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ABSTRACT: Killing frost is a significant factor that governs agricultural production on the Canadian prairies across Alberta, Saskatchewan and Manitoba. The objective of this study was to
assess the potential changes in the spatial distribution of killing frosts for spring wheat Triticum
aestivum L. on the Canadian prairies under projected future climates. To accomplish this, (1) daily
climate data (from 1961−1990) at 60 weather stations across the agricultural regions of the Canadian prairies were obtained; (2) 3 climate scenarios were developed for the period 2040−2069; (3)
killing frost indices for spring wheat were calculated for both the baseline and the 3 climate
change scenarios for all weather stations, and (4) geostatistical methods were used to interpolate
the indices from the stations to fine grids covering the whole agricultural regions on the Canadian
prairies. Results show that under baseline conditions — with the exception of some pockets in all
3 provinces — areas with the earliest mean dates of last spring killing frost (LSKF) (April 12 to
April 14) are located in Alberta and west-central Saskatchewan; while the earliest mean first fall
killing frost (FFKF) (September 16 to September 20) occurs mainly in southwest Saskatchewan.
The 3 climate change scenarios projected an earlier LSKF (April 6 or earlier compared to April 14)
and a later FFKF (October 3 or later compared to September 27). As a result, there was a longer
killing frost free period (KFFP), which increased under all scenarios by ≥ 14 d compared to the
baseline climate. Although the changes differed among the climate change scenarios, the major
characteristics were fairly consistent. The results from this study will help formulate strategies to
address climate change across the Canadian prairies, such as seeding earlier and choosing cultivars with later maturity dates and longer growing periods.
KEY WORDS: Killing frost · Climate change · Spatial distribution
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1. INTRODUCTION
The Canadian prairies (Alberta, Saskatchewan and
Manitoba) are a major exporter of cereals and thus
an important supplier of food for the global community (Parry 1990).
*Corresponding author. Email: hong.wang@agr.gc.ca

In the summer, continental air masses are dominant. Rainfall generally decreases from east to west.
In the winter, cold arctic air masses are common.
These weather phenomena produce a large annual
temperature range with short hot summers and cold
winters (Nadler 2007). Such harsh conditions create a
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unique set of challenges for agriculture, and make it
sensitive to climate change and climate variability
(Conly & van der Kamp 2001).
A killing frost is one of the most devastating
weather events that can affect agricultural productivity on the Canadian prairies. An untimely killing frost
event can result in substantial losses in crop yield
and quality (Preston et al. 1991). To achieve maximum yield, growers must seed so that the crop is not
at a sensitive stage when frost is most likely to occur.
Knowledge of the spatial distribution and length of
the killing frost free period (KFFP) can be the first
step in assessing the suitability of crops for a region.
The spatial distribution of frost events on the Canadian prairies has been studied based on historical
weather data (Longley 1967, Cutforth et al. 2004,
Nadler 2007) and for future climate change scenarios
(McGinn et al. 1999). These studies provide useful
information for agricultural practices at a regional
scale, but improvements are needed. Firstly, lethal
temperatures for 50% plant kill (LT50) should be
used for LSKF and FFKF, rather than 0°C or other
temperatures higher than LT50. Using high critical
temperatures will result in an underestimation of
optimum seeding window for Canadian Prairie producers. Secondly, killing frost events should not be
directly deduced from climate change scenarios and
subsequently used to represent a large grid area,
because climate scenarios derived from General Circulation Models (GCMs) at a weather station site can
only represent a limited area; therefore this kind of
scale-up may be inappropriate (Barrow & Hulme
1996). Deriving killing frost events from localized climate scenarios to obtain their spatial distribution by
spatial interpolation may be a better option.
The goal of this study was therefore to (1) investigate the killing frost related indices as they apply to
the thermal conditions encountered within the Canadian prairies using baseline weather data, (2) analyze
the killing frost indices under projected future climate conditions, and (3) interpolate the point results
from (1) and (2) to show results for all agricultural
land on the Canadian prairies using geostatistical
methods.

