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Abstract: This study examines the link between Red Spring wheat yields
in Saskatchewan and global teleconnection indices and local
meteorological conditions. The development of a long-range crop
forecasting model indicates that a combination of teleconnection and
meteorological variables can be utilized to successfully explain much of
the variance in crop yield in Saskatchewan’s crop districts. Overall, this
model explains more than 62% of the variance in crop yield. However,
this relationship contains a considerable amount of spatial variation. The
relationship between crop yield and teleconnection indices and local
meteorological variables is strongest in the northern and western regions
of Saskatchewan, and weakest in the central and southeastern districts. It
is apparent that the physical mechanisms that link the teleconnection and
local meteorological variables to crop yield may operate on a relatively
small spatial scale because many variables were only important in welldefined subareas of the study region. Importantly, the study shows that
teleconnection indices other than those currently used (e.g., ENSO, PNA,
and North Pacific SSTs) may be able to contribute to the forecasting of
prairie crop yields. Especially noteworthy is that Atlantic sector
teleconnection patterns may have more of an influence on prairie climate
and, therefore, crop yield than the literature suggests.

Introduction
Interannual and spatial variability of crop yields on the Canadian
prairies -- or anywhere, for that matter -- is almost always largely
determined by variability in the weather, particularly in the growing
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season (Babb et al. 1997). Consequently, an accurate forecast of
average weather conditions (i.e., climate conditions) likely to occur
in upcoming months and seasons is a holy grail, of sorts, for
agricultural producers, for it would facilitate better decisions about
what to plant, when to plant (and perhaps even whether to plant),
and how best to make use of fertilizer, water and financial resources
(Duvenaud 1995). Furthermore, reliable long-range forecasts could
also provide substantial economic benefits to agricultural marketing
agencies (Rimmington and Nicholls 1993; Babb et al. 1997; Meinke
and Hammer 1997), including the Canadian Wheat Board (CWB).
These agencies could incorporate climate forecasts into their cropyield models, the output of which is used to develop competitive
marketing strategies. Unquestionably, there are many means by
which accurate long-range forecasts of anomalous climate conditions
and their impacts on crop production could help producers maximize
their profits (Garnett 1997).
One of the most promising developments in climate forecasting
is the inclusion of teleconnections in forecast models. Indeed, most
long-range forecasts are, in one way or another, based on
teleconnections (Nicholls and Katz 1991). A teleconnection, or a
teleconnection pattern, pertains to a persistent, large-scale
circulation anomaly within the atmosphere (and usually the oceans).
Teleconnection patterns are often referred to as preferred modes
of low-frequency variability, typically lasting for weeks, months,
or even years, and are associated with changes in planetary-scale
wave patterns. Hence, they commonly affect very large areas,
including entire ocean basins and continents. All teleconnections
are naturally occurring aspects of the quasi-chaotic atmospheric
system and it is generally thought that they arise as a result of
internal atmospheric dynamics (Glantz 1991), although it is
becoming increasingly apparent that sea-surface temperatures and
ocean circulation patterns play a vital role in the creation of, and
persistence of, teleconnections. However they are created,
teleconnections are often associated with widespread and
anomalous temperature and precipitation patterns, in response to
anomalous pressure and wind patterns, which are, in turn, usually
associated with anomalous jet-stream locations and intensities.
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Given the connection between weather and crop yields, it is not
surprising that many researchers have investigated the utility of
teleconnections in long-range crop forecasting (e.g., Abawi et al.
1995; Meinke et al. 1996; Meinke and Hammer 1997), as opposed
to long-range climate forecasting, but few of these studies have
considered the Canadian situation. Those which have done so have
either used only a limited number of teleconnection indices (e.g.,
Bonsal et al. 1993; Garnett et al. 1997, 1998) or coarse spatial
resolutions (e.g., Shabbar and Khandekar 1996; Shabbar and
Barnston 1996). Thus, in the opinion of the authors, there is a
need for further research into the utility of teleconnections in longrange crop forecasting for Canada. Some of the more well-known
teleconnection indices, such as the Southern Oscillation Index
(SOI), the Pacific/North American (PNA) index, and Pacific sea
surface temperature (SST) have been used in Canadian-based cropprediction schemes (Babb et al. 1995, 1997), but there is, in our
opinion, a need for investigations into the utility of some of the
other major indices. Additionally, there is a need for an examination
of the relationship between crop yields and teleconnections at the
crop-district level, rather than prairie or province-wide. A finer
spatial resolution may result in more accurate models by
contributing to a better understanding of which teleconnections
have the greatest influence on regional crop yields.
In response to these needs, the research reported here
investigates the utility of teleconnection indices in the forecasting
of Red Spring wheat yields at the crop-district level in
Saskatchewan, where much of Canada’s grain is produced.

