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Abstract

Winter wheat is planted in the fall. It has significant benefits over traditional spring planting; most
notably increased yield and habitat for migratory waterfowl. Although winter wheat has benefits
over traditional spring wheat, there is a chance that it will not survive the winter and farmers will
have to replant in the spring. This study employs two weather indices that are closely correlated
to the Traditional Farmer’s Almanac, the El Nino 3 and North Atlantic Oscillation Index (NAO)
to predict the probability of winterkill. Results show that a one standard deviation decrease of the
El Niño 3 Index in the six months prior to planting can increase the probability of winter wheat
survival by 12.5%. Conversely, an increase in the NAO Index indicates higher crop productivity.
NGOs such as Ducks Unlimited can use this information to promote planting of winter wheat as
well as farmers to be better informed regarding crop allocation decisions.
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1. Introduction
In 2013, Canada was the seventh largest producer of wheat in the world. It exported 37.5
million tonnes or 5% of the world’s total global supply (FAOSTAT , 2014). Each year Canada’s
wheat output fluctuates due to regional weather patterns and other factors. Variability in
Canadian production of wheat has significant impacts on global supply and the Canadian
agricultural sector.
In Canada, spring wheat is traditionally planted in May and harvested in August, whereas
winter wheat is planted in September. Winter wheat has significant benefits: improved control of
soil erosion, more efficient crop moisture utilization, increased yield compared to traditional
spring wheat (Figure 1), longer crop rotations without summerfallow, reduced tillage, reduced
pesticide use and increased habitat for wildlife (University of Saskatchewan , 2014). Although
planting winter wheat has these benefits, there is a significant risk that the crops will not survive
the winter. If winterkill occurs, farmers must replant in the spring and incur the additional cost.
When making winter wheat crop planting decisions, farmers must balance the tradeoff between
the added benefits of winter wheat and the risk of winterkill.
Traditionally farmers have used the Farmers’ Almanac to make these types of crop
planting decisions. The Almanac is published annually and forecasts weather and temperature up
to 14 months into the future. Its predictions are constructed using sunspot activity, planetary
positioning and tidal information, among other things. These factors are correlated with weather
indices such as the North Atlantic Oscillation Index and the El Nino Index, which measure
global weather phenomenon. The close relationship between the Farmers’ Almanac, which
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farmers already use to make crop planting decisions, and these indices are used in this study to
predict the survival of winter wheat.

Figure 1: Comparative Yield:
Spring and Winter Wheat
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Specifically, this study aims to address if, and to what extent climate indices, such as the
North Atlantic Oscillation Index (NOA) and El Nino Index, can aid in measuring the probability
of winter wheat survival. This contribution is unique as it focuses on aiding individuals in farm
management decisions, rather than previous literature which focuses on how climate change
might affect crop-yield outcomes (Roberts, 2013) (Isika, 2006). Different methods have been
used to measure the response of crop yield to climate and weather variables; some are discussed
in this paper. Some researchers utilize agricultural crop models with stochastic weather
generators to simulate weather effects on crop yields and the variability of yields (Wilks, 1992;
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Wei Xiong, 2007; Kantanantha, 2010). These models demonstrate that weather variables have an
important impact on both the mean and variability of crop yields. Other researchers use
regression models with projected variables to estimate the impact of climate change on winter
wheat crops (Kristensen, 2011). Although this research is important, it fails to aid in farm
management decisions such as when and where to plant certain crops.
To address these issues, this study employs data from the 298 rural municipalities of
Saskatchewan. Precipitation, temperature and growing degree days were calculated and used to
measure their impact on winter wheat yields. First the NOA and El Nino indices were used to
estimate the probability of winter wheat survival. Then a panel regression model tests the impact
of temperature, precipitation and growing degree days on winter wheat yield.
The structure of this paper will proceed as follows. It begins by describing the structure
of the data and the methodology used to geographically weigh the weather data as well as the
construction of the NOA and El Nino indices. Section 3 outlines the empirical method used and
describes a simple micro economic model to explain the empirical results. Section 4 summarizes
the findings of this paper and applies the results to the micro-planting model. The final sections
of the paper discuss its limitations and indicates how future research could build on this topic.