study, crop districts from the provinces that encompass the Canadian prairies (Alberta Saskatchewan
and Manitoba) were selected (Fig. 1). These crop districts are defined by the agricultural agencies in each
province and are used for mapping and spatial analysis for agricultural information. The prairies cover an
area of 520 000 km2 and extend northward from latitude 49° to 54° N and westward from longitude 96°
to 114° W (Raddatz 1998). There are 3 distinct agroclimatic zones in this area: sub-humid, semi-arid and
arid (Mkhabela et al. 2011). Annual precipitation in
the Canadian prairies ranges from 300 to 550 mm
and increases mainly in a southwest to northeast
direction (Herrington et al. 1997). Approximately
two-thirds of the total annual precipitation is received during the summer months (May to August)
and the period of continuous snow cover typically
lasts 4 to 5 mo (Cohen et al. 1992, Quiring & Papakryiakou 2003).

2.2. Historic weather data
Daily weather data including maximum and minimum temperatures and precipitation for 60 stations
on the Canadian prairies (Fig. 1) between 1961 and
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2. MATERIALS AND METHODS
2.1. Study area
The Canadian prairies are situated at the northern
fringes of the agricultural production zone within the
Great Plains of North America (Nadler 2007). In this
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Fig. 1. The Canadian prairies: extent of agricultural regions
in Alberta, Saskatchewan and Manitoba and (s) weather
stations that provided data for this study
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1990 were obtained from Environment Canada (1993).
This 30 yr period was selected to represent the current climate because, in most cases, it has the most
complete data (Alexandrov & Hoogenboom 2000).
This historic weather data was then used to generate
a baseline climate and 3 projected future climate
change scenarios.
Note that the baseline climate for the period 1961−
1990 is significantly different from the climate in
recent years, for example 1981−2010. A recent study
(Qian et al. 2012) showed significant changes in
agroclimatic conditions observed in Canada between
different 30 yr periods. However, the 1961−1990
period has been and continues to be used as the standard reference (baseline) in many studies of climate
change (Canadian Climate Change Scenarios Network 2011).

2.3. Baseline climate and climate change scenarios
A baseline (1961−1990) and 3 projected future climate change scenarios in the 2050s (2040−2069) for
each station were generated using the stochastic
weather generator AAFC-WG by perturbing weather
generator parameters (Qian et al. 2005, 2010a,
2010b) based on climate change simulations conducted by the third generation Canadian global climate model (CGCM3) (Kim et al. 2002, 2003). The
latter simulations were generated using 3 greenhouse gas (GHG) emissions forcing scenarios — IPCC
Special Report on Emissions Scenarios (SRES) scenarios A2, A1B and B1— which represent the range
of emissions trajectories projected to the end of this
century (IPCC 2000). Qian et al. (2011) compared
extremes between observed weather and synthetic
data. They found that AAFC-WG is capable of reproducing a realistic representation of extreme temperature events. Therefore, we used synthetic baseline
data to ensure that comparison with the synthetic
future climate data was consistent.
Synthetic 3000 yr weather data were generated by
AAFC-WG for the baseline period and for each scenario. Long synthetic data series can provide accurate estimates of statistical properties, ensuring that
any significant difference between the observed
series and the synthetic series is not a result of sampling error, as the observed series is only a short part
of the ‘real’ stochastic process (Qian et al. 2004). Qian
et al. (2004) assessed the capability of AAFC-WG to
reproduce probability distributions, means and variances of observed daily precipitation, and maximum
and minimum temperature for diverse Canadian cli-
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mates. They found that AAFC-WG performed very
well in simulating temperature-related statistics,
including agroclimatic indices for frost and killing
frost events.