Teleconnections and Forecasting
The discovery of what we now recognize as teleconnections is
attributed to Sir Gilbert Walker (1923, 1924), who, in his attempts
to explain drought-producing variations in the Indian monsoon,
identified a number of low-frequency circulation systems within
the global climate. However, the term teleconnection was not
actually used until 1935, when Angstrom used it to describe an
“atmospheric seesaw” now known as the North Atlantic Oscillation
(NAO) (Glantz 1991). Moreover, the importance of teleconnections
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was not widely appreciated until the early 1970s, following intensive
research into the 1972-73 El Niño event (Glantz 1991).
Without doubt, El Niño -- or, more correctly, El Niño/Southern
Oscillation (ENSO) -- is the most widely known and extensively
studied teleconnection pattern (Lamb and Peppler 1991). As is the
case with most teleconnections, ENSO involves large-scale oceanatmosphere interactions. Indeed, it has become abundantly clear
that the tropical-Atlantic and tropical-Pacific SST patterns have
much influence on the atmospheric circulation of the tropics (Lamb
and Peppler 1991; Rasmusson 1991). These effects then pass
through the rest of the global climate system as a series of planetaryscale waves (Mo and Livezey 1986). Of particular significance is
that climate events with major social and economic impact are,
almost without exception, the signature of long-lived planetary scale
circulation pattern anomalies (Mo and Livezey 1986). These quasistationary flow patterns are maintained either remotely from the
tropics, or through natural variability in the extratropical
atmosphere.
Consequently, an understanding of the physical mechanisms
that allow local anomalies to be extended globally is essential to
long-range forecasting (Gray and Sheaffer 1991; Tribbia 1991).
Walker’s pioneering work initiated our understanding of these
processes, and laid the groundwork for those studies which have
since contributed to our understanding of the connections between
mid-latitude temperature and precipitation anomalies and largescale circulation systems, including those studies by Bjerknes
(1969), Namias (1978, 1980), Wallace and Gutzler (1981), Yarnal
and Diaz (1986), Ropelewski and Halpert (1986, 1987), Barnett
and Preisendorfer (1987), White et al. (1993), Yin (1994), Hurrell
(1996), Shabbar and Barnston (1996), Shabbar and Khandekar
(1996), and Stone et al. (1996), to name but a few.
It is important to keep in mind that teleconnections do not assist
in the production of long-range weather forecasts but, instead, longrange climate forecasts. That is, teleconnections facilitate the
forecasting of the average weather conditions to be expected over
some period of time, typically on the order of months or seasons.
They do not present opportunities for long-range forecasting of
the timing and characteristics of specific, short-period
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meteorological events. Because the atmospheric system is
substantially chaotic, the forecasting of weather events beyond 1015 days is extremely limited (Cane 1991), but teleconnections allow
the time frame of predictability to be lengthened, largely because
of the thermal inertia of the oceans, the long life-cycle of SST
anomalies, and the phase-locking of the SST variations to the annual
cycle (Nicholls and Katz 1991). In other words, the coupling
between the atmosphere and the more slowly varying oceans
facilitates climate prediction over time scales of months, seasons,
years, and even decades (Uppenbrink 1997; Sutton and Allen 1997).
Still, it must be appreciated that climate forecasts, by definition,
are less resolved than weather forecasts, both spatially and
temporally. Hence, the same limitations apply to long-range cropyield forecasts.
Whether they be used in climate forecasts or crop-yield
forecasts, the state of teleconnections must be represented in some
quantitative fashion. To this end, teleconnection indices are
routinely calculated by several climate-data distribution centres,
most notably for the northern hemisphere, by the Climate Prediction
Center (CPC) in the United States. It is not within the scope of this
paper to provide detailed explanations and discussions of all
available teleconnection indices. Instead, the reader is advised to
connect to that part of the CPC website dedicated to Northern
Hemisphere Teleconnection Indices, currently at http://
www.cpc.ncep.noaa.gov/data/teledoc/telecontents.html. Other
useful sources of information regarding teleconnection indices used
in the research reported here include Wallace and Gutzler (1981),
Mo and Livezey (1986), Leathers et al. (1991), and Hurrell (1996).
The reader should also note that the acronyms for the
teleconnections discussed within this paper are listed in Table 1.

Long-Range Forecasting for the Canadian Prairies
Canada lags somewhat behind the other major grain-growing
nations in its efforts to produce long-range forecasts and to predict
grain yields. This may be because the influence of many of the
major global teleconnections on Canadian weather is not as clear
as in other parts of the world (especially Australia). Nevertheless,
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Table 1: A description of the teleconnection patterns used in this study
(CPC, 1999)
Name of teleconnection
pattern

Period of prominence
measurement

North Atlantic Oscillation (NAO) all months
East Atlantic pattern (EA)

all months
except May to August

East Atlantic Jet (EAJET)

April to August

Western Pacific pattern (WP)

all months

Eastern Pacific pattern (EP)

all months except
August and September

North Pacific pattern (NP)

March to July

Pacific/North American
pattern (PNA)

all months except
June and July

Tropical/North Hemisphere
pattern (TNH)

November to February

Pacific Transition (PT)

May to August

Southern Oscillation Index (SOI) all months
Pacific SST
(specifically: Niño-1+2,
Niño-3, Niño-4, and
Niño-3.4 regions)
North Atlantic, South Atlantic,
and Tropical SST

all months

all months

Description
North-south dipole of pressure
anomalies; centred over
Greenland and 35-40°N.
Structurally similar to NAO, but
anomaly centres are positioned
to the southeastward.
North-south dipole of anomalies;
centred over the eastern North
Atlantic and Northern Africa/the
Mediterranean.
North-south dipole of pressure
anomalies; centred over the
Kamchatka peninsula and
southeastern Asia (in summer
and fall a third centre is added
over the Beaufort sea).
North-south dipole of pressure
anomalies; centred near Alaska/
west coast of Canada and
Hawaii.
Two anomaly centres; one
spans western and central North
Pacific and the other is centred
over eastern Siberia.
Pattern of height anomalies;
centres with similar sign are
found south of the Aleutian
Islands and over the southeast
U.S. and centres of opposite
sign are located near Hawaii and
over the inter-montane region of
North America.
Two anomaly centres; one
centred over the Gulf of Alaska
and the other over Hudson Bay.
Wave-like pattern of anomalies
which extends from the Gulf of
Alaska to the Labrador Sea and
is aligned along 40°N.
Standardized difference between
sea level pressure in Tahiti and
Darwin.
Expressed as temperature
departures from the monthly
long-term mean.
Expressed as temperature
departures from normal.