2. Data
Data for this study come from three main sources. First, the North Atlantic Oscillation Index
and the El Niño 3 Index were retrieved from the Climate & Global Dynamics climate analysis

3

section.1 This data were retrieved monthly and standardized for the years 1992-2012. Secondly,
Saskatchewan yield data were retrieved from the Saskatchewan Agriculture website2 at the rural
municipal level for the years 1992-2012. Winter wheat yield data are only available for the years
beginning in 1992 and thus limited our analysis to the years 1992 onward. Unfortunately, the
nature of the yield data provides incomplete information. If farmers plant winter wheat and it
does not survive the winter, yield is measured as zero. Similarly, if farmers do not plant the crop,
yield is measured as zero. This must be kept in mind as we interpret the results of the empirical
analysis section.
The province of Saskatchewan is divided into 298 rural municipalities numbered from 1 to
622. Each rural municipality falls into one of Saskatchewan’s three characteristic soil zones;
black, dark brown and brown (Figure 2). The black soil zone is in the northeast, where
temperatures are lower and there is greater precipitation. The brown soil zone is in the southwest,
where the soil is significantly drier and temperatures enable a longer growing season. The dark
brown soil zone lies in between the brown and black regions and is shaded in Figure 2.

1
2

Climate & Global Dynamics website: http://www2.cgd.ucar.edu/
Saskatchewan Agriculture website: http://www.agriculture.gov.sk.ca/
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Figure 1: Rural municipalities, crop districts, weather stations and soil zones in
Saskatchewan

N

Black dots show the centroid of each rural municipality and black triangle show the position of weather
stations. The white region to the southwest is the brown soil zone, the shaded mid-region is the dark brown
soil zone and the white region to the northeast is the black soil zone.

Thirdly, historical precipitation, temperature and snowfall data come from Environment
Canada’s data and information archives.3 The data were collected daily from weather stations
across Saskatchewan and therefore were aggregated into monthly data to correspond to the
weather indices. In order to compare the yield data collected at the rural municipal level to the
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Canadian Daily Climate Data (CDCD): ftp://client_climate:CLIENT@ftp.tor.ec.gc.ca/Pub/Data/
Canadian_Daily_Climate_Data_CDCD/
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weather data collected at weather stations spread across Saskatchewan, it was necessary to use a
Geographical Information System (GIS) model to spatially weight data from the closest three
weather stations to the centroid of each rural municipality. Weather stations are represented by
triangles in Figure 2, and the centroid of each rural municipality is represented by a small circle.
Using this model, monthly weather variables are created at the rural municipal level.
Daily temperature data are used to calculate monthly growing degree days, which are
calculated as follows. In a given day if the temperature is over 5̊ C, growing degree days is equal
to the difference of the temperature and 5. If the temperature is below 5̊ C on a given day, the
growing degree days equal 0. Therefore daily growing degree days (t) in a particular rural
municipality (j) in a given month (m) equal:

𝐺𝑗,𝑚,𝑡 = {

𝑇𝑗,𝑚,𝑡 − 5,
0

𝑖𝑓 𝑇𝑗,𝑚,𝑡 > 5
𝑖𝑓 𝑇𝑗,𝑚,𝑡 < 5

Daily growing degree days are aggregated to obtain monthly growing degree days for every rural
municipality.
After adjustments, this study employs data from 255 of the 298 rural municipalities for
the years 1992-2012. Summary statistics for the standardized weather indices, yield and weather
variables can be found in Table 1.
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Table 1: Summary Statistics of Climate & Weather Indices
Variable
Mean Std. Dev.
Winter wheat yield (Bu/Ac)*
36.34
11.24
El Niño (non-standardized)
26.01
1.29
NAO (non-standardized)
-0.05
1.04
September snow
0.0174
0.0556
October snow
0.2321
0.2752
November snow
0.5216
0.4311
December snow
0.6138
0.3653
January snow
0.6483
0.4057
May precipitation
1.6954
1.0851
June precipitation
2.7655
1.1565
July precipitation
2.0933
1.0696
August precipitation
1.7917
1.0881
Growing degree days (April to August) 1332.08
158.39

Min
3.00
23.64
-3.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Max
90.00
29.16
2.63
0.76
2.29
3.20
3.05
3.54
7.20
7.95
10.8
7.18
1743.51

Data is collected for 255 rural municipalities in Saskatchewan from 1992-2012. Total number of
observations 5355. Snow and precipitation variables are calculated in cm. *Winter wheat yield calculated
given we observe a non-zero value. Std. Dev.= Standard Deviation.