2.4. Crop and killing frost related indices
Spring wheat Triticum aestivum L. was selected as
the reference crop because it is grown in all crop districts and occupies a large amount of the land base in
this study area (Statistics Canada 2011). Killing frost
(lethally low temperature) and their occurrence at
different times within any given year have serious
effects on agricultural production. There are 2 conditions of killing frost of particular importance in ascertaining the time available for crop growth. The last
spring killing frost (LSKF) can dictate seeding dates
whereas the first fall killing frost (FFKF) determines
the last day on which growth can take place. The
killing frost is highly variable and the extent of damage depends upon the types of frost and stage of
crop growth which is affected. Shroyer et al. (1995)
detailed the tolerance of wheat response to killing
frost for different growth stages. Whaley et al. (2004)
concluded that susceptibility increases with increasing development of the crop. In this study, we
focused on the occurrence of killing frost at early and
late stages of wheat growth.
For LSKF, many studies found that the LT50 in the
early growth stage of acclimated wheats including
Canadian spring cultivars is −8°C (Macdowall 1974,
Charron et al. 2002, Gulick et al. 2005, Ganeshan
et al. 2008). Slight vegetative damage may occur at
these temperatures, but wheat plants can easily recover from this since the growing point is at or
below the soil surface and is well buffered against
fluctuating air temperatures. In a long-term study
at Swift Current, Saskatchewan, historical records
showed that spring wheat seedlings experienced a
temperature of −7.3°C 1 to 2 wk after germination in
both 1953 and 1960 without any damage (B. Zentner, pers. comm.). However, the temperature of
LSKF may be higher or even lower depending on
the hardening process. In the case of hardening, the
prior sequence of temperature events is important
when determining the killing frost temperature, a
complicated process beyond the scope of this paper.
We used a seeding date model (McGinn et al. 1999)
and a modified growth model — the Decision Support System for Agrotechnology Transfer (DSSAT)
Crop Systems Model v4.0) (Jones et al. 2003, Wang
et al. 2009) — to simulate dates of seeding and emer-
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gence, and killing temperatures. Predicted killing
temperatures were always at or below −8°C across
years and regions, indicating that the environment
on the Canadian prairies can harden spring wheat
to tolerate air temperature as low as −8°C. Therefore, a minimum daily air temperature of −8°C was
selected as the value for LSKF in this study. Other
compounding variables such as soil moisture, snow
cover and surface crop residue conditions that may
exacerbate or mitigate the freezing effect were not
considered.
For FFKF, Reinheimer (2010) found that LT50 for
reproductive organs is between −4 and −6°C for
Australian spring wheat. Fuller et al. (2007) indicated that wheat has an inherent frost resistance to
−5°C and should be able to escape frost damage at
ear emergence if the temperature does not drop
below this point. Frosts below this temperature
however have a high chance of causing substantial
damage, and exposure to acclimation temperatures
appears to be ineffective in improving resistance
even in a hardy cultivar. However, for FFKF we
should consider the impact of frost not only on the
grain yield, but also on grain quality (Dexter et al.
1985). Preston et al. (1991) indicated that the response of quality characteristics to frost is dependent
on both temperature and maturity. At early maturity,
temperatures below −3°C resulted in decreased kernel weight and protein content for a Canadian hard
red spring wheat, Neepawa. Effects were less evident at later maturity. We decided to choose a
relatively conservative temperature of −2.2°C for
FFKF based on previous studies (Macdowall 1974,
Single & Marcellos, 1974, Hayter 1992, Sharratt et
al. 2003).

2.5. Geostatistical methods
Geostatistical methods are used to scale up from
station data to an entire region for a spatial assessment. One of the benefits of applying geostatistics is
that spatial patterns can be detected, estimated and
mapped. The geostatistical methods that have been
applied to other fields of study can also be used
in the spatial assessment of agro-climate indices
(Alexandrov & Hoogenboom 2000, Quiring & Papakryiakou 2003, Geerts et al. 2006). In this study, the
spatial assessment of killing frost was conducted by
using geostatistical methods performed in ArcGIS 9.2
platforms.
The main principles and theoretical details of
geostatistics have been described in the literature