Prairie Perspectives

29

some notable teleconnection-related research has been done. For
example, Shabbar and Khandekar (1996) analyzed the impact of
the ENSO on the temperature field over Canada. Shabbar and
Barnston (1996) used canonical correlation analysis (CCA) to
forecast three-month mean surface temperature and precipitation
across Canada. Their predictors were quasi-global SST, NH 500
mb geopotential heights, and antecedent temperature values.
Furthermore, a number of studies have linked North Pacific
SSTs to winter weather over North America. For example, Namias
(1969, 1972, and 1986) demonstrated that the occurrence of a large
area of anomalously cold water in the North Pacific combined with
a large area of anomalously warm water off the coast of California
and down into Central America produces a unique Rossby wave
pattern. This Rossby wave pattern results in warm and dry
conditions over western North America and cool and wet conditions
over eastern North America. If the SST pattern is reversed, the
related weather patterns tend to be reversed, too.
Knox and Lawford (1990) used the PNA, the NAO, and NP
teleconnection indices to investigate the relationship between NH
circulation and pressure patterns at the 500 mb level. They
established that the phase of the PNA is strongly related to prairie
precipitation. Wet months are associated with the negative phase
and dry conditions are associated with the positive phase. They
also found that the NAO and NP are strongly related to spring
precipitation on the prairies.
Bonsal et al. (1993) used north Pacific SST anomalies to predict
the occurrence of extended growing-season dry-spells on the
Canadian prairies. Their study verified the previous work of Knox
and Lawford (1990), and showed that dry-spells on the prairies are
associated with positive height anomalies in the mid-troposphere
(Knox and Lawford 1990). Anomalies in the north Pacific SSTs,
North American snow cover, or soil moisture conditions may be
responsible for these changes in the large-scale circulation patterns.
Bonsal et al. (1993) also found that the severity of the dry-spells
was influenced by the duration and persistence of the SST anomaly,
and the height of the 500 mb ridge. Interestingly, it was noted that
when the SST anomaly persisted for longer than nine months a
dry-spell always occurred.
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Garnett et al. (1997) examined a variety of teleconnection
relationships for the Canadian prairies. A relationship was found
between SSTs in the eastern equatorial Pacific in April and July
precipitation on the prairies. This is particularly important because
July precipitation very much affects both the quantity and the quality
of the Red Spring wheat yield. In a subsequent study, Garnett et
al. (1998) developed a predictive model, using PNA and ENSO,
that explains up to 64% of the summer temperature variation and
47% of the summer precipitation variation. They suggest that these
regression models can be used to develop a skillful forecast of
summer weather over the Canadian prairies with a lead time of
two to four months.
Babb et al. (1997) used monthly temperature and precipitation
variables to develop a model of Red Spring wheat yields on the
prairies. They note that precipitation and temperature
characteristics over the growing region have a major influence on
wheat yield and protein content. They examined the entire prairie
growing region, and found a relatively strong relationship between
July mean total precipitation and mean yield. Two different models
were developed. The first model incorporated observations taken
up to the end of June and used four regressor variables: mean total
precipitation for September through May, mean total precipitation
in June, mean temperature for May, and mean temperature for June.
The model produced an R2 value of 0.53. The second model utilized
data up until the end of July. It used the four variables named
above as well as July precipitation. The inclusion of July
considerably improved the fit of the model (R2 = 0.71). Of course,
as more of the growing-season climate data is incorporated into
the modeling process, one should expect more accurate forecasts
of yield. The cost of waiting, however, is a reduction in the utility
of the forecast. This is one of the problems that faces modelers, as
a whole.
Largely as a result of research of the sort just noted, there
appears to be general agreement that fluctuations in ENSO, PNA,
and SSTs provide the best opportunities for the creation of good
long-range forecasts of Canadian climate and crop yields. To date,
however, very few studies have investigated the link between crop
yield and many of the less well-known teleconnection indices. It
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is this that we are attempting to address in the research reported
here.
Of course, factors other then those represented by the
teleconnection and SST variables used in this study have a major
influence on the quality and quantity of Canadian prairie wheat
yields. The inclusion of variables measuring soil fertility, soil
moisture, plant diseases, insects, and weeds would undoubtedly
help to reduce the unexplained variance in Red Spring wheat yields
(Bushuk 1982). These variables were not included because they
are outside of the scope of this paper.

Study Area
Red Spring wheat is the dominant wheat class grown in Western
Canada, accounting for 69.3% of the total wheat production in the
prairie region (Babb et al. 1997). Saskatchewan accounts for more
than 50% of the 25 million tonnes of annual spring wheat production
on the Canadian prairies (Garnett et al. 1997). Thus, our study
area consists of the 20 crop districts in the province of Saskatchewan
(Figure 1).
The selected study region encompasses a wide range of climate
conditions. The southwestern corner of Saskatchewan is relatively
arid, while the northeastern corner is relatively moist. This distinct
moisture gradient has a strong influence on the average yield across
the region. Overall, summer evapotranspiration rates exceed the
climate’s ability to supply moisture, so there is a negative moisture
index (Scott 1995).
The study region is associated with extreme continentality.
Monthly average temperatures range from colder than -15°C to
warmer than +20°C (Scott 1995).
There is a wide variety of soil types found within Saskatchewan.
The transition from semi-arid to subhumid moisture zone also marks
a transition in the dominant soil groups from Brown and DarkBrown, to Black and Dark-Gray Chernozems according to the
Canadian Soil Classification System (Scott 1995). This sequence
represents the relationship between increasing levels of moisture,
organic material and soil organisms, and soil type. Gleysols may
also occur in areas of poor drainage and Solonetzic soils occur
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Figure 1: Distribution of meteorological stations within Saskatchewan
crop districts.

where the parent material is highly saline. Chernozemic soils have
high amounts of organic material, good structural properties, low
available moisture contents and high nutrient levels. They are wellsuited for growing cereal grains with low moisture demands.

