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TELECONNECTIONS BETWEEN ENSO EVENTS AND GROWING - SEASON
PRECIPITATION ON THE CANADIAN PRAIRIES

Teleconnections between ENSO events and growing-season
precipitation variations on the Canadian Prairies are examined.
Correlation and composite analyses indicate that between 1948 and
1991, El Nino events were associated with more frequent extended
dry spells. Conversely, La Nifna events coincided with fewer
extended dry spells. Both relationships occurred during the third
growing season following the onset of the ENSO events (i.e.
approximately a 10-season or 30-month lag). A series of
atmosphere - ocean teleconnections over the Pacific Ocean
including Pacific North America (PNA) circulation patterns, North
Pacific sea-surface temperature anomalies and upper-atmospheric
circulation anomalies were found to result in growing-season
precipitation variations over the Canadian Prairies. Results of
this analysis are incorporated into a conceptual model which may
form the basis of a long-range forecasting technique of growing-

season precipitation variations on the Canadian Prairies.
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ABSTRACT

Teleconnections between ENSO events and growing-season
precipitation variations on the Canadian Prairies are examined.
Correlation and composite analyses indicate that between 1948 and 1991,
E1 Nifio events were associated with more frequent extended dry spells.
Conversely, La Nifia events coincided with fewer extended dry spells.
Both relationships occurred during the third growing season following
the onset of the ENSO events (i.e. approximately a 10-season or 30-month
lag). A series of atmosphere - ocean teleconnections over the Pacific
Ocean including Pacific North America (PNA) circulation patterns, North
Pacific sea-surface temperature anomalies and upper-atmospheric
circulation anomalies were found to result in growing-season
precipitation variations over the Canadian Prairies. Results of this
analysis are incorporated into a conceptual model which may form the
basis of a long-range forecasting technique of growing-season

precipitation variations on the Canadian Prairies.
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CHAPTER 1

STUDY PROBLEM, HYPOTHESES AND OBJECTIVES

1.1 INTRODUCTION
ENSO (E1 Nifio/Southern Oscillation) events are the largest single

source of interannual climatic variability on a global scale (Diaz and
Kiladis, 1992). They are often associated with large deviations from
climatology of temperature and precipitation in many parts of the world.
This study analyzes possible teleconnections between ENSO events and
growing-season (May to August) precipitation on the Canadian Prairies.

Environmental processes and economic activity on the Canadian
Prairies are highly dependent on precipitation, especially during the
growing season when most (up to two thirds) of the annual precipitation
is received (Kendrew and Currie, 1955; Chakravarti, 1972; Longley, 1972;
Dey, 1982). However, this precipitation is highly variable, both
temporally and spatially. Extreme precipitation variations, including
wet spells and extended dry spells leading to droughts, are a recurrent
feature of the growing-season climate (Kendrew and Currie, 1955;
Longley, 1972; Dey, 1976; Dey and Chakravarti, 1976).

Most climatological studies of the Prairies have focused on
negative precipitation anomalies. This is because droughts often produce
severe environmental and economic impacts on many sectors of society
including agriculture (e.g. crop yields), water resources (e.qg.
streamflow, groundwater, hydroelectric production), forestry (e.q.

forest fires), wetlands, waterfowl and wildlife (Wheaton et al., 1992).



In the agricultural areas of the Prairies, drought constitutes one of
the most widespread and economically significant natural hazards
(Lawford, 1992). As a result, many studies have addressed the
environmental and economic impacts of Canadian Prairie droughts (e.g.
McKay et al., 1989; Lawford, 1992; Wheaton et al., 1992; Maybank et al.,
1995).

Positive precipitation anomalies are less prominent than droughts,
likely because they have fewer adverse effects on the Prairie
environment and economy than dry periods. Wetter conditions are often
beneficial to the semi-arid Prairie climate, producing higher crop
yields, greater diversity of crops, fewer forest fires, more
hydroelectric production, etc.. However, persistence of wet conditions
may lead to adverse effects such as reduced crop yields, delays in
planting, higher frequency of crop diseases, less recreation and tourism
and, in some areas, even flooding. Therefore, the ability to anticipate
or forecast growing-season precipitation variations, especially those
which lead to droughts, can provide many environmental and economic
benefits to the Canadian Prairies.

The main synoptic characteristic of growing-season dry periods on
the Prairies is a persistent mid-tropospheric ridge over the area
(Chakravarti, 1972; Dey and Chakravarti, 1976; Dey, 1982; Knox and
Lawford, 1990). Conversely, above normal growing-season precipitation is
associated with persistent upper-level zonal flow (Dey, 1977,1982; Knox
and Lawford, 1990). However, the causes of these persistent patterns are
not fully known.

Anomalous surface-boundary conditions such as sea-surface



temperature (SST), soil moisture and snow cover anomalies have the
potential to modify and induce persistent anomalies of upper-atmospheric
longwave patterns, mainly through changes in latent and sensible heat
fluxes from the surface (Walsh et al., 1985; Ripley, 1988). The term
teleconnection is used to describe relationships between anomalous
surface boundary conditions at one location on the earth’s surface and
meteorological variables (e.g. upper-atmospheric flow patterns,
temperature, precipitation) at other locations (Namias, 1981; Wallace
and Gutzler, 1981).

Teleconnections between surface-boundary conditions and variations
in growing-season precipitation on the Canadian Prairies have not been
extensively researched. Bonsal et al. (1993) showed a significant
relationship between persistent (10 months or longer) SST anomalies in
the North Pacific Ocean and positive 50 kPa anomalies associated with
extended dry spells over the Prairies during the growing season. The SST
patterns were characterized by anomalously cold water in the east-
central North Pacific and anomalously warm water along the central-west
coast of North America (Figure 1.1). It is suggested that the SST
anomaly patterns diverted the upper-atmospheric flow producing more
positive 50 kPa anomalies (suggesting 50 kPa ridging) and thus, extended
dry spells over the Prairies. However, the possible causes of the SST
anomaly patterns were not determined.

Large-scale atmospheric circulation influences SSTs mainly through
wind stress and associated oceanic mixing and surface ocean currents
(Perry and Walker, 1977; Namias and Cayan, 1981). North Pacific SST

anomalies are often associated with large-scale circulation anomalies
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known as the Pacific North America (PNA) patterns (Simpson, 1983;
Wagner, 1984; Emery and Hamilton, 1985; Alexander, 1990,1992). There are
two phases of the PNA. The positive phase is characterized by negative
height anomalies over the northeastern North Pacific Ocean (i.e. a
deeper Aleutian low), positive anomalies over western Canada and
negative anomalies over the southeastern United States. The negative
phase shows positive height anomalies over the northeastern North
Pacific (i.e. a weaker Aleutian low), negative anomalies over western
Canada and positive anomalies over the southeastern United States
(Yarnal and Diaz, 1986; Leathers et al., 1991).

Several studies have found relationships between positive PNA
patterns and North Pacific SST anomaly patterns similar to that depicted
in Figure 1.1 (Pan and Oort, 1983,1990; Emery and Hamilton, 1985;
Alexander 1990,1992; Weber, 1990). The SST patterns usually occur
shortly (i.e. within a season) following the occurrence of positive PNA
patterns. It has been suggested that these SST anomalies are generated
by the surface circulation of the stronger Aleutian low associated with
positive PNA patterns (Simpson, 1983; Wagner, 1984; Mysak, 1986;
Yongping and McBean, 1991).

