of North Pacific Circulation on Streamflow in the West".
Geoophvs~nram 55, published in 1989 by the American Geophysical Union, pp. 375-397.
104. Maybank , J., Bonsal,B., Jones, K., Lawford, R., O'Brien, E.G., Ripley,E.A. and Wheaton, E. "Drought asaNatural Disaster".




105. Wittrock, Virginia S., "The Influence of Synoptic-Scale Forcing on Soil Moisture Over the Eastern Canadian Prairies’. MSc
Thesis, Department of Geography, University of Saskatchewan, 1996.

106. Shabbar, Amir, Bonsal, Dr. Barry R., Khandekar, Madhav., "Canadian Precipitation Patterns Associated with the Southern
Oscillation™. Journal of Climatology, 1997, 22pp.

107. Garnett, Ray, E., Khandekar, Madhav, L., and Babb, Jeff C. "On the Utility of ENSO and PNA Indices for LonglLead
Forecasting of Summer Weather over the Crop Growing Regions of the Canadian Prairies’. Manuscript prepared for
publication, 1997,

108. Shabbar, Amir, and Barnston, Anthony G. " Skill of Seasonal Climate Forecastsin Canadausing Canonical Correlation Analysis',
Monthly Weather Review, Vol. 124, No. 10, Oct. 1996, pp. 2370-2385.

109. The Climate Network, Vol. 2, No. 1, Winter 1997, published by the Canadian Institute for Climate Studies.




Appendix A: Atmospheric Pressures

1. The Way Atmospheric Pressure is Measured and the Units ofMeasurement

A mercury barometer

Thefirst barometer was made by the Italianphysicist, EvangelistaTorricelli, in1643from
along glasstube seal ed at one end. Filling the tube with mercury and turningit up withthe
openend inabowl of mercury, he found that although the column of mercury intube fell
(A), it tended to remain at a height of about 29 inches. Torricelli correctly reasoned that
the weight (B) of the mercury column (h) in the tube was being balanced by the
atmospheric pressure (C) on the surface of the mercury in the bowl.

In 1648 the French scientist Blaise Pascal found that the mercury column in a
barometer dropped slowly as it was carried up a mountai n. Another barometer at the foot
of the mountain showed the same reading all day. This was because the atmospheric
pressure fall s the higher the barometer is above sealevel. At height of 30 km, the mercury
columnisonly about 7 mm, which in meteorol ogical terms would be denoted 7 millibars
(7 mb).

Many years ago, the unit of standard atmospheric pressure became the atmosphere,

which at sealevel can be expressed by the foll owing rel ationship:
1 atmosphere (atm) = 76 cm mercury = 29.92 inches of mercury

Most househol d aneroid barometersaregraduated in"inches" . At sealevel locations,
intense | ow-pressure systems (associ ated with storms) can cause the barometric pressure
to drop from the standard 29.92 inches of mercury to about 28 inches. During dry, air-
weather days, the barometric pressure rises to about 31 inches of mercury

Until the adoption of the SI system of measurements in Canada about 15 years ago,
atmospheric pressure was expressed in the unit of millibars (mb), named after bar-type
mercury barometer. The unit represent 1/1000 the col umn hei ght of the mercury. Whenthe
Sl measurement systemrepl aced the Imperial measurement system, the "millibar" unit of
atmospheric-pressure desi gnationwas repl aced by the Pascal (Pa) unitwiththefollowing
relationship and S prefixes:

1000 mb - 1000 hPa (1000 hecto-Pascals) = 100 kPa (100 kil o-Pascals)



2. Pressure Surfacesin the Atmosphere

With the devel opment of radiosonde technology in the 1930's, meteorol ogists began monitoring the temperature,
humidity and pressure of the atmosphere at regular times during the day. The name of this device is based on. the
French word sonde, the term for a sounding line to measure water depths. Radiosondes which are tracked by radar
to measure upper-air wind speeds and direction, are called rawindsondes. Radiosondes are carried aloft by large
balloons and transmit their data by radio to aweather station.

Based on the data radioed to earth by 1000's of radiosondes rel eased daily around the world, meteorol ogists
compileweather mapsfor certainleve sintheatmosphere, usually at thefollowing pressure surfaces: @ 700 mb, 500
mb, 300mb, 200 mb, 150 mb, 100 mb and maybe 50 mb if the radiosonde balloon has not burst. Meteorol ogist
prepareweather mapsfor certain pressure-surface level swhich show temperatures, rel ativehumidity, wind speed and
wind directions. A three dimensional map can aso be drawn for any given surface.

An artist's sketch of the 500 mb surface over the Gulf of Alaska and western Canada on November 14, 1997,
isreproduced below. At thislevel (eg., about 5600 m) much of the storms's dynami cs are manifested). The composite
sketchillustratesthegenera relationship of thevariouspressure surfacesto the height (inkilometres) abovesealevel.

Over the Aleutian Gyre, theradi osonde woul d haveintersected the 500 mb surface at alower €l evation because
because of thelarge, low-pressure zone of stormy weather. Thenumericdifferenceintheel evationof 500 mb surface
and the standard height for thissurface, wouldrepresent the"l ow-pressureanomaly" at point 3. Thisnegativeanomay
could be inthe order of 10 to 100 metres depending on the intensity of the storm.

Over Alberta-BC, theradi osondewoul d have ascended to ahi gher €l evation beforeit reachesthe 500 mb surface
because was ascending through a dome of cooler, denser air. Inthis case, theactua 500 mb surface could have been
upto 100 m higher than the standard surface. This then would be the so-called the "positive height anomaly" at point
1
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An artist's 3-D sketch of 500-mb pressure surface over western Canada (1) and the Gulf of Alaska (3). The negative height
anomaly over the Aleutian Gyre and positive height anomaly over western Canada are shown by the bold minus sign (-) and
bold plus sign (+) respectively. The jetstream usually occurs well above the 500 mb surface.
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