Data
Crop Yield Data:
Red Spring wheat yield (1961-1997) was selected for study
because it is the most abundant wheat class grown in Western
Canada (Babb et al. 1997). All yield data was provided by the
Canadian Grain Commission (CGC). The crop yield and
precipitation conditions over the 37 year study period are
summarized for each crop district in Table 2.
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Table 2: Summary of crop district yield and precipitation conditions, 19611997. (Source: Atmospheric Environment Service, Canadian Grain
Commission)
Crop
Districts

Mean
Yield
(bu/a)

Min.
Yield
(bu/a)

Max.
Yield
(bu/a

Mean
Precip.
(mm)

Min.
Precip.
(mm)

Max.
Precip.
(mm)

1a

23.98

3.6

34.7

439.36

253.21

650.75

1b
2a

25.49
22.84

5.7
7.8

37.3
35.4

449.91
412.36

237.60
254.03

646.24
598.33

2b
3an

26.75
23.04

11.2
5.9

37.6
33.4

398.54
373.48

220.16
241.68

548.03
502.57

3as
3bn

22.71
23.58

3.3
7.2

31.7
33.5

382.62
354.82

228.93
221.09

509.36
506.50

3bs
4a

22.68
20.30

3.2
4.7

35.1
33.4

350.84
380.13

206.89
242.73

492.49
551.54

4b
5a
5b

22.49
26.45
27.40

6.0
6.3
8.6

36.4
35.6
35.8

349.42
433.77
445.40

230.61
211.09
243.14

474.91
575.85
591.44

6a
6b

24.66
25.19

7.9
7.0

32.4
36.4

379.41
359.84

230.69
251.51

540.96
499.06

7a
7b

26.55
27.10

8.7
13.6

38.6
37.9

320.75
375.84

220.83
293.15

439.64
502.70

8a
8b

28.16
28.43

13.8
12.7

41.9
40.2

452.81
404.09

311.89
216.42

636.49
559.93

9a
9b

26.90
28.02

9.9
14.9

39.0
36.2

415.36
406.30

288.15
308.26

555.62
499.41

Meteorological Data and the Year of Harvest Variable
The monthly precipitation totals and mean monthly
temperatures were acquired from Environment Canada’s
Atmospheric Environment Service (AES). A total of 548
meteorological stations were used to calculate the averages of the
monthly mean temperatures and precipitation totals for the crop
districts in every month (Figure 1). Representative stations were
chosen in locations having more than one meteorological station
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and every attempt was made to choose stations that provided the
best areal coverage for each crop district in order to prevent undue
weighting.
It has been noted in other studies (Babb et al. 1997) that there
has been a linear increase in average annual yield over time. This
trend has been attributed to advances made in farming, including
the use of improved varieties of wheat, increased use of fertilizers,
and better weed control and tillage practices. With this in mind,
the year-of-production was included as one of the independent
variables in the regression models. It serves as a proxy variable
representing these technological advances in farming.
Teleconnection Data:
The monthly teleconnection data were obtained from the
Climate Prediction Center (CPC) of the National Oceanographic
and Atmospheric Administration (NOAA) in Washington, D.C.. It
monitors thirteen prominent teleconnection patterns that can be
identified in the extra-tropical northern hemisphere throughout the
year. The following teleconnections and climatological indices
were selected for inclusion in this study: Southern Oscillation Index
(SOI), Pacific sea surface temperatures (SSTs) (specifically: Niño1+2, Niño-3, Niño-4, and Niño-3.4 regions), tropical SST, North
Atlantic Oscillation (NAO), northern and southern Atlantic SST,
East Atlantic pattern (EA), East Atlantic Jet (EAJET), Pacific/North
American pattern (PNA), Western Pacific pattern (WP), Eastern
Pacific pattern (EP), North Pacific pattern (NP), Tropical/Northern
Hemisphere pattern (TNH), and Pacific Transition (PT). Many of
these particular indices, especially the ENSO-related and SST
indices, were selected because they are statistically correlated to
the North American climate. The rest of the teleconnections were
selected for exploratory purposes. That is, although the literature
does not contain specific evidence that connects them to the
Canadian prairie climate, it was thought that it would be worthwhile
to determine whether they are useful for improving long-range
forecasts over the study area.
It should be noted that there is an important difference between
SSTs and atmospheric teleconnections. The Niño and tropical SSTs
are based on the surface temperature of the earth’s oceans during a
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given month while teleconnections, as defined earlier, are persistent
atmospheric anomalies. Although SSTs are not teleconnections in
the true sense of the word, they can affect atmospheric flow and
weather patterns around the world. Therefore, they have been
included in the model.
The CPC uses the Rotated Principal Component Analysis
(RPCA) of Barnston and Livezey (1987) and applies it to 700 mb
height anomalies in order to calculate its teleconnection indices
(excluding the SOI and SST indices). Ten patterns, or eigenvectors,
are selected for each month from the height anomaly fields for the
three-month period centred on that month. The RPCA procedure
is based on the entire flow field and not just height anomalies at a
few selected locations. The amplitude of each teleconnection
pattern is determined by using a least-squares regression analysis.
The amplitudes are determined such that the combined sum of their
products explains the maximum spatial structure of the observed
height anomaly field during the month. For each pattern, the
amplitudes are then assembled into a continuous time series and
standardized for each month independently.
In addition to the teleconnection values from the current year
of harvest for the months of January through July, lag teleconnection
values were also entered as possible predictor variables for the
crop-district models being developed. These lag values pertain to
the year prior to harvest, and are expressed as seasonally averaged
anomalies. These lag values were included to test the validity of
the hypothesis that teleconnections have both simultaneous and
lag influences on the climate of the prairies.
Construction of the Long-Range Forecasting Model:
The utility of the teleconnection indices and the meteorological
data in the forecasting of Saskatchewan crop yields was investigated
using a stepwise multiple regression technique. In multiple
regression, the variation of a single dependent variable is explained
by a number of predictor variables. The concept of least-squares
is used to obtain the best-fit surface through multi-dimensional
space (Shaw and Wheeler 1994). Stepwise regression is an
objective method combining the efficiency of the forward inclusion
method with the thoroughness of the all-possible regressions
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procedure. In the stepwise regression procedure all predictor
variables are re-examined at each stage to identify those that might
have become superfluous following the introduction of subsequent
predictors, or to allow the use of those predictors previously
excluded from the model. At each step, inclusion and exclusion
are possible at the selected significance levels (Shaw and Wheeler
1994). Using standard procedure as a guide, the criteria chosen
for the stepwise regression models were as follows: probability of
F for entry: less than or equal to 0.05, and probability of F for
removal: greater than or equal to 0.10.
The stepwise regression method was chosen for this study
because it provides an objective automated method to find the bestfit surface. Shaw and Wheeler (1994) recommend this procedure
when the goal of the researcher is to produce a predictive model
with the highest possible R2 values. Although this method can be
problematic since it relies solely on statistical criteria and is less
concerned with theoretical delicacies, it was deemed suitable for
this study because one of the principal objectives was to investigate
to what degree teleconnection and meteorological information could
be used to forecast crop-yields.
A simple three step process was used to develop the crop-yield
model. First, all of the meteorological variables (as well as the
proxy variable representing technological advances) were used to
create a stepwise regression model for Red Spring wheat yield for
each crop district. Then all of the teleconnection variables were
used to create a second set of models for Red Spring wheat yield
for each crop district. The final stage used a simple inclusion
method to combine all of the meteorological variables selected in
step one with all of the teleconnection variables selected in step
two. This resulted in a unique regression model being generated
for each of the 20 crop districts in Saskatchewan.
The goodness-of-fit for any given model is measured by the
coefficient of multiple determination, R2, which is defined as the
ratio of variation attributable to the regression relation compared
to the total variation in the response variable. Thus, R2 varies
between 0 and 1, where values closer to 1 denote a better fitting
model. Increasing the number of predictor variables in a model
can only increase the R2, or leave it unchanged. Therefore, it is