Negative PNA patterns are related to North Pacific SST anomaly
patterns opposite to those associated with positive PNA (Emery and
Hamilton, 1985; Pan and Oort, 1990). These SST patterns are
characterized by anomalously warm water in the east-central North
Pacific and anomalously cold water along the central-west coast of North
America. It has been suggested that these patterns result from the

surface circulation associated with negative PNA patterns, and in
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particular, the weaker Aleutian low (Emery and Hamilton, 1985; Yongping
and McBean, 1991). However, associations between negative PNA patterns
and North Pacific SST anomalies have not been as extensively researched
as those involving positive PNA patterns.

ENSO has been shown to influence the development of PNA patterns
(Emery and Hamilton, 1985; Ropelewski and Halpert, 1986; Yarnal and
Diaz, 1986; Hamilton, 1988; Weber, 1990). ENSO refers to anomalous
atmospheric and oceanic conditions in the tropical Pacific. These
conditions are associated with a sea-level pressure (SLP) oscillation
between the South Pacific sub-tropical high pressure cell in the eastern
tropical Pacific and the northern Australian - Indonesian low pressure
trough in the western tropical Pacific (known as the Southern
Oscillation (SO)) (Walker, 1924; Walker and Bliss, 1932). The phase of
the SO is negative with anomalously low SLP in the eastern, and
anomalously high SLP in the western tropical Pacific and vice versa
(Bjerknes, 1966,1969; Chen, 1982).

There are two modes which make up the ENSO cycle, namely E1 Nifio
and La Nina. ET Nino refers to a large area of anomalously warm water in
the eastern tropical Pacific associated with the negative phase of the
SO. E1 Nifo events differ in their timing and duration, however, a
typical event begins around December or January and matures
approximately one year later (Rasmusson and Carpenter, 1982; Ropelewski
and Halpert, 1986,1987,1989; Kiladis and van Loon, 1988; Kiladis and
Diaz, 1989).

The second mode, termed La Nifia, is opposite to E1 Nifio, and is

characterized by a large area of anomalously cold water in the eastern



tropical Pacific associated with the positive phase of the SO
(Philander, 1985,1990). The temporal characteristics of a typical La
Nifa (i.e. onset, maturity, termination, duration) are similar to El
Nifio (Philander, 1985,1990; van Loon and Shea, 1985; Yarnal and Diaz,
1986; Deser and Wallace, 1990).

During E1 Nifio, the anomalous heat source (caused by the large
area of anomalously warm water in the eastern tropical Pacific) produces
many teleconnections in both the tropics and extratropics, including
positive PNA patterns. These patterns normally develop during the autumn
or winter following the onset of E1 Nifio (i.e. near the mature stage)
(Horel and Wallace, 1981; Chen, 1983; Yarnal and Diaz, 1986; Hamilton,
1988; Weber, 1990). Conversely, La Nifa events are associated with
negative PNA patterns which also normally develop during the autumn or
winter following the onset of the events (Emery and Hamilton, 1985;
Yarnal and Diaz, 1986). However, unlike the 1link between E1 Nifio and
positive PNA patterns, there are relatively few studies examining

possible relationships between La Nifia and negative PNA patterns.

1.2 HYPOTHESES
1.2.1 EL_NINO EVENTS

The preceding discussion has indicated possible teleconnections
between ENSO events and North Pacific SST anomaly patterns with the PNA
acting as a link. In particular, E1 Nifio events are related to positive
PNA patterns which normally develop during the following autumn or
winter (Emery and Hamilton, 1985; Ropelewski and Halpert, 1986; Yarnal
and Diaz, 1986; Hamilton, 1988; Weber, 1990). In addition, positive PNA



patterns are related to SST anomaly patterns similar to that shown in
Figure 1.1 (Pan and Oort, 1983,1990; Emery and Hamilton, 1985;
Alexander, 1990,1992; Weber, 1990). The SST anomaly patterns normally
develop one season after the appearance of positive PNA patterns (which
coincides with the winter or spring of the year following the onset of
E1 Nifio).

Bonsal et al. (1993) found a significant relationship between
North Pacific SST anomaly patterns and positive 50 kPa anomalies
associated with growing-season extended dry spells on the Canadian
Prairies (especially when the patterns persisted for 10 months or
longer). Therefore, it is hypothesized that if North Pacific SST anomaly
patterns are related to E1 Nifio events, and growing-season extended dry
spells on the Prairies are related to these SST anomalies, then extended
dry spells should be related to E1 Nifio events. This relationship occurs
through a series of atmosphere - ocean teleconnections over the Pacific
Ocean (Figure 1.2 (a)).

It is hypothesized that positive PNA patterns develop during the
autumn or winter following the onset of E1 Nifio events (i.e. +3 to +4
seasons) corresponding to the mature stage of these events. The positive
PNA patterns then aid in developing North Pacific SST anomaly patterns
consisting of negative SST anomalies in the east-central North Pacific
and positive anomalies along the central-west coast of North America
(see Figure 1.1). These patterns develop around one season following the
occurrence of positive PNA patterns (i.e. winter(+4) to spring(+5)).

If these SST anomaly patterns persist for a year or longer (which

is usually the case because once SST anomalies are produced, they tend
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to persist for several months, or even several years (Namias and Cayan,
1981; Namias et al., 1988)), they could cause positive 50 kPa anomalies
1eadingvto extended dry spells on the Canadian Prairies during the
growing season (i.e. Bonsal et al., 1993). Taking the SST anomaly
persistence into account (i.e. winter(+4)/spring(+5) to winter(+8)/
spring(+9)), positive 50 kPa anomalies and extended dry spells occur
during the third growing season following the onset of E1 Nifo events
corresponding to a +10 season lag (Figure 1.2).

For example, if an E1 Nifio were to occur during 1996, the
hypothesized sequence of events would be as follows: The onset of the E1
Nino would occur during winter 1996 (December 1995, January and February
1996) (i.e. winter(0)). A positive PNA pattern would develop during
autumn 1996 to winter 1997 (i.e. autumn(+3) to winter(+4)). This would
coincide with the mature stage of the E1 Nifio. The positive PNA pattern
would aid in developing a North Pacific SST anomaly pattern (similar to
that presented in Figure 1.1) during winter to spring 1997 (i.e.
winter(+4) to spring(+5)). If the SST anomaly pattern were to persist
for a year or longer (i.e. winter/spring 1997 to winter/spring 1998),
then it would cause positive 50 kPa anomalies leading to extended dry
spells on the Canadian Prairies during the growing season of 1998 (i.e.

growing season(+10)).

1.2.2 LA NINA_EVENTS

Many of the previous studies have also indicated teleconnections
between La Nina events and North Pacific SST anomalies, with the PNA

acting as a link. La Nina events are related to negative PNA patterns
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which normally occur during the autumn or winter following the onset of
the events (Emery and Hamilton, 1985; Yarnal and Diaz, 1986). In
addition, the negative PNA patterns are related to North Pacific SST
anomaly patterns opposite to that in Figure 1.1. These SST anomaly
patterns also occur approximately one season following the negative PNA
patterns corresponding to the winter or spring of the year after the
onset of the events (Emery and Hamilton, 1985; Pan and Oort, 1990).