(Goovaerts 1997, 1999) so it is not necessary to explain them in detail here. There are 3 steps involved: (1) exploratory data analysis, (2) geostatistical analysis, and (3) estimation of parameter values
for unsampled positions (Isaaks & Srivastava 1989).
Geostatistical analysis in turn comprises 2 steps: (1)
the calculation of an experimental variogram and
(2) the fitting of a variogram model to the experimental variogram. Because the experimental variogram is an empirical estimate of the covariance of
a Gaussian process, it may not be positive definite,
and hence not directly usable in interpolation, without constraints or further processing. Therefore, the
variogram models are used most commonly (i.e. the
Linear, the Spherical and the Gaussian models) to
guarantee the variogram is positive (Deutsch & Journel 1992). The fitted variogram model is then used
in various interpolation methods. Kriging is one of
the more flexible interpolation methods, which has
been proven useful and is popular in many fields
(Holdaway 1996, Alexandrov & Hoogenboom 2000).
In this study, ordinary kriging was used to estimate
the values of the points at the specified grid nodes,
using the geographic coordinates of every weather
station.
Because each spatial interpolation technique has
its errors, conclusions have to be drawn and used
with caution when proceeding to decision making on
the basis of estimated results. In order to yield a
sound estimation for each agroclimatic index, crossvalidation should be used to evaluate the prediction
of the final ordinary kriging (Isaaks & Srivastava
1989). In this study, we used root mean square error
(RMSE) and root mean squared standardized error
(RMSSE) to evaluate the performance of the variogram model and the final ordinary kriging. In general, the better the estimated results, the smaller the
RMSE. In addition, the RMSSE should be close to 1 if
the predicted standard errors are valid. Values of
RMSSE that are >1 (<1) indicate that the ordinary
kriging prediction is underestimated (overestimated)
(Johnston et al. 2001).

2.6. Data analysis
Statistical analyses were done using SAS (SAS
Institute 1999). Means and standard deviations of
synthetic (baseline and climate change scenarios) air
temperature were calculated by PROC MEANS software. PROC UNIVARIATE software was used to
examine normality (the Shapiro-Wilk test was used)
of the data used for geostatistics.
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3.1. Exploratory data analysis
The average changes in maximum, minimum and
mean temperatures between baseline (1961−1990)
and projected (2040−2069) climates of 51 weather
stations as predicted by the 3 climate scenarios for
agricultural regions on the Canadian prairies are
shown in Table 1. Nine of 60 weather stations were
removed in this analysis because they are outside
the crop districts. However, those 9 weather stations
were used in the following mapping since they can
provide useful information for spatial estimation. The
descriptive statistics for killing frost indices under
the baseline climate are presented in Table 2. The average and maximum (i.e. latest) LSKF in 1961−1990
were April 15 and 28, respectively. The average and
minimum (i.e. earliest) FFKF in 1961−1990 were September 27 and August 29 respectively. The average
KFFP was 163.8 d. LSKF occurred most frequently
between April 14 and April 18 in the baseline climate
(Fig. 2). Under projected future climates, dominant
dates of LSKF advanced (i.e. occurred earlier) (Fig. 3).
For example, the dominant date of LSKF was April 5
for scenarios A2 and B1 and April 6 for scenario A1B.
FFKF was delayed (i.e. occurred later) under the climate change scenarios compared to the baseline climate. The delay was greatest in Scenario A2, when
Table 1. Average changes in maximum, minimum and mean
temperatures between baseline (1961−1990) and future
(2040−2069) climates at 51 weather stations in agricultural
regions of the Canadian prairies, as predicted based on the
IPCC’s climate change scenarios A2, A1B and B
Climate scenario

TMax (°C)

TMin (°C)

TMean (°C)

2.88
3.03
2.25

2.94
3.53
2.53

2.91
3.28
2.39

A1B
A2
B1

Table 2. Descriptive statistics of killing frost indices (51
stations × 3000 yr) within crop districts for baseline climate.
The synthetic 3000 years represent the period 1961−1990.
LSKF: last spring killing frost; FFKF: first fall killing frost;
KFFP: killing free frost period; SD: standard deviation; *Significant (Shapiro-Wilk normality test performed at the 0.05
significance level)
Minimum
LSKF
FFKF
KFFP (d)

April 4
August 29
122.8

Mean

Maximum SD (d)

April 15*
April 28
September 27* October 18
163.8*

192.4

4.7
9.0
12.8

Frequency (%)

40
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Date (mo/d)
Fig. 2. Last spring killing frost (LSKF) and first fall killing
frost (FFKF) under baseline climate for all stations (51) and
all years (3000). See Table 2 for abbreviations

the dominant date of FFKF was October 15, compared
to September 27 in the baseline climate.
Increased temperatures advanced LSKF and delayed FFKF under all scenarios (Table 3). The advance of LSKF was greater under scenario A2 (~14 d)
than under scenarios B1 (~9 d) and A1B (~8 d). Scenario A2 also showed the greatest delay in FFKF
(~16 d), followed by scenarios B1 (~12 d) and A1B
(~10 d). Therefore, scenario A2 had the longest KFFP.
The standard deviations were similar for LSKF, FFKF,
and KFFP (~2 d).
The percentage of LSKF (FFKF) that occurs after
(before) the average LSKF (FFKF) is shown in Table 4.
This information, along with the frequency distributions (Figs. 2 & 3) can be used for simple risk analysis
by decision makers.