Prairie Perspectives

37

better to use a modified measure of goodness-of-fit called the
adjusted coefficient of multiple determination. The adjusted R2
introduces a slight penalty for each predictor variable introduced
into the model.
The significance of any model can be tested using an F-statistic,
which is the ratio between explained variance (regression) to
unexplained (residual). The standard error of the estimate, or root
mean square error, provides an estimation of the standard deviation
of the residuals. The better the model fits, the closer to zero will
be the standard error of the estimate (Garnett et al. 1998).

Model Results
Non-Teleconnection Variables Selected by the Model:
On average, variations in the local meteorological conditions
and/or technological innovation (year-of-harvest) were able to
explain almost 45% of the variation in Red Spring wheat yield, but
the results varied significantly between crop districts. A summary
of the correlations is presented in Table 3.
Crop District 6b (hereafter CD6b) produced the best-fitting
model, with an adjusted R2 of 0.754, and CD8a was found to have
the lowest degree of explanation with an adjusted R2 of 0.124.
Hence, approximately 75% of the variation in crop yield was
explained by the linear combination of meteorological variables
selected by the model in CD6b, while only about 12% of the
variation in crop yield was explained in CD8a.
All models include between one and six meteorological/year
of harvest variables. June and July precipitation were the most
frequently selected variables; both were chosen in 16 out of 20
crop districts (Figures 2 and 3). March, April and May precipitation
totals were also found to be significant in the model, but were
selected less frequently than the summer precipitation variables.
From the available temperature variables, July mean temperature
was selected in six crop districts (Figure 4). May and June mean
temperatures were selected in two and four districts, respectively.
Interestingly, the year-of-harvest variable was found to be quite an
important variable, providing a significant degree of explanation
in eight crop districts (Figure 5). Altogether, non-lag precipitation
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Table 3: Correlations between meteorological/year of harvest variables
and crop yield.
Crop Districts

1a
1b
2a
2b
3an
3as
3bn
3bs
4a
4b
5a
5b
6a
6b
7a
7b
8a
8b
9a
9b

Non-teleconnection variables
R Square Adj. R Square RMSE
0.382
0.463
0.707
0.491
0.551
0.587
0.534
0.506
0.633
0.520
0.350
0.309
0.284
0.797
0.693
0.718
0.150
0.481
0.633
0.431

0.344
0.431
0.669
0.425
0.509
0.548
0.490
0.442
0.572
0.458
0.311
0.267
0.241
0.754
0.629
0.670
0.124
0.449
0.586
0.358

4.04
3.88
3.60
4.04
4.43
4.09
4.64
5.02
4.28
5.44
4.00
4.03
4.65
3.20
3.84
3.26
6.13
4.35
3.66
3.70

variables were chosen a total of 43 times and non-lag temperature
variables were chosen 12 times. Lag variables (conditions in the
year prior to harvest) were only selected five times. Table 4
summarizes the frequency that each of the non-teleconnection
variables was used in the models.
The results reveal, not surprisingly, that precipitation is the
most important weather variable for explaining the variation in
crop yields. As was determined by previous research (Babb et al.
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Figure 2: Crop districts where June precipitation was included in the
model.

Figure 3: Crop districts where July precipitation was included in the
model.
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Table 4: Frequency of meteorological/year-of-harvest variables selected
by the model.
VARIABLE

# OF OCCURRENCES

July precipitation
June precipitation
May precipitation
April precipitation
March precipitation
Total Precipitation Variables

16
16
7
3
1
43

July mean temperature
June mean temperature
May mean temperature
Total Temperature Variables

6
4
2
12

Sept-Oct-Nov lag precipitation
Jun-Jul-Aug lag precipitation
Jun-Jul-Aug lag mean temperature
Total Lab Variable

1
1
3
5

Year-of-harvest

8

1997), July precipitation was found to strongly influence Red Spring
wheat yield. June precipitation was selected as a significant variable
in an equal number of crop districts and therefore should also be
considered an important predictor of crop yield.
The spatial distribution of the crop districts in which June and
July precipitation was found to be influential is very revealing.
The northeast corner of the study area is the only location in
Saskatchewan where both June and July precipitation were not
found to have a statistically significant effect on crop yield (Figures
2 and 3). This corresponds to the area of maximum precipitation
in the study region. An examination of the mean annual
precipitation totals for Saskatchewan crop districts reveals that June
and July precipitation variables were not important in CD8a and
CD8b where both annual precipitation totals exceed 400 mm. In
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Figure 4: Crop districts where July precipitation was included in the
model.