No studies have specifically examined teleconnections between
these types of persistent North Pacific SST anomaly patterns and
growing-season precipitation variations on the Prairies. However,
teleconnections associated with La Nifia are often opposite to those with
E1 Nifio (e.g. Yarnal and Diaz, 1986; Kiladis and Diaz, 1989; Halpert and
Ropelewski, 1992). This study, therefore, hypothesizes that the SST
anomaly patterns associated with La Nifia cause negative 50 kPa anomalies
(suggesting 50 kPa troughing) Tleading to wetter conditions over the
Prairies during the growing season.

Figure 1.2 (b) shows the hypothesized atmosphere - ocean
teleconnections over the Pacific Ocean associated with La Nifia and
growing-season precipitation variations on the Canadian Prairies. The
lags are the same as those for E1 Nifio, however, the relationships are
opposite. In particular, negative PNA patterns develop during the autumn
or winter following the onset of La Nifia events (i.e. autumn(+3) to
winter(+4)) corresponding to the mature stage of these events. The
negative PNA patterns then aid in developing North Pacific SST anomaly
patterns consisting of positive SST anomalies in the east-central North

Pacific and negative anomalies along the central-west coast of North
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America. These patterns develop around one season following the
occurrence of negative PNA patterns (i.e. winter(+4) to spring(+5)). If
the SST anomaly patterns persist for a year or longer, they could cause
negative 50 kPa anomalies leading to wetter conditions on the Canadian
Prairies during the growing season. Taking the SST anomaly persistence
into account, negative 50 kPa anomalies and wetter conditions occur
during the third growing season following the onset of the La Nina

events (i.e. a +10 season lag).

1.3 OBJECTIVES

The preceding sections have outlined possible relationships
between ENSO events (both E1 Nifio and La Nifa) and growing-season
precipitation variations on the Canadian Prairies. The main objectives

of this study are:

1. To test the hypothesis that E1 Nifio events are related to growing-
season (May to August) dry spells on the Canadian Prairies.
2. To test the hypothesis that La Nifia events are related to growing-

season (May to August) wet conditions on the Canadian Prairies.

Both relationships are examined by analyzing atmosphere - ocean
teleconnections over the Pacific Ocean. These include: i) PNA patterns;
ii) North Pacific SST anomaly patterns; iii) growing-season 50 kPa
anomalies over the Canadian Prairies; and iv) growing-season
precipitation variations on the Prairies. Conceptual models for both E1

Nifio and La Nifa are also formulated. These models could help form the
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basis of a long-range forecasting technique for growing-season

precipitation variations on the Prairies.

1.4 SIGNIFICANCE OF STUDY

Even though many studies have examined teleconnections between
ENSO events and weather patterns over North America, none have
thoroughly analyzed their possible teleconnections with growing-season
precipitation variations on the Canadian Prairies. Furthermore, most of
these examined weather patterns only a year or a year and a half (i.e.
+4 to +6 seasons) following the onset of ENSO events. Very few examined
patterns for a +10 season lag. In addition, the majority only analyzed
the E1 Nifio phase of the ENSO cycle. Relatively few have explored
teleconnections associated with La Nifia. This is the first study to
directly analyze and propose physical explanations of relationships
between both E1 Nifio and La Nifia and growing-season precipitation
variations on the Canadian Prairies (through a series of atmosphere -
ocean teleconnections over the Pacific Ocean), for up to a +10 season
lag.

This investigation aids in understanding the causes of growing-
season precipitation variations on the Canadian Prairies as they relate
to ENSO events and associated atmosphere - ocean teleconnections over
the Pacific Ocean. It also determines whether E1 Nifio and La Nifia
produce opposite responses in terms of these precipitation variations.
Both anomalously dry and wet conditions are examined because extended
dry spells and droughts often produce severe impacts on the Prairie

environment and economy. As outlined previously, wet conditions can also
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have adverse impacts but furthermore, their identification is important
because they are representative of non-drought periods. Due to the lags
involved (i.e. precipitation could be affected during the third growing
season following the onset of ENSO events), the findings may form the
basis of a long-range forecasting technique for growing-season

precipitation variations on the Prairies.



CHAPTER 2

LITERATURE REVIEW

This chapter reviews literature pertaining to this study. It is
presented in three major sections. The first involves a synoptic
climatology of growing-season precipitation variations on the Canadian
Prairies. The second provides an overview of the ENSO phenomenon,
including associated teleconnections. The final section examines
teleconnections between North Pacific SST anomalies and weather patterns

over North America.

2.1 SYNOPTIC CLIMATOLOGY OF GROWING-SEASON PRECIPITATION VARIATIONS ON
THE CANADIAN PRAIRIES

The average annual precipitation on the Canadian Prairies ranges
from 60 cm in west-central Alberta to 30 cm in southeastern Alberta and
southwestern Saskatchewan (Longley, 1972). These relatively small
amounts are mainly due to the Prairie’s location in lee of the Rocky
Mountains and in the interior of a large continent (Kendrew and Currie,
1955). The Prairies receive most of their precipitation (up to two
thirds) during the growing season of May to August (Kendrew and Currie,
1955; Chakravarti, 1972; Longley, 1972; Dey, 1982). This precipitation
is mainly determined by storm-track position and associated cyclonic and
frontal activity. However, in late spring and summer, convectional
precipitation can also occur (Kendrew and Currie, 1955; Kendall and

Thomas, 1956; Chakravarti, 1972). Growing-season precipitation is highly

15
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variable on many spatial and temporal scales. As a result, extreme
precipitation variations can occur (Kendrew and Currie, 1955; Longley,

1972; Dey, 1976; Dey and Chakravarti, 1976).

2.1.1 NEGATIVE PRECIPITATION ANOMALIES AND DRY SPELLS

The surface climatology of most growing-season dry spells on the
Canadian Prairies includes a general eastward displacement of all
pressure systems affecting the area (Dey and Chakravarti, 1976). In
particular, the sub-tropical North Pacific high extends northeast of its
normal position. Tracks of migratory warm anticyclones from this high
(which normally remain south of the Prairies) are displaced northward,
thus affecting the Prairie region (Dey and Chakravarti, 1976).