Table 2: Average Value of Weather Variables by Soil Zone
Variable
Brown Dark Brown
Winter wheat yield
33.53
36.75
May precipitation
1.74
1.73
June precipitation
2.75
2.73
July precipitation
1.71
2.05
August precipitation
1.44
1.78
Growing degree days (April to August) 1385.07
1360.78
Snowfall (November to March)
2.64
2.87

Black
37.67
1.63
2.80
2.41
2.05
1271.80
3.36

Table 2 compares the weather variables across the three main soil zones. Winter wheat yield
is highest in the black soil zone in the north of Saskatchewan, which has the most snow, highest
precipitation in July and August, but the fewest growing degree days. The brown soil zone in the
southwest has the lowest yield of the three soil zones. It gets the least amount of snow and
overall precipitation, but has the most growing degree days in the growing season. Winter wheat
7

is expected to have the greatest impact in the brown soil zone because it is more likely to survive
winterkill and retain moisture in the dry soil.
A comparison of the standardized values of the El Niño Index and NAO Index can be found
in Figure 3. These variables appear to move in opposite directions. The large deviations from
zero in 1997 by the El Nino Index and in 2010 by the NAO Index are said to be climactic events,
whereas variation within the interval ±0.5 have less impact.

Figure 3: North Atlantic Oscillation Index (NAO) and El Niño 3 Weather
Indices
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3. Methods
To test whether and to what extent the El Niño 3 and North Atlantic Oscillation Index
reduce uncertainty of winter wheat survival, I employed two empirical models and one
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microeconomic model. The empirical models measure the impact of the two weather indices on
the probability of winter wheat survival and the impact of the weather indices on winter wheat
yield, respectively. The micro economic model illustrates the impact of this information on
farmers’ planting decision.
To measure the probability of winter wheat survival I employed a probit regression
specified as follows:
𝑧𝑡 = 𝑎1 𝐸𝑡 + 𝑏1 𝑁𝑡 + 𝑒𝑡
where 𝑧𝑡 is a dummy variable which takes on the value of 1 if the crop is planted and survives,
and 0 otherwise. 𝐸𝑡 and 𝑁𝑡 are the standardized, average El Niño and NAO variables in the six
months before planting. The probit model indicates whether or not the probability of winter
wheat survival (given planting) is correlated with the March to September average indices in the
year before planting. If the model shows close correlation between the probability of one or both
of the climate indexes then farmers could choose to plant based on the value of this index in the
period before plating.
The second empirical model examines the relationship between winter wheat yields
(𝑦𝑡,𝑗 ), and weather variables. The model is specified as follows:
2
𝑦𝑡,𝑗 = 𝛼0 + 𝛼1 𝐿𝑇 + 𝛼2 𝐺𝑡,𝑗 + 𝛼3 𝐺𝑡,𝑗
+ ∑ 𝛽𝑖 𝑆𝑡,𝑗 + 𝜃𝑖 𝐷𝑖 + ∑ 𝜑𝑛 𝑃𝑡,𝑗 + 𝑢𝑡

where t indexes the year, n indexes month and j indexes the rural municipality. LT signifies a
linear time trend. 𝐺𝑡,𝑗 represents growing degree days. Growing degree days squared is included
to account for any non-linear relationship between temperature and yield. The snow variables are
included for the months September to December of year (t-1) and January through April of year
9

(t). Each precipitation variable (𝑃𝑡,𝑗 ) is aggregate rain and snowfall for each of the months May
to August. 𝐷𝑖 is a dummy variable to take into account the three soil zones in Saskatchewan.
The micro-economic model explains how results obtained from the empirical analysis
will impact the farmer’s planting decision. The farmer must make a planting decision in period
(t-1) based on available information and in period (t) the crop will either survive or die due to
winterkill. If the farmer chooses to plant, he will incur a fixed cost (FC). When the state of the
world is revealed, the farmer will either bear the fixed cost if the crop dies or receive the value of
the crop less the fixed cost. Figure 4 represents the farmer’s decision tree.

Figure 4: Farmer’s Planting Decision
Crop Survives
𝑉 − 𝐹𝐶
Plant
Crop Dies

Farmer makes planting
decision

−𝐹𝐶
Does not plant

The farmer’s profit function is as follows:
𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐸(𝑃𝑟) ∙ 𝑉 − 𝐹𝐶
where 𝐸(𝑃𝑟) is the expected probability of winter wheat survival, V is the value of the crop
given it survives, and FC is the fixed cost the farmer incurs planting in September. The farmer
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will incur no cost and no possible profit if he chooses not to plant. Therefore the planting rule is
as follows:
𝑀𝑎𝑥[𝐸(𝑃𝑟) ∙ 𝑉 − 𝐹𝐶, 0]
So the planting threshold is,

𝐸(𝑃𝑟) >

𝐹𝐶
𝑉

In order for a farmer to plant, the expected probability of winter wheat survival must be
greater than the ratio of the fixed cost over the value of the crop. This study will use the
empirical models explained above to predict the probability of winter wheat survival with
weather indices and apply it to the farmer’s planting decision. Given the indices are strong
predictors of crop survival (or failure), the farmer can make a more informed planting decision
they will plant when the crop is more likely to survive and not plant when the crop is more likely
to fail due to winterkill.