other crop districts that have relatively high annual precipitation
totals (e.g., CDs 1a, 5b, and 6a) only one of the summer precipitation
variables (either June or July) was selected. Generally, it appears
that the more precipitation a crop district receives, the less valuable
the June and July precipitation variables are in explaining crop
yields.
The pattern of districts in which July mean temperature was
chosen is harder to explain.
The crop districts are generally arranged in a linear feature
stretching from the southeast corner of Saskatchewan towards the
northwest corner (Figure 4), roughly corresponding to those districts
defined as part of the semi-arid moisture zone (CDs 1a, 2a, 2b, 6a,
6b, and 7b) (Bullock, pers. comm.). It is, perhaps, surprising that
the crop districts classified in the sub-arid moisture zone (CDs 3as,
3an, 3bs, 3bn, 4a, and 4b) did not also have July mean temperature
(which, in part, determines moisture stress) selected as a significant
variable considering that moisture availability is one of the primary
limiting factors of crop yield (Bullock 1998). Indeed, July mean
temperature tends to be inversely correlated with wheat yield (Babb
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Figure 5: Crop districts where the year-of-harvest was included in the
model.

et al. 1997), since higher mean temperatures in July put additional
moisture stress on the crop. Thus, even if there is significant rainfall,
the higher than normal temperatures will cause much of the
precipitation to evaporate before it can be absorbed to be utilized
by the crop.
Year-of-harvest was found to be an important predictor of crop
yield in eight crop districts. In fact, it was the only nonteleconnection variable that was used to predict yield in some crop
districts (CD 8a). The crop districts in which year-of-harvest was
selected are primarily in the northern half of the study area, with
the exception of CD3bn and CD3bs (Figure 5). The selection of
this variable is probably due to the fact that there were significant
technological advances in farming during the study period. For
example, new varieties of wheat were developed that mature a week
or two earlier than previous varieties (Bushuk 1982). This
advancement was most important along the northern fringe of the
wheat growing area because of its relatively short growing season.
Thus, it seems that the benefits of technological advances in farming
have been most evident in the more marginal growing areas.
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Table 5: Correlations between teleconnection variables and crop yield.
Crop Districts

1a
1b
2a
2b
3an
3as
3bn
3bs
4a
4b
5a
5b
6a
6b
7a
7b
8a
8b
9a
9b

Teleconnection variables
R Square
Adj. R Square

RMSE

0.551
0.176
0.536
0.201
0.667
0.499
0.962
0.462
0.981
0.579
0.325
0.451
0.209
0.376
0.542
0.821
0.844
0.930
0.815
0.976

3.55
4.74
4.46
4.84
3.95
4.44
1.56
5.07
1.21
5.10
4.14
3.71
4.82
5.25
4.47
2.79
3.13
1.91
2.84
0.98

0.493
0.152
0.492
0.177
0.611
0.469
0.942
0.430
0.966
0.524
0.261
0.381
0.185
0.338
0.499
0.759
0.782
0.894
0.751
0.955

June-July-August mean temperature was the only lag variable
to be included in the model more than once. It is difficult to explain
why this variable, indicating summer temperature conditions one
year before harvest, holds any skill in predicting crop yields.
Generally, lag weather variables were not selected very often by
the model and therefore do not seem to be especially important for
crop yield prediction.
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In summary, monthly weather variables provided a reasonable
amount of predictive power for crop yields, although the results
varied greatly between crop districts.
Teleconnection Variables Selected by the Model:
Teleconnection patterns, on average, were able to explain about
50% of the variation in crop yields at the crop district level. The
adjusted R2 values for the teleconnection variables ranged from
0.152 in CD1b to 0.966 in CD4a. A summary of the correlations
between the teleconnection patterns and crop yields is presented
in Table 5.
The number of teleconnection variables selected by the model
varied from one to sixteen. Not surprisingly, those crop districts

Table 6: Frequency of North Atlantic teleconnection variables selected
by the model.
VARIABLE

# OF OCCURRENCES

EA February
EA March
EA Dec-Jan-Feb lag

2
4
1

NAO February
NAO March
NAO April
NAO May
NAO June
NAO July
NAO Mar-Apr-May lag
NAO Sep-Oct-Nov lag

1
4
5
1
2
3
2
1

EAJET May
EAJET June
EAJET lag

1
6
1

Atlantic Variable Total
Simultaneous Total
Lag Total

34
29
5
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Table 7: Frequency of North Pacific teleconnection variables selected
by the model.
VARIABLE

# OF OCCURRENCES

WP January
WP February
WP April
WP June
WP July
WP Mar-Apr-May lag
WP Jun-Jul-Aug lag
WP Sep-Oct-Nov lag
WP Dec-Jan-Feb lag

1
1
1
3
1
2
2
2
1

EP February
EP March
EP April
EP May
EP July

1
2
1
4
1

NP April
NP May
NP June
NP July
NP Mar-Apr-May-Jun-Jul lag

2
1
1
4
2

PNA January
PNA February
PNA March
PNA Mar-Apr-May lag
PNA Dec-Jan-Feb lag

3
2
1
1
1

PT May
PT July

1
11

TNH Nov-Dec-Jan lag

1

Pacific Variable Total
Simultaneous Total
Lag Total

54
42
12
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Table 8: Frequency of ENSO teleconnection variables selected by the
model.
VARIABLE