The upper-level climatology includes positive 70 kPa height
departures of 1.5 to 6.0 dam over the Prairies. These positive anomalies
imply strong ridging. The associated subsidence causes low-level
divergence and dry conditions at the surface (Dey and Chakravarti, 1976;
Dey, 1979,1982). Positive height departures are also found at the 50 kPa
level (Dey, 1982; Knox and Lawford, 1990; Bonsal et al., 1993). At this
level, large amplitude ridges become quasi-stationary with their north-
south axis across the Prairies. This blocks the flow, displacing
cyclonic tracks northward, thus creating dry conditions (Chakravarti,
1972,1976; Dey and Chakravarti, 1976; Dey, 1982; AES Study Group, 1986).
The 30 kPa level shows a northward displacement of the jet stream which
is oriented northwest-southeast over the northeastern Prairies. This
results in upper-level convergence and low-level divergence over the

Prairie region (Dey and Chakravarti, 1976).
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Based on 50 kPa ridge and trough positions, three major synoptic
weather types are associated with growing-season dry spells on the
Canadian Prairies (see Figures 8, 9 and 10 in Dey and Chakravarti,
1976). The first includes a northeastward extension of the North Pacific
sub-tropical high, a strongly developed upper-level ridge over the
Pacific coast, an upper-level trough over the eastern Prairies and the
Jet stream oriented in a northwest-southeast direction over the
northeastern Prairies. With this pattern, dry spelis are likely in
Alberta and Saskatchewan. The second type is similar to the first except
for the position of the upper-level ridge axis which is further east
over Alberta. There is also an upper-level high pressure cell over the
southeastern Prairies. This pattern often creates very dry conditions
over all three Prairie Provinces. The third type has an upper-level
ridge over the eastern Prairies and an upper-level trough over the
western Prairies and British Columbia. It is likely to produce dry
conditions in Saskatchewan and Manitoba, but wetter conditions in
Alberta. A1l three weather types intensify meridional flow with an
upper-level ridge over some part of western Canada. If these flow
patterns become stationary, dry spells are highly probable. Once the
first weather type develops, the ridges usually move eastward and
therefore, the second and third types will likely follow (Dey and
Chakravarti, 1976; Dey, 1982).

Bonsal et al. (1993) found a significant statistical relationship
between SST anomaly patterns characterized by anomalously cold water in
the east-central North Pacific (30°N to 40°N, 165°W to 135°W) and

anomalously warm water along the central-west coast of North America
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(45°N to 55°N, 130°W to 125°W), and positive 50 kPa anomalies and
extended dry spells over the Prairies during the growing season. The
longer these SST anomaly patterns persisted, the greater was the
probability of extended dry spells (Bonsal et al., 1993).

Oglesby and Erickson (1989) used a general circulation model (GCM)
to examine the effects of contemporaneous soil moisture anomalies on
central North American summer climate and drought. Using perpetual July
simulations, they concluded a reduction of summer soil moisture over the
interior of North America quickly leads to higher surface temperatures,
enhanced ridging of up to 5.5 dam at the 50 kPa level and a 10°
northward shift in the jet stream (which would affect the Canadian
Prairies). Most of the affected regions also showed a sharp decrease in
precipitation due to a local reduction in surface evaporation, and
ridging aloft which enhanced subsidence and inhibited convection
(Oglesby and Erickson, 1989). An extension to this study (Oglesby, 1991)
showed that mid to late spring soil moisture reductions could have a
significant impact on the climate of the following summer and help
induce drought conditions over North America. However, late winter -
early spring reductions had little effect beyond a couple of weeks. It
was concluded that the timing of soil moisture anomalies can be critical

(Oglesby, 1991).

2.1.2 POSITIVE PRECIPITATION ANOMALIES AND WET SPELLS

Wet conditions on the Prairies have not been examined as

extensively as dry periods. The surface climatology of most wet growing
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seasons includes a well developed Aleutian low and a strong North
Pacific sub-tropical high centred off the coast of southern Washington
State (which is south of its normal position). These conditions result
in stronger than normal westerly winds thus increasing the flow of moist
Pacific air into western Canada (Dey, 1977).

The upper-level climatology includes a higher frequency of zonal
flow and negative height departures at both the 70 kPa and 50 kPa levels
over the Prairie region. These conditions are associated with increased
cyclogenesis, thus causing wet conditions at the surface (Dey, 1977,
1982). At the 30 kPa level, the jet stream is displaced southward in an
west-east direction along the Canada - United States border causing low-
level cyclones to be steered over the Prairies (Dey, 1977).

Knox and Lawford (1990) found that periods of higher than normal
growing-season precipitation were associated with negative 50 kPa height
anomalies over the Prairie region. These periods were often associated
with blocking over the Baffin Island area. When this occurred, the semi-
permanent northeastern Canadian low pressure was significantly displaced
from its normal position thereby affecting precipitation regimes over
large portions of Canada, including the Canadian Prairies (Knox and

Lawford, 1990).

2.2 ENSO EVENTS

ENSO events are the largest single source of interannual climatic
variability on a global scale. Their effects are wide ranging and often
severe. They are associated with a large-scale redistribution of

atmospheric mass, heat and momentum within the tropical Pacific ocean -
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atmosphere system. This is often associated with large deviations from
climatology of monthly, seasonal and annual values of temperature and
precipitation in many parts of the world (Diaz and Kiladis, 1992).
Teleconnections associated with ENSO occur in the tropics and
extratropics (Glantz, 1991; Tribbia, 1991; Fraedrich and Muller, 1992;
Diaz and Kiladis, 1992). However, for the purpose of this study, only
extratropical teleconnections associated with PNA patterns, North
Pacific SST anomaly patterns and weather patterns over North America are

reviewed.

2.2.1 MEAN CONDITIONS IN THE TROPICAL PACIFIC

To explain ENSO, mean atmospheric and oceanic conditions in the
tropical Pacific are first described. The northeast and southeast trade
winds move toward the equator along the coasts of North and South
America and converge at the Inter-Tropical Convergence Zone (ITCZ)
(Figures 2.1 and 2.2). Moist air rises from the ITCZ, diverges poleward
in the upper troposphere and descends over both sub-tropical high
pressure cells. This completes the meridional (north-south) Hadley
circulation (Philander, 1990) (Figure 2.2).

Superimposed on the Hadley Circulation is the zonal (east-west)
Walker Circulation. It involves ascending motion over the western
tropical Pacific in the area associated with the South Pacific
Convergence Zone (SPCZ). The SPCZ results from convergence of easterly
trade winds from the South Pacific high and southwesterly winds
generated by migratory surface anticyclones in the Australian region

(Kiladis et al., 1989) (see Figure 2.1). The rising air from the SPCZ
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Figure 2.1: Schematic Diagram of Mean Annual Sea Level Pressure
Systems, Surface Wind Streamlines and Positions of the
ITCZ and SPCZ (Taken from Trenberth, 1991)
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diverges eastward and westward in the upper troposphere. The eastward
component descends over the South Pacific sub-tropical high. From this
region, surface easterly winds move along the equator completing the
circulation (Philander, 1990) (Figures 2.1 and 2.2). The Walker
Circulation results in a trans-Pacific SLP gradient with lower pressure
over Australia and Indonesia and higher pressure off the west coast of
South America (Bigg, 1990).

The atmospheric circulation patterns directly influence ocean
currents and SSTs (Figure 2.3). Along the western coast of South
America, counter-clockwise circulation associated with the South Pacific
high drives the Peru Current. Due to the alignment of the coast, this
current pushes surface water offshore resulting in upwelling of cold
water (Ramage, 1986). Surface easterly winds associated with the Walker
Circulation drive the strong westward South Equatorial Current
(Philander, 1990). The current transports cold water (that upwells along
the South American coast) westward to the central tropical Pacific.
Therefore, along the equator, there is an increase in SST from east to
west (Figure 2.3). This current causes an accumulation of water in the
western tropical Pacific which deepens the warm surface layer of the
ocean and depresses the thermocline (the boundary between the well mixed
surface and colder deeper layers) (Ramage, 1986; Bigg, 1990). North of
the South Equatorial Current is the eastward flowing Equatorial
Countercurrent. It results in warm surface waters north of the equator
that extend along the entire equatorial Pacific and are associated with
the ITCZ (Philander, 1990) (Figure 2.3).