3.2. Geostatistical analysis
Anisotropic experimental variograms were calculated for the frost indices. However, the variograms
exhibited a pure nugget effect in most directions (data
not shown), which may have been due to scarcity of
data (Esbensen et al. 2007). Using an anisotropic variogram model in such a case is improper. For each of
the indices, we only used one selected direction that
was suitable for variogram modeling (Fig. 4). The variogram models are constructed from the experimental
variograms on the basis of experience and with the
help of error analysis (Isaaks & Srivastava 1989,
Woodcock et al. 1988). The parameters for the variogram models are presented in Table 5.

3.3. Mapping
Regional mapping of the killing frost related indices was conducted at a spatial scale of 2.5 × 2.5 km
for agricultural regions on the Canadian prairies and
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LSKF

this in mind, most of the mapping results of
this study have acceptable estimation error
(i.e. RMSE < 10 d). However, compared to
other indices, the estimation of KFFP under
baseline conditions has a relatively high
RMSE and the estimation of change of KFFP
for scenario A2 has higher deviation of
RMSSE from the expected value of 1.

FFKF
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0
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4/6 4/10 4/14 4/18

9/17 9/25 10/3 10/11 10/19 10/27

3.3.1. Baseline climate (1961−1990)

40

35
30

Frequency (%)

Fig. 5 shows the distribution of index
values under the baseline climate that was
20
estimated using ordinary kriging. With the
20
exception of some pockets in all 3 provinces,
15
areas in Alberta and central west Sas10
10
katchewan have the earliest mean LSKF
5
(April 12 to April 14). In Saskatchewan, the
0
0
southwest and northeast corners have the
3/21 3/26 3/31 4/5 4/10 4/15
9/21 9/29 10/7 10/15 10/23 10/31
latest mean LSKF (April 21 to April 27). In
50
Manitoba, the earliest average LSKF occurs
B1
40
in the central south part of the province. The
40
latest mean FFKF occurs most consistently in
30
southern Manitoba, similar to results re30
ported by Nadler (2007). Earliest mean FFKF
20
20
occurs principally in southwestern Saskatchewan (September 16 to September 20). In
10
10
Alberta, FFKF mainly occurs around September 24 or September 25. There is an
0
0
3/26 3/31 4/5 4/10 4/15 4/20
9/17 9/25 10/3 10/11 10/19 10/27
increasing delay in FFKF moving from
Date (mo/d)
southwestern Saskatchewan northeastwards
to Manitoba. Areas with the longest KFFP
Fig. 3. Last spring killing frost (LSKF) and first fall killing frost (FFKF)
(170 to 186 d) are located primarily in central
under alternative future climate scenarios for all stations (51) and all
years (3000). See Table 2 for abbreviations
south Manitoba and a small area in northern
Alberta. For most areas between eastern
was accompanied by error estimation (Table 6).
Alberta to parts of Manitoba, KFFP ranged from 154
These errors indicate which indices require addito 163 d with the exception of the central part of
tional data collection in order to increase overall reliaSaskatchewan (164 to 169 d).
bility. Hijmans et al. (2003) pointed out that reAccording to historical observation on the Canasearchers will have to strike a balance between ideal
dian prairies, the seeding dates of spring wheat
procedures and availability of data and models. With
range from April 20 to June 8 (Bootsma & De Jong
30

25

Table 3. Changes in killing frost indices (d) under climate change scenarios A1B, A2 and B1 for all stations (51) and all years
(3000). LSKF and FFKF: last spring and first fall killing frost, respectively; KFFP: killing frost free period. *p > 0.05 for
Shapiro-Wilk normality test performed at the 0.05 significance level