# OF OCCURRENCES

Niño-1+2 July

1

Niño-3 April
Niño-3 June

2
1

Niño-3.4 June4
Niño-4 February
Niño-4 June
Niño-4 Jun-Jul-Aug lag

1
1
1

SOI January
SOI May
SOI June

1
1
1

ENSO Variable Total
Simultaneous Total
Lag Total

14
13
1

for which a greater number of significant teleconnection variables
were selected by the model also had higher adjusted R2 values.
The frequency of selection of each variable is summarized in Tables
6 to 9, with the North Atlantic teleconnection variables summarized
in Table 6, the North Pacific variables in Table 7, the ENSO-related
variables in Table 8, and the Atlantic and tropical SST variables in
Table 9.
The results indicate that the July PT teleconnection pattern is
the most significant predictor of crop yield as it was chosen in 11
out of 20 crop districts. The PT pattern exists as a prominent mode
in the North Pacific between May and August, measuring height
anomalies along the 40°N latitude across North America (CPC
1999). The strength and sign of this teleconnection pattern is
associated with the strength of the mean ridge over North America.
Negative phases of the PT occur when the strength of the mean

Prairie Perspectives

47

Table 9: Frequency of SST teleconnection variables selected by the model.
VARIABLE

# OF OCCURRENCES

South Atlantic SST January
South Atlantic SST March
South Atlantic SST April
South Atlantic SST May
South Atlantic SST June
South Atlantic SST July
South Atlantic SST Dec-Jan-Feb lag

3
1
1
1
1
1
1

North Atlantic SST February
North Atlantic SST March
North Atlantic SST June

1
1
1

Tropical SST February
Tropical SST May
Tropical SST June

1
1
2

SST Variable Total
Simultaneous Total
Lag Total

16
15
1

ridge is a substantially reduced, and positive phases occur when
the mean ridge is strengthened (CPC 1999).
The study region is divided into two distinct parts by a diagonal
line that runs from CD7b in the northwest to CD1a in the southeast.
South of this line, the July PT variable was selected by all of the
crop districts as a significant predictor of crop yield. North of this
line, none of the crop districts found that the July PT variable
provided any significant prediction of crop yields (Figure 6). This
distinct boundary between those areas where the July PT variable
was not selected and where it was selected suggests that this
teleconnection exerts influence only over part of the study region.
It seems reasonable that the July PT variable would exert the largest
influence on the southerly crop districts considering it is a
phenomenon that is centred on 40°N latitude. The link between

48

Prairie Perspectives

Figure 6: Crop districts where the July PT variable was included in the
model.

the PT and crop yields likely arises through its effect on July and
August precipitation. The negative phase of the PT is associated
with below normal heights in the mean pressure ridge over the
northwestern United States (CPC 1999). Therefore, if the negative
phase is strong and persistent in July, it will contribute to higher
than normal precipitation over the northwestern U.S. and
southwestern Canada (including the study region). Conversely, a
positive phase is associated with above normal heights in the mean
pressure ridge and, therefore, below normal precipitation over the
study region (CPC 1999).
The June EAJET variable was selected in six crop districts
and is the second most frequently selected teleconnection pattern.
There is a great deal of spatial coherence in the location of the crop
districts where June EAJET was found to be a significant predictor
of yield (Figure 7). Most of the northern part of the study region is
affected by the June EAJET (CDs 6b, 7a, 7b, 8a, 8b, and 9b), with
the notable exception of CD9a. This pattern is difficult to explain.
The EAJET is primarily a measure of the intensity of the westerlies
over the North Atlantic (CPC 1999). One possible explanation for
the connection between this teleconnection variable and crop yield
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Figure 7: Crop districts where the June EAJET variable was included in
the model.

on the prairies is that the EAJET may influence the location and
intensity of storm tracks over North America. However, further
study is needed to identify the physical mechanisms through which
the EAJET exerts a statistically significant influence on crop yield.
The next most frequently occurring teleconnection chosen by
the model was the April NAO. This pattern was found to be
significant in CDs 7a, 7b, 8a, 8b, and 9b (Figure 8). These crop
districts are essentially the same as those that were found to be
significantly influenced by the June EAJET (with the exception of
CD6b), which is also a North Atlantic teleconnection pattern. The
NAO is similar to the EAJET in that it manifests itself through
changes in the jet-stream and storm track patterns over the North
Atlantic as well as causing modifications in the mean configuration
of zonal and meridional heat transport (CPC 1999). The similarity
in the spatial configuration of both the June EAJET and April NAO
would seem to indicate that their influence is transmitted to the
Canadian prairies via the same physical mechanism.
The March NAO variable was selected for four crop districts
(Figure 9). The March NAO teleconnection only partially follows
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Figure 8: Crop districts where the April NAO variable was included in
the model.

Figure 9: Crop districts where the March NAO variable was included in
the model.
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Figure 10: Crop districts where the March EA variable was included in
the model.

the pattern of occurrence that exists in the other North Atlantic
teleconnections because CD7b and CD9a are both located in
northern Saskatchewan, while CD3an and CD3bn are located more
towards the centre of the study region. Perhaps this North Atlantic
variable influences the prairie climate slightly differently than its
later spring and summer counterparts. The March EA
teleconnection was selected for CDs 1a, 1b, 2a, and 3as, which are
all found in the southeastern corner of the study region (Figure
10). The area of influence of March EA has no similarities with
the other North Atlantic teleconnection patterns, suggesting that
the EA pattern is not closely related to those teleconnections and
is transmitted via a different physical mechanism. The May EP
teleconnection was selected for CDs 3an, 3bn, 4a, and 9a. Three
of these crop districts are located in the southwestern corner of the
study area while the fourth is located along the northern boundary
(Figure 11). There does not appear to be a spatially coherent pattern
in the location of the crop districts in which the May EP occurs.
The EP teleconnection pattern is associated with the strength and
location of the westerlies over the eastern North Pacific and western
North America (CPC 1999). This suggests that the EP affects the
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Figure 11: Crop districts where the May EP variable was included in the
model.