The distribution of strong convection and subsidence in the
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Figure 2.3: Schematic Diagram of the Mean Annual SSTs and Ocean
Currents in the Tropical Pacific Ocean (Adapted from
Trenberth, 1991)

tropical Pacific is largely determined by the SST pattern and the two
convergence zones (which typically lie over the regions of highest SST).
High SSTs (which normally heat the atmosphere from below), coupled with
moisture convergence from the trade winds, lead to strong convection
over the ITCZ and SPCZ. Conversely, due to cooling from below, lower
SSTs in the eastern tropical Pacific stabilize the atmosphere. This,
along with an absence of moisture convergence, leads to large-scale

subsidence in this region (Trenberth, 1991).

2.2.2 INTERANNUAL VARIABILITY

The dominant mode of interannual variability in the tropical

Pacific is in direct response to ENSO (Philander, 1990). Interannual
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movements of convective zones are mostly influenced by SST variations.
Warm surface waters expand eastward during E1 Nifio and contract westward
during La Nina. The increase of SSTs in the eastern tropical Pacific
during the early stages of E1 Nifio is caused by a local weakening of the
southeast trades. As the E1 Nifio evolves, eastward advection of warm
surface waters maintains the high SSTs even though the southeast trades
initially start to intensify. Therefore, the convective zones in Figure
2.1 begin to merge (i.e. the ITCZ shifts southward and the SPCZ north
and eastward). This weakens the Walker Circulation and as a result, the
southeast trades weaken and retreat eastward. The warm eastward
Equatorial Countercurrent intensifies while the cold South Equatorial
Current relaxes (Philander, 1990).

During La Nina, the opposite generally occurs. The southeast trade
winds initially intensify, thus strengthening the South Equatorial
Current. As a result, the low SSTs in the eastern tropical Pacific
(Figure 2.3) move westward. The Equatorial Countercurrent relaxes and
the convective zones begin to diverge with the ITCZ moving northward and
the SPCZ south and westward. These events cause the Walker Circulation
to intensify including a strengthening of both the South Pacific sub-
tropical high and Australian - Indonesian low (Philander, 1990).
Therefore, both E1 Nifio and La Nifia involve perturbations to the direct
thermal Walker Circulation which influences the interannual movements of
convective zones, variations in surface winds, ocean currents and SST

patterns (Philander, 1990).
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2.2.3 TYPICAL ENSO EVENTS

Amplitudes of ENSO events can vary significantly, however, their
phases are remarkably similar. As a result, a composite or typical event
can be described. For El1 Nifio, this composite is presented in Figure 2.4
(Rasmusson and Carpenter, 1982; Ramage, 1986; Ropelewski and Halpert,
1986,1987,1989; Kiladis and van Loon, 1988; Kiladis and Diaz, 1989).
Near the end of the year preceding an event (i.e. October or November),
SLP in the eastern tropical Pacific decreases and the southeast trades
weaken. No longer supported by the trade winds, warm water in the
western tropical Pacific (which has a higher sea level than the east)
begins to flow eastward. The flow occurs via sub-surface Kelvin waves
which flow along the equator and reach the western coast of South
America in two or three months (Wyrtki, 1975; Ramage, 1986; Cane, 1991).
Kelvin waves tend to warm surface waters by physically transporting warm
water from the west but more importantly, they depress the thermocline
and thus, prevent upwelling of cold water along the west coast of South
America.

SSTs in the eastern tropical Pacific begin to warm around December
or January when the first Kelvin waves reach the South American coast
(Wyrtki, 1975; Ramage, 1986; Cane, 1991). This is known as the onset of
the event and often referred to as year 0. High SST anomalies then begin
to spread westward along the equator (Figure 2.4(a) and (b)). Since the
ITCZ remains over the warmest waters, its normal seasonal northward
migration is inhibited (Rasmusson and Carpenter, 1982; Philander, 1985,
1990; Ramage, 1986).

As the ET1 Nifio develops, the trade winds continue to relax and are
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eventually replaced by surface westerlies. These westerlies trigger more
Kelvin waves which further depress the thermocline when they reach the
South Aherican coast. The SPCZ moves northward and eastward toward the
higher SSTs and eventually merges with the ITCZ (Rasmusson and
Carpenter, 1982; Philander, 1985,1990; Ramage, 1986). These anomalous
conditions continue through year 0 and reach their peak early in year +l1
when SSTs and negative SOI values also reach their maximum anomalies
(Figure 2.4(c)). The peak is referred to as the mature stage of the El
Nifio. The appearance of cold surface waters in the eastern tropical
Pacific near the middle of year +1 marks the end of an event (Figure
2.4(d)) (Rasmusson and Carpenter, 1982; Philander, 1985,1990). The
duration of a typical E1 Nifio is around 18 months and the recurrence
interval averages four years, but can be from two to ten years
(Rasmusson and Carpenter, 1982; Ropelewski and Halpert, 1986,1987,1989;
Kiladis and van Loon, 1988; Kiladis and Diaz, 1989).

La Nifia events were not fully recognized until the mid 1980s and
therefore, have not been as extensively researched (van Loon and Shea,
1985; Philander, 1990). However, typical La Nifia events are generally
opposite to those of E1 Nifio. The onset of La Nifia is initially caused
by a strengthening of the southeast trades. As a result, the upwelling
of cold water along the west coast of South America increases, the
thermocline becomes shallower and the South Equatorial Current
intensifies. The negative SST anomalies in the eastern tropical Pacific
increase the SST gradient along the equatorial Pacific and enhance the
Walker Circulation (Trenberth, 1991). The SST anomaly pattern is further

amplified because the strengthened South Pacific high causes more
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upwelling of cold water which is physically transported westward by the
strengthened South Equatorial Current. As a result, sea levels are
unusually high in the west and Tow in the east. The colder region of
water, which normally only extends to approximately 150°W (see Figure
2.3), often extends to 170°E causing the ITCZ to be displaced northward
and the SPCZ south and westward (Philander, 1985,1990; van Loon and
Shea, 1985, Trenberth, 1991).

Unlike ET Nifio, the timing of a typical La Nifa event is difficult
to define because each La Nifia differs greatly in terms of onset and
duration. However, several studies which analyzed teleconnections
associated with both E1 Nifio and La Nifia, proposed that typical La Nifna
events also tend to develop near the beginning of the calendar year,
mature during the winter following their onset and last around 18 months
(Philander, 1985; van Loon and Shea, 1985; Yarnal and Diaz, 1986;
Bradley et al., 1987; Lau and Sheu, 1988; Kiladis and Diaz, 1989;
Ropelewski and Halpert, 1989; Deser and Wallace, 1990).

E1 Nifio and La Nifia are two extremes of the ENSO cycle. There is a
tendency for the system to go from one extreme to the other in adjacent
years. Therefore, E1 Nifio and La Nifia frequently follow one another (van
Loon and Shea, 1985; Meehl, 1987; Kiladis and Diaz, 1989; Rasmusson et
al., 1990). Each ENSO event (both E1 Nifio and La Nifia) can also vary
significantly in terms of timing, evolution, amplitude, duration and
spatial extent. These differences can be key factors in determining
teleconnection patterns associated with individual ENSO events (Diaz and

Kiladis, 1992).