Advance of LSKF
Delay in FFKF
Increase in KFFP

A1B

Minimum
A2

B1

A1B

Mean (SD)
A2

B1

A1B

Maximum
A2

B1

4.0
6.0
14.0

8.3
13.0
25.8

3.7
10.0
16.7

8.4 (1.7)*
10.2 (2.4)*
18.7 (2.4)*

13.8 (2.3)*
16.2 (2.1)*
30.0 (2.1)*

9.0 (2.2)*
12.4 (1.8)*
21.4 (2.3)*

12.7
20.7
30.0

19.8
20.0
35.7

12.9
20.2
28.5
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Table 4. Percent (mean ± SD) of LSKF (FFKF) that occurs after (before) the average LSKF (FFKF) for all 51 stations and
all 3000 years, under baseline conditions and alternative climate change scenarios. LSKF and FFKF: last spring and first
fall killing frost, respectively

Baseline
A1B
A2
B1

250

LSKF

FFKF

48.8 ± 1.97
45.4 ± 2.81
45.9 ± 2.93
44.9 ± 2.54

47.8 ± 2.76
47.1 ± 2.39
45.5 ± 3.07
46.6 ± 1.97

10

a

200

A2

8
KFFP

150

6
FFKF

100
50

Variogram

b

Baseline climate

B1

4

0

1988) and the average harvest date is August 25,
resulting in a growing season of approximately 110 d
(Baier 1972). Therefore, killing frosts should not be a
problem for wheat growth in the study region based
on our derived data. However, because of temporal
and spatial variability of killing frost, and also because of the prediction error of geostatistical techniques, there is no certainty that a killing frost will
not occur during the indicated frost-free period
(Fig. 5). For example, in 1968, 10% of the area sown
with cereals in western Canada was destroyed, and
grain yield was reduced by 50%, as a result of widespread frost in early August (Hayter 1992). Therefore, caution should be used when using our results
to adjust current agricultural practices.
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3.3.2. Climate change scenarios (2040−2069)
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0

Lag distance (105 m)
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Lag distance (105 m)

Fig. 4. Fitted variogram models for 60 weather stations in
1961−1990 for baseline climate and 2040−2069 for climate
change scenarios: (a) killing frost indices under baseline climate, (b) Advance of last spring killing frost (LSKF), (c) delay
in spring first killing frost (FFKF), and (d) change in killing
frost free period (KFFP) under A1B, A2 and B1 climate
change scenarios

We developed maps for the Canadian prairies
showing the changes of killing frost indices under
the 3 climate change scenarios (Fig. 6). Compared
with the baseline climate, all climate change scenarios projected earlier LSKFs, later FFKFs and longer
KFFPs. These changes were driven by the predicted
temperature increase of the scenarios. A similar pattern of advance in LSKF was shown by scenarios A1B
and A2: i.e. the advance decreased from the southwest towards the northeast. Results for Scenario B1
were broadly similar for Alberta and Manitoba but
additionally showed a large advance in LSKF in central Saskatchewan.
All scenarios indicated that the greatest delay of
FFKF occured in southwestern Saskatchewan. The

Table 5. Model parameters for variograms of killing frost indices (LSKF and FFKF: last spring and first fall killing frost, respectively; KFFP: killing frost free period) under baseline climate and for comparisons between baseline and alternative climate
change scenarios. RMSE: root mean square error
Agro-climate
indices

Baseline and
scenarios

Model
(direction)

Nugget
(c0)

Sill
(c0 + cs)

Range
(α, m)

Nugget/sill
(%)

RMSE

LSKF

Baseline

Exponential (45°)

4

30

156 973

11.8

2.11

FFKF

Baseline

Spherical (200°)

60

28

350 000

68.2

10.21

KFFP

Baseline

Exponential (45°)

35

155

115 130

20.6

4.67

Advance of LSKF

A1B
A2
B1

Exponential (45°)
Spherical (90°)
Exponential (190°)

0
3.5
1.9

3.7
8.5
5.4

135 100
120 750
320 000

0.0
41.2
35.2

1.52
1.53
0.48

Delay in FFKF

A1B
A2
B1

Exponential (160°)
Exponential (50°)
Exponential (45°)