Figure 12: Crop districts where the July NP variable was included in the
model.
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Figure 13: Crop districts where the June Niño-3.4 variable was
included in the model.

whole study region, but does not provide a sufficiently strong signal
to be statistically significant in most crop districts.
The July NP teleconnection pattern was selected for CDs 4a,
7b, 8a, and 8b. There does not appear to be a spatially coherent
pattern in the location of these crop districts (Figure 12), but all
four crop districts have adjusted R2 values of > 0.75.
The June Niño-3.4 variable was selected in CDs 3an, 3bn, 6a,
and 6b (Figure 13). These crop districts are all located in the centre
of the study region. Interestingly, June Niño-3.4 was the only
variable that was chosen by the model for CD6a and was one of
only two variables that was chosen in CD6b. ENSO tends to exhibit
better predictive skill over Canada during the winter (Shabbar and
Barnston 1996), but apparently a significant connection exists
between the crop yields in the central part of the study region and
the June Niño-3.4 teleconnection pattern.
Crop-Yield Model:
Overall, the crop-yield model produced an average adjusted
R2 value of 0.624 and the mean standard error of the estimate was
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Table 10: Summary of crop-yield model results.
Crop Districts
1a
1b
2a
2b
3an
3as
3bn
3bs
4a
4b
5a
5b
6a
6b
7a
7b
8a
8b
9a
9b

R Square
0.647
0.587
0.740
0.534
0.711
0.605
0.965
0.608
0.982
0.693
0.566
0.619
0.330
0.840
0.783
0.912
0.876
0.951
0.763
0.992

Crop-Yield Model
Adj. R Square
0.574
0.550
0.677
0.459
0.629
0.542
0.939
0.530
0.959
0.602
0.493
0.540
0.269
0.794
0.708
0.853
0.819
0.918
0.628
0.981

RMSE
3.26
4.08
3.79
4.32
4.19
4.63
1.61
5.08
1.33
4.67
3.43
3.19
5.11
3.19
3.41
2.18
2.86
1.68
3.84
0.64

3.29. This means that, on average, more than 62% of the variation
in crop yields was explained for the 20 crop districts in the province
of Saskatchewan. The number of predictors used in the model
varied from a minimum of three in CDs 1b and 6a to a maximum
of twenty in CDs 4a and 9b. A summary of the results of the model
is presented in Table 10.
The model was most effective at explaining the crop yields
along the northern and western boundaries of the study region in
CDs 3bn, 4a, 7b, 8a, 8b, and 9b (adjusted R2 values > 0.8), and
least effective at explaining the crop yields in the center and
southeastern corner of the study region in CD6a (adjusted R2 value
were less than 0.45) and CDs 1a, 1b, 2b, 5a, and 5b (adjusted R2
values ranged from 0.45 to 0.625) (Figure 14). The fact that there
is significant variation in the ability of the model to explain crop
yield over the study region suggests that a finer spatial resolution
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Figure 14: Long-range crop forecasting model: adjusted R2values for
Saskatchewan crop districts.

provides a better opportunity for the accurate prediction of crop
yields.
The model provided a substantial level of explanation of the
variations in crop yield. More than 98% of the variation in crop
yield was explained in CD9b. More than 80% of the variation in
crop yield was explained by a combination of teleconnection and
local weather variables in 6 out of 20 crop districts in Saskatchewan.
However, only 27% of the variation in crop yield was explained in
CD6b. On average, the model explained more than 62% of the
variation in crop yield.

Summary
This study was undertaken to determine to what degree
teleconnections and local meteorological conditions are related to
Red Spring wheat yields in Saskatchewan. The study also
identified, through the development of a statistical model, the
particular teleconnection and meteorological variables having the
strongest influence on wheat yields. Finally, the spatial distribution
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of these variables was examined in order to determine the variation
in these relationships at the crop-district level.
The frequency with which variables were selected as predictors
was used as an indicator of influence on crop yields. Therefore,
one can conclude that summer precipitation, North Pacific
teleconnections, and North Atlantic teleconnections are the three
most influential variable types. More specifically, June and July
precipitation, the July PT teleconnection, June EAJET, and the
April NAO were the individual variables that exerted the most effect
on crop yields. In addition, the proxy year-of-harvest variable also
had significant influence on crop yields.
Many of the teleconnection and weather variables with the
strongest links to crop yield over the study region occurred in
spatially coherent groups. That is, some variables were found to
influence crop yield only in certain regions of the study area (e.g.,
July PT). Other teleconnection and weather variables did not have
any readily apparent patterns of occurrence (e.g, July NP). It is
quite likely that the coherent spatial grouping evident in the
occurrence of these teleconnections indicates that the correlations
found between these teleconnection indices and crop yield are due
to a specific physical mechanism of transmission. These
mechanisms can take the form of modifications in the location and
strength of the jet stream, height fields, westerlies, or a variety of
other climate features, most of which are probably related to
precipitation production.
There were also coherent regions within the study area where
the crop-yield model was quite effective at explaining crop yields
(northern and western sections) and areas where it was less effective
(central and eastern sections). In fact, no two crop districts used
the exact same combination of variables to predict crop yield. These
variations in the adjusted R2 values, crop prediction models, and
patterns of correlation indicate that the physical mechanisms that
link some teleconnections and, to a lesser extent, weather variables
with crop yield operate on a relatively small spatial scale. Thus, it
can be concluded that it is important to utilize a finer spatial
resolution, such as crop districts, in any crop forecasting model.
In conclusion, this study verified the strong effect that weather
has on crop yields and it provides a basis for further research into

Prairie Perspectives

57

the development of long-range crop forecasting models for the
Canadian prairies because it presents evidence to support the use
of teleconnection indices as a statistically significant means to
produce accurate crop forecasts. Specifically, the study determined
which teleconnection and meteorological variables are important
for crop-yield prediction at the crop-district level. Coherent spatial
patterns were evident in the occurrence of predictors within
particular crop districts in the study region. Therefore, the physical
mechanisms that link teleconnections to crop yield operate at a
finer resolution than has been considered in previous studies (e.g.,
Babb et al. 1997; Garnett et al. 1998).
Importantly, the study showed that commonly used ENSO,
PNA, and SST indices may be able to contribute to the forecasting
of prairie crop yields. Especially noteworthy is that Atlantic-sector
teleconnection patterns may have more influence on prairie climate
and, therefore, crop prediction than the literature suggests.
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