29

2.2.4 TELECONNECTIONS ASSOCIATED WITH ENSO
2.2.4.1 PNA PATTERNS

For extratropical teleconnections to occur, the heating associated
with the positive SST anomalies in the tropical Pacific must be extended
vertically to the troposphere and then horizontally to the extratropics
(Tribbia, 1991). An early theory proposed the anomalous heat source in
the eastern tropical Pacific (i.e. E1 Nifio) causes increased convection
and release of latent heat. The anomalous heating of the tropical
troposphere intensifies transports of heat and momentum to the mid-
latitudes and subsequently, strengthens the sub-tropical jet stream and
westerlies (Bjerknes, 1966).

Simple numerical models showed the typical response of a three-
dimensional spherical atmosphere to thermal forcing associated with E1
Nifio included Rossby wave trains of alternating high and low pressure
around the globe (Opsteegh and van den Dool, 1980; Hoskins and Karoly,
1981; Webster, 1981). Further modelling studies showed that heating of
upper levels of the tropical Pacific troposphere by latent heat release
appeared to be the driving mechanism of the Rossby wave train (Simmons,
1982; Webster, 1982; Webster and Holton, 1982; Lim and Chang, 1983;
Simmons et al., 1983; Hanna et al., 1984; Lau and Lim, 1984). These,
along with many observational (Horel and Wallace, 1981; van Loon and
Madden, 1981; Chen, 1983; Yarnal, 1985; Ropelewski and Halpert, 1986;
Yarnal and Diaz, 1986; Hamilton, 1988; Weber, 1990) and other modelling
(Keshavamurty, 1982; Blackmon, et al., 1983; Shukla and Wallace, 1983;
Pitcher et al., 1988) studies, showed the typical Northern Hemisphere

mid-latitude response to E1 Nifio events was a Rossby wave train
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resembling a positive PNA pattern. This pattern, first described by
Wallace and Gutzler (1981), includes a deep Aleutian Tow extending from
the surface to the upper troposphere in the northeastern Pacific Ocean,
an upper-level ridge centred over western Canada and a deeper than
normal upper-level trough over the southeastern United States (Figure
2.5) (Horel and Wallace, 1981; Yarnal and Diaz, 1986).

Several studies have confirmed that strong teleconnections can
only be propagated to the extratropics when the anomalous heat source is
overlain by upper-level westerlies (Simmons, 1982; Webster, 1982;
Webster and Holton, 1982; Lim and Chang, 1983; Lau and Lim, 1984). As a
result, the response is dependent on the position of the tropical heat
source which is dependent on the type of ENSO event. During E1 Nifo, the
heat source is over the central tropical Pacific where weak upper-level
westerlies occur during winter. During La Nifa, the heat source is
displaced westward near Australia and Indonesia which experience
continuous upper-level easterly flow (Lau and Chan, 1983a,1983b).
Therefore, during E1 Nifio, strong teleconnections should develop in the
winter hemisphere as the westerly winds move equatorwards.
Teleconnections during summer are weak or non-existent because the
latent heat source is embedded in upper-level tropical easterlies
(Webster, 1982). In fact, the observational and modelling studies
outlined previously confirm that positive PNA patterns associated with
E1 Nifio occur during the late fall or early winter following the onset
of the events (i.e. near the mature stage).

This implies extratropical teleconnections to the Northern

Hemisphere are only associated with E1 Nifio. However, a distinctive
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Figure 2.5: Schematic Diagram of the PNA Pattern of Middle to Upper-
Tropospheric Geopotential Height Anomalies during a
Northern Hemisphere Winter coinciding with the Maturity
of El Nifio Events (Taken from Horel and Wallace, 1981)

pattern over the North Pacific/North 5merican region (i.e. a negative
PNA pattern) also occurs during the winter following the onset of most
La Nifa events (Yarnal and Diaz, 1986). The teleconnection pattern does
not appear to be forced directly by the tropical Pacific heat source
(which is displaced westward during La Nifia). Rather, it occurs in
conjunction with cold air surges from east Asia southward into the
region of convection over the western tropical Pacific. These cold
surges increase convection (and thus release of latent heat) which

intensifies the speed and momentum of the Hadley Circulation. This
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enhances the east Asian jet stream setting up a ridge and trough system
over the North Pacific and North America resembling negative PNA

patterns (Emery and Hamilton, 1985; Yarnal and Diaz, 1986).

2.2.4.2 NORTH PACIFIC SST ANOMALY PATTERNS

Several studies have associated anomalous SST patterns in the
North Pacific Ocean with ENSO events and related extremes in PNA
patterns. During the Northern Hemisphere fall and winter following the
onset of E1 Nifo, a cold pool of water develops in the central North
Pacific and warm water extends along most of the west coast of North
America (Reynolds and Rasmusson, 1983; Pan and Oort, 1983,1990; Emery
and Hamilton, 1985; Alexander, 1990,1992; Weber, 1990). Two major
processes may lead to this pattern. First, is the northward propagation
of Kelvin waves along the west coast of North America. As outlined
previously, during E1 Nifio, Kelvin waves travel from the western
tropical Pacific to the east. When they reach the west coast of South
America, northward and southward Kelvin waves may be generated. The
northward waves propagate up the west coast of North America (McCreary,
1976; Enfield and Allen, 1980; Clarke, 1983; Johnson and 0'Brien, 1990).
They depress the thermocline and reduce upwelling of cold water, thus
resulting in higher than normal SSTs. However, these waves are confined
to a narrow region near the shore. Therefore, this process does not
explain basin wide SST anomalies in the North Pacific, although it may
play a significant role in the high coastal anomalies (Emery and
Hamilton, 1985; Alexander, 1990,1992).

The second process is related to positive PNA patterns. These
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patterns are associated with an intensification and southeastward
displacement of the Aleutian low which extends from the surface to the
upper troposphere (Horel and Wallace, 1981; Yarnal and Diaz, 1986). The
resultant strengthened cyclonic surface winds alter the oceanic fluxes,
vertical mixing and surface currents to produce the observed SST
anomalies (Simpson, 1983; Wagner, 1984; Emery and Hamilton, 1985; Mysak,
1986; Alexander, 1990,1992). In particular, the stronger north to
northwest flow behind the low brings colder air and stronger winds to
the central North Pacific causing more heat transfer from the ocean to
the atmosphere and thus, lower SSTs in this region. Ahead of the low, a
strengthened south to southwesterly flow of warmer air causes less heat
transfer from the ocean to the atmosphere and thus, higher SSTs along
the central-west coast of North America (Yongping and McBean, 1991).
Teleconnections between La Nifia and North Pacific SST anomalies
have not been as extensively researched. However, similar SST patterns
associated with E1 Nifio are also associated with La Nina, except that
for the latter, the two regions of SST anomalies have opposite signs
(i.e. an anomalously warm pool of water in the central North Pacific and
anomalously cold water along the west coast of North America). These SST
patterns are likely the result of the circulation associated with a
weaker Aleutian low that is characteristic of negative PNA patterns

(Weare et al., 1976; Pan and Oort, 1983,1990; Emery and Hamilton, 1985).