2.7
1.6
1.5

8.7
4.8
3.6

160 000
70 000
194 142

35.13
33.3
41.7

7.87
2.65
0.71

Change in KFFP

A1B
A2
B1

Exponential (160°)
Spherical (0°)
Spherical (160°)

1.5
0.9
2.3

8
10.9
5.7

110 000
100 000
280 000

18.8
8.3
40.4

2.76
3.21
0.44
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Table 6. Estimation errors of ordinary kriging for killing frost
indices under baseline climate and in comparisons between
baseline and alternative climate change scenarios. RMSSE:
root mean squared standardized error; LSKF and FFKF: last
spring and first fall killing frost, respectively; KFFP: killing
frost free period
Indices

Baseline and
scenarios

RMSE
(d)

RMSSE

LSKF

Baseline

5.38

0.92

FFKF

Baseline

9.07

0.99

KFFP

Baseline

14.17

1.01

Advance of LSKF

A1B
A2
B1

1.48
2.17
1.81

0.77
0.72
0.86

Delay in FFKF

A1B
A2
B1

2.23
2.18
1.90

0.79
0.95
1.00

Change in KFFP

A1B
A2
B1

2.08
2.10
1.84

0.71
0.62
0.85

pattern of delayed FFKF elsewhere was not consistent among scenarios. The extent of delay shown in
our findings is similar to the estimate by Rochette et
al. (2004) that the first fall frost (−2°C) will be delayed
by 16 d in southern Ontario by 2040−2069.
For all scenarios, southwestern Saskatchewan had
the greatest increase in KFFP compared to the rest of
the prairies. Generally, the magnitude of the increase
in KFFP increased from north to south in Alberta and
Saskatchewan. Overall trends were similar in scenarios A1B and A2. In Manitoba, the KFFP increased
more in the east than the west for scenarios A2 and

B1. Generally, comparing across the prairies as a
whole, the median increase in KFFP was 18−20, 29−30
and 20−21 d for scenarios A1B, A2 and B1, respectively. Thus the increases in scenarios A1B and B1
were similar and less than in scenario A2. This reflects the higher projected temperature increase in
scenario A2.
Agricultural impact studies have shown that potential climatic changes could lead to changes in agronomic practices (Alexandrov & Hoogenboom 2000,
Burton & Lim 2005, IPCC 2000). With earlier LSKF,
logically, seeding dates should be adjusted earlier,
although soil temperature and moisture also need to
be considered. Likewise, the predicted longer growing season due to climate change would enable a
production shift to cultivars and crop types that are
not currently suitable under the current KFFP.
Short KFFP is important in defining the current
northern frontier of crop production on the Canadian
prairies. Increases in KFFP along this frontier varied
between scenarios but averaged at least 14 d. Therefore, the results indicate a potential for a northerly
expansion of the agriculture region, although most of
the lands to the north of the current frontier will
remain only marginally suitable for farming because
of poor soil conditions. The results from this study
also provide inputs for crop breeding programs by
identifying the likely future growing conditions to
which future cultivars will need to be adapted. The
information can also be used to help producers adjust
cropping practices to take advantage of longer growing seasons. For example, a longer growing season
may be more favorable to other crops not currently
widely grown such as corn and soybean (Bootsma et
al. 2005).

Fig. 5. Spatial distribution of killing frost indices under baseline climate for 1961−1990, based on data from 60 weather
stations (LSKF and FFKF: last spring and first fall killing frost, respectively; KFFP: killing frost free period)

Fig. 6. Spatial distribution of advance of last spring killing frost (LSKF), delay in first fall killing frost (FFKF) and change in killing frost free period (KFFP) under climate
change scenarios A1B, A2 and B1 for 2040−2069, based on data from 60 weather stations
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4. CONCLUSIONS
The climatic change scenarios on the Canadian
prairies in 2040−2069, projected by CGCM3, were
used to derive useful information about changes of
killing frost indices in agricultural regions on the
Canadian prairies under alternative climate change
scenarios. Killing frosts are an important constraint to
crop production in this region and the rising temperatures are predicted to have significant effects on
LSKF, FSKF, and KFFP. LSKF is expected to occur
earlier while FFKF is expected to be later over the
entire region. As a result, KFFP is anticipated to