4. Empirical Analysis and Results
The results of the probit regression, which is used to predict the probability of winter wheat,
are shown in Table 3. Both the El Niño and NAO indices have a predicted negative impact on
the probability of winter wheat survival. Holding the NAO variable at its constant, a one
standard deviation increase in the El Niño index will decrease the probability of winter wheat
survival by 12.5%. Alternatively, holding the El Niño variable at its constant, a one standard
deviation increase in the NAO index will decrease the probability of winter wheat survival by
3.8%. At the 1% significance level, the NAO index is not statistically significant; therefore, the
11

El Nino Index is the better predictor of winter wheat survival and will be the focus of the
planting decision model.
Table 3: Probit Regression Results for Winter Wheat Survival in Saskatchewan
Variable Coefficient
p
Marginal*
-0.32
0.000
-0.125
Standardized El Niño (E)
(0.0387)
(0.0150)
Standardized NAO (N)
-0.10
0.033
-0.038
(0.04560)
(0.0177)
Constant
-0.39
0.000
(0.0476)
*Marginal values calculated holding all other variables at their means. Dependent
variable indicates whether or not winter wheat was both planted and survived

Table 4: Panel Regression Results for Winter Wheat Yield Outcomes
Model 1
Model 2
Variable Coefficient
P
Coefficient
P
May precipitation
1.3067
0.000
1.0638
0.000
(0.2740)

July precipitation

0.6738

(0.2765)

0.016

(0.2788)

November Snow

1.1912

0.073

(0.6651)

January Snow

2.0912
-2.0185

0.002

0.0185

0.009

0.0137

0.001

2.3791

0.001

-1.57915

0.042

(0.7766)

0.024

(0.0082)
(0.0070)

2.3400
(0.6962)

(0.7677)

June Growing degreedays
August Growing
degree-days
Standardized El Niño
(E̅)
Standardized NAO (N̅)

0.245

(0.6816)

(0.6797)

March Snow

0.3287
(0.2825)

0.0419

0.000

(0.0087)

0.051

-0.0117

0.132

(0.0077)

-5.0799

0.000

(0.7518)

5.5680

0.000

(0.8267)

The results of the two panel regressions are displayed in Table 4. The first model regresses
winter wheat yields on the weather variables. The second model replicates the first, but includes
the two weather indexes. It is important to note that in Table 4 we only observe winter wheat
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yield when the crop survives. The results of the two models do not display major differences on
the weather variables; however, there is a change in the estimate of the NAO Index. In both
models, the estimated coefficient on May precipitation is highly statistically significant,
indicating that high levels of precipitation mid growing season results in higher yields. A 1 cm
increase in May precipitation increases yield by 1.31 bushels/acre. Snow variables show a
statistically significant impact on winter wheat yield, although the timing of snowfall changes the
impact on yield. Snowfall in the early months following planting have a positive estimated
coefficient, while snowfall variables in later months have a negative coefficient. This could
indicate that winter wheat requires some early snowfall after planting to protect and insulate it
from extreme winter temperatures, but late snowfall in the spring could damage exposed crops.
A 1 cm increase in November snowfall increases yield by 1.19 bushels/acre while an additional
cm of snowfall in March decreases yield by 2.02 bushels/acre. Elevated growing degree days
late in the growing season have a positive impact on winter wheat yield. In model 1, a 1̊ C
increase in temperature in June will increase yield by 0.0185 bushels/acre.
Model 2 indicates that both indices have a statistically significant impact on winter wheat
yield. The standardized El Niño index has a negative sign while the standardized North Atlantic
Index has a positive sign. The sign of the NAO coefficient is inconsistent with the result from the
probability model. The empirical analysis indicates that larger values of the NAO index have a
negative effect on probability of survival but a positive effect on winter wheat yield. The results
for the El Niño Index are consistent with the probability model and will be applied to the simple
microeconomic model to further explain how farmers can use this index to make crop allocation
decisions.
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Estimated Probability of Survival

Figure 6: Predicted Probability of Winter Wheat
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*Expected probability of survival given El Niño Index function intersects 𝑃𝐸 at the average value of the
index. 𝑃𝐻 and 𝑃𝐿 indicate the probability of survival if the index decreases or increases by one standard
deviation from the average.