2.2.4.3 WEATHER PATTERNS OVER NORTH AMERICA

Numerous studies have examined teleconnections between ENSO events

and surface weather patterns (e.g. temperature, precipitation) over
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North America. During E1 Nifio, northwestern North America generally has
warmer, drier conditions while the southeastern United States are cooler
and wetter. These patterns normally occur late in year 0 or early in
year +1 and are mainly attributable to the circulation associated with
positive PNA patterns (Ropelewski and Halpert, 1986, Yarnal and Diaz,
1986; Kiladis and Diaz, 1989; Halpert and Ropelewski, 1992). However,
the storm track position for each £E1 Nifio can differ significantly and
as a result, displacements of only a few 100 km can cause large spatial
differences in surface weather patterns (especially precipitation)
(Yarnal and Diaz, 1986).

Specifically over Canada, December of year 0 to March of year +1
shows statistically significant above normal temperatures over most of
the country (Shabbar, 1993). The highest anomalies occur over the
Prairies, northern Ontario and the Yukon. However, during the following
summer (i.e. June to September of year +1), no significant temperature
anomalies are observed. For precipitation, December of year 0 to March
of year +1 is below normal over most of the Prairies, Ontario and the
Atlantic region while the west coast, northeastern Canada and
southwestern Quebec are above normal. However, these results are not
statistically significant (Shabbar, 1993).

For La Nina events, patterns of temperature and precipitation over
North America tend to be generally opposite to those associated with E1
Nifio (Yarnal and Diaz, 1986; Kiladis and Diaz, 1989; Ropelewski and
Halpert, 1989; Halpert and Ropelewski, 1992). In particular,
northwestern North America generally has cooler, wetter conditions while

the southeastern United States are warmer and drier from December of
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year 0 to March of year +1 (Yarnal and Diaz, 1986; Kiladis and Diaz,
1989; Ropelewski and Halpert, 1989; Halpert and Ropelewski, 1992). These
patterns are attributed to the circulation associated with negative PNA
patterns which are normally associated with La Nina (Yarnal and Diaz,
1986) .

Over most of Canada, temperatures during December of year 0 to
March of year +1 are significantly below normal including strong
negative anomalies in northern Manitoba and the Mackenzie District of
the Northwest Territories. This pattern is basically opposite to E1 Nino
(Shabbar, 1993). In fact, many Canadian Prairie stations (e.g. Edmonton
and Winnipeg) are on average more than 3°C warmer during E1 Nifio as
opposed to La Nina (Kiladis and Diaz, 1989). However, no significant
differences are found for precipitation over any regions of Canada
during December of year 0 to March of year +1. Temperature and
precipitation during summer of year +1 also show no significant
differences from normal (Shabbar, 1993).

Trenberth et al. (1988) analyzed the 1988 summer drought over the
central plains of North America that was contemporaneously associated
with the 1988 La Nifia. They suggested the anomalously cold water in the
eastern tropical Pacific (associated with the La Nifa), along with
anomaiously warm water southeast of Hawaii, caused the ITCZ to be
displaced northward of its usual position. The displaced zone forced
anomalous upper-atmospheric longwaves over the Northern Hemisphere which
subsequently caused the sub-tropical jet stream to shift northward over
central North America thereby causing the summer drought conditions

(Trenberth et al., 1988). However, Namias (1991) composited summer North
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American upper-atmospheric patterns associated with seven La Nifia events
and determined the composite anomaly showed 1ittle resemblance to the
1988 case. He suggested the 1988 La Nifia was unique in its effects on

upper-atmospheric anomalies over North America (Namias, 1991).

2.3 TELECONNECTIONS BETWEEN NORTH PACIFIC SST ANOMALIES AND WEATHER
PATTERNS OQVER NORTH AMERICA

Numerous studies have found associations between anomalous SST
patterns in the North Pacific and surface weather patterns over North
America. In particular, the winter SST anomaly pattern associated with
E1 Nifio is associated with a long-standing Rossby wave pattern that
produces warm, dry conditions over western, and cold, wet conditions
over eastern North America during the same winter (Namias, 1969,1972,
1978, 1986; Wick, 1973; Harnack, 1979; Dixon and Harnack, 1986). If
these SST anomalies are reversed (i.e. the winter SST anomaly pattern
associated with La Nifia), winter weather patterns over North America are
also reversed (Namias, 1972).

Summer droughts over the north and central United States Great
Plains are also significantly related to contemporaneous North Pacific
SST anomalies (Namias, 1982). The SST pattern includes anomalously warm
water in the northern and western parts, and anomalously cold water in
the northeastern parts of the North Pacific. It is suggested the
anomalous cold pool assists in the development of a stronger than normal
North Pacific sub-tropical high. Through longwave amplifications, the
west coast trough, Great Plains ridge and east coast troughs are

intensified. The stronger Great Plains ridge is responsible for drought
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conditions over the north and central United States Great Plains
(Namias, 1982).

As outlined previously, Bonsal et al. (1993) found a statistically
significant correlation between North Pacific SST anomaly patterns
characterized by negative SST anomalies in the east-central North
Pacific and positive anomalies along the central-west coast of North
America and positive 50 kPa anomalies leading to growing-season extended
dry spells on the Canadian Prairies. It was hypothesized the persistent
SST anomaly patterns aided in diverting the upper-atmospheric flow to
produce these positive 50 kPa anomalies (Bonsal et al., 1993).

The physical basis for these relationships includes the fact that
SST anomalies cover very large areas (e.g. hundreds of thousands of
square kilometres) and persist for several months, or even several years
(Harnack and Broccoli, 1979; Namias and Cayan, 1981). The long
persistence implies a significant change in ocean to atmosphere heat
exchanges (both latent and sensible), especially during winter. These
changes can affect intensity of weather disturbances and the nature of
mean upper-atmospheric circulation patterns over the adjacent ocean and
continents (Namias and Cayan, 1981).

During winter, SST anomaly patterns in the North Pacific are
strongly correlated with SLP and mid-tropospheric height fields over the
same region (Davis, 1976; Lanzante, 1984; Iwasaka et al., 1987; Wallace
and Jiang, 1987; Wallace et al., 1990). The effect of these anomalies is
increased if a SST anomaly gradient (i.e. adjacent pools of high and low
SST anomalies) is present. The gradients produce and maintain enhanced

baroclinicity (through differential latent and sensible heat fluxes)
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which leads to anomalous SLPs both locally and downstream (Namias,
1978). Anomalous meridional mid-tropospheric flows over the North
Pacific‘and North America are associated with anomalous east-west SST
anomaly gradients in the North Pacific Ocean. The associations occur on
both monthly and seasonal time scales and are strongest during the
winter, but are also strong during summer. However, it is not entirely
clear whether the ocean is forcing the atmosphere or vice versa (Harnack
and Broccoli, 1979).

A few GCM studies examined relationships between mid-Tlatitude SST
anomalies and atmospheric flow patterns. Palmer and Sun (1985) used the
United Kingdom Meteorological Office GCM to analyze the effect of North
Atlantic SST anomalies on atmospheric circulation (using 50 kPa height
anomalies). They found a statistically significant response which
included positive (negative) height anomalies approximately 20°
longitude downstream from positive (negative) SST anomalies. A wave
train of height anomalies of alternating sign and decreasing amplitude
was observed farther downstream. The magnitude of the 50 kPa response
scaled almost linearly with that of the SST anomaly (Palmer and Sun,
1985). GCM studies between North Pacific SST anomalies and atmospheric
circulation patterns observed that SLP tended to increase (decrease)
over low (high) SST anomalies. However, in the mid to upper troposphere,
the atmospheric pressure tended to increase (decrease) over and to the
east of high (low) SST anomalies (Huang, 1978; Chervin, 1980; Lau and
Nath, 1990).