Figure 6 shows the predicted probability of winter wheat survival from the estimated probit
model. Holding the NAO index at its mean, the observed values of the standardized El Niño
Index and their predicted probability of survival are plotted in Figure 6. When the El Niño Index
is at its mean of -0.32, the probability of winter wheat survival (𝑃𝐸 ) is 0.409. The lines 𝑃𝐻 and
𝑃𝐿 indicate the probability of survival if the index decreases or increases by one standard
deviation from the average. If the El Niño Index decreases by one standard deviation the
estimated probability of winter wheat survival shifts from 𝑃𝐸 to 𝑃𝐻 , that is from 0.409 to 0.528.
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Conversely, if the El Niño Index increases by one standard deviation the estimated probability of
winter wheat survival shifts from 𝑃𝐸 to 𝑃𝐿 , from 0.409 to 0.290.
Given our prior expectation, we would expect the El Niño Index to have a negative impact on
the probability of winter wheat survival.4 A higher level of the index indicates more extreme
temperatures which will lead to crop failure. Farmers will observe the El Niño Index in the six
months leading up to planting. If it rises by one standard deviation farmers will decrease their
expected probability from 𝑃𝐸 to 𝑃𝐿 . Conversely, if farmers observe the index decrease by one
standard deviation their expected probability increases from 𝑃𝐸 to 𝑃𝐻 .

To apply the simple planting rule outlined in the methods section, we will assume that
farmers base their original planting decision on a constant expected probability of winter wheat
𝐹𝐶

survival (𝑃𝐸 ). If their planting threshold ( 𝑉 ) is above the constant expected probability of
survival, the farmer will not choose to plant (Figure 7). Conversely, if their threshold is below
the expected probability of survival, the farmer will choose to plant (Figure 8).

4

See http://www.cgd.ucar.edu for description of El Nino Index

15

Figure 7: Farmer chooses not the Plant
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Figure 8: Farmer Chooses to Plant
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When the El Niño Index is introduced, farmers have a more precise expected probability of
winter wheat survival and can make more efficient crop allocation decisions. The efficiency
gain will occur where the index induces farmers to change their planting behaviour. There are
two cases we are interested in: (1) when farmers originally plant and are induced to stop planting
when they observe the weather index, and (2) when farmers originally don’t plant and
subsequently choose to plant when they observe the weather index.
𝐹𝐶

Case (1) will occur when the farmers planting threshold ( 𝑉 ) is between the original
expected probability of survival (𝑃𝐸 ) and the expected probability when the index increases by
one standard deviation (𝑃𝐿 ). That is,

𝑃𝐸 >

𝐹𝐶
> 𝑃𝐿
𝑉

When the farmer who originally plants, observes the El Niño Index increase he will reduce
his expected probability of winter wheat survival and therefore choose not to plant.
𝐹𝐶

Case (2) will occur when the farmers planting threshold ( 𝑉 ) is between the original
expected probability of survival (𝑃𝐸 ) and the expected probability when the index decreases by
one standard deviation (𝑃𝐻 ). That is,

𝑃𝐻 >

𝐹𝐶
> 𝑃𝐸
𝑉

When the farmer who originally does not plant, observes the El Niño Index decrease he will
increase his expected probability of winter wheat survival and choose to plant.
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Based on these results, farmers can observe the El Niño Index in the months leading up to
planting and make a more accurate estimate of the probability of winter wheat survival. This
will result in both farmers and Ducks Unlimited being able to make more efficient planting and
subsidy decisions.

5. Further Research and Limitations
This study was limited by the yield data. The structure of the data was such that we could
only observe when the crop was both planted and survived. Yield values of zero could either be
crops which have died due to winter kill or were not planted. This problem limited the
estimation of winter wheat survival to the probability that the crop would be both planted and
survive. If it is possible to obtain data on planting, further research could more closely constrain
the relationship between weather indices and winter wheat survival outcomes.

6. Conclusion
This paper studies the ability of weather indices to predict the probability of winter wheat
survival and the impact of weather variables on crop yield. According to the probit model
presented, climate indexes El Niño and NAO are demonstrated to be qualified to provide
additional information to aid farmers making decisions on whether planting winter wheat or not:
larger El Niño and NAO indicates a high probability of winterkill on winter wheat through the
following winter. Farmers can use the value of the El Niño Index in the months prior to planting
to better predict the probability of crop survival. The panel model demonstrates that snowfall in
the months soon after planting increase yield, but snowfall late in the season could damage
crops. Plentiful rainfall in May indicates a rich harvest in September. A simple micro economic
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model demonstrates that this additional information will increase the efficiency of farmer’s
planting decisions.
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