The preceding sections have reviewed literature pertaining to the

atmosphere - ocean teleconnections presented in Figure 1.2. Based on
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this Tliterature, it appears that ENSO events (E1 Nifio and La Nina) can
be related to growing-season precipitation on the Canadian Prairies
through a series of atmosphere - ocean teleconnections over the Pacific
Ocean. However, no studies have thoroughly analyzed possible
teleconnections between ENSO events and growing-season precipitation on

the Prairies.



CHAPTER 3

STUDY AREA, DATA SOURCES AND METHODOLOGY

This chapter describes the methodology used in this investigation.
It begins with a description of the study area. Data sources and related
variables are then discussed in four sub-sections headed Canadian
Prairie precipitation, Northern Hemisphere upper-atmospheric
circulation, North Pacific SSTs and ENSO events. Each sub-section
describes nature of the data, variables derived from this data and
mapping procedures. The chapter concludes with a discussion of the

methodology incorporated in the study.

3.1 STUDY AREA

As outlined in chapter 1, teleconnections involving ENSO events,
PNA patterns, North Pacific SST anomalies and growing-season 50 kPa
anomalies and associated precipitation variations over the Canadian
Prairies are analyzed. As a result, the study area includes the Canadian
Prairies, the North Pacific/North American region and the tropical
Pacific. The Canadian Prairie study area is the agricultural region of
the Prairies which includes the southern portions of Alberta,
Saskatchewan and Manitoba (Figure 3.1). It is bounded on the east by the
Manitoba - Ontario border and on the west by the foothills of the Rocky
Mountains. To the north, it extends to the southern limit of the boreal
forest while the United States border forms the southern boundary (Dey,

1976). This region has been used in many studies which examined

40
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precipitation variations on the Canadian Prairies (e.g. Chakravarti,
1976; Dey, 1982; Bonsal et al., 1993).

The North Pacific/North American region extends from 15°N to 75°N
and 120°E to 60°W. This region encompasses the entire North Pacific
Ocean and most of North America. Therefore, both North Pacific SST
anomaly patterns and upper-atmospheric circulation patterns such as the
PNA can be identified. The tropical Pacific study area includes the
region that experiences SST and SLP anomalies associated with ENSO
events. From previous investigations (e.q. Ramage, 1986; Philander,
1990), this region extends across the tropical Pacific from the west
coast of South America to the Australian - Indonesian sector

(approximately 15°N to 15°S and 120°E to 70°W).

3.2 DATA SOURCES AND VARIABLE DESCRIPTIONS

For this analysis, several variables are required. The study
period chosen is 1948-1991 because comprehensive North Pacific SST data
and Northern Hemisphere 50 kPa data only date back to 1948. This 44-year

period also encompasses ten E1 Nifio and seven La Nifia events.

3.2.1 CANADIAN PRAIRIE PRECIPITATION
3.2.1.1 PRECIPITATION DATA

Canadian Prairie precipitation variations are analyzed during the
growing season (May to August). The precipitation data were obtained
from 63 stations across the Prairie study area (Figure 3.2). These
stations were chosen for two reasons. Firstly, they had a relatively

continuous record of daily precipitation amounts from May through August
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during 1948-1991. Secondly, they provided the most uniform coverage of
the study area possible. A Tist of these stations, their identification
numbers and the periods for which they were used are given in Appendix
A - Table A.1.

Daily precipitation data were obtained from the Atmospheric
Environment Service (AES) archives in Downsview, Ontario. Some values
for certain stations were missing. This problem was handled by
substituting data from the nearest station that had data for that time.
As a result, a complete precipitation time series for every growing
season from 1948-1991 was developed for every station. The insertion of
replacement values should not have a significant effect on the analysis
because large-scale (i.e. entire Canadian Prairie study area)
precipitation variations are being analyzed. Since the replacement
stations are near the actual stations, and the highest number of these
stations used for any given day was only three (3/63 = 4.8%), the
identification of large area precipitation variations should not be
significantly affected. A list of the replacement stations, periods for
which they were used and their distance from the actual stations are
given in Appendix A - Table A.2.

Two variables are defined to describe growing-season precipitation
variations on the Prairies. Each one quantifies these variations over
the entire Prairie study area for the total growing season and each
month within the growing season. Both variables indicate large-scale
precipitation variations, however, each shows different characteristics

of these variations.
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3.2.1.2 TOTAL NUMBER OF ]0-DAY DRY SPELLS
The first variable is the total number of 10-day dry spells. A 10-

day dry spell is defined as a period of 10 consecutive days during which
no measurable precipitation is recorded. This definition is similar to
the one utilized by Dey and Chakravarti (1976), Dey (1982) and Bonsal et
al. (1993) who outlined individual growing-season extended dry spells on
the Canadian Prairies. However, in this study, total number of dry
spells are determined for every growing season during 1948-1991.

The total number of 10-day dry spells for each month (during the
study period) is calculated by first determining the number of dry
spells for each station. If a station has only one consecutive 10-day
period without any precipitation, the value is "1". If it has two
separate periods with this condition, the value is "2"; and so on.
However, if the consecutive days without precipitation exceeds 10, the
number of 10-day dry spells increases. For example, if a station has 11
consecutive dry days, the value is "2"; 12 consecutive dry'days, the
value is "3"; and so on. As a result, the longer the consecutive dry
period (i.e. the greater the likelihood it will lead to drought), the
higher the total number of 10-day dry spells.

For example, if a station has no precipitation during all of May,
the number of 10-day dry spells is "22" (i.e. the first 10 days is "1"
while the remaining 21 days are "21" 10-day dry spells). However, the
dry spell can continue from one month to the next (e.g. May into June).
If this occurs, the dry spells are given to the month which has the most
consecutive dry days. For example, if a 10-day dry spell occurs from May

25th to June 3rd, the dry spell is classified as occurring in May
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(because more dry days occurred in May). Conversely, if the spell lasts
from May 29th to June 7th, it is classified as occurring in June.

Therefore, the maximum number of 10-day dry spells for May (i.e.
if all of May and the first five days of June have no precipitation) is
22 + 5 = "27" (i.e. the original 22 dry spells plus the 5 that continued
into June). From this definition, the maximum number of 10-day dry
spells for June is "30" and for July is "31". However, the maximum
number for August is only "27" (since September data are not used, dry
spells cannot continue from the end of August into September).
Therefore, if a station has no precipitation for the entire growing
season (i.e. May 1st to August 31st), the number of 10-day dry spells is
27 + 30 + 31 + 27 = "115".

This procedure is carried out for all 63 stations. The total
number of 10-day dry spells (for the entire Prairies) is determined by
summing the values for each station. As an extreme example, if all
stations experience no precipitation for all of May and the first five
days of June, the total number of 10-day dry spells is 27 x 63 = "1701".
The maximum for June is 30 x 63 = "1890"; for July is 31 x 63 = "1953";
and for August is 27 x 63 = "1701". Conversely, if there are no
consecutive 10-day dry periods for any stations during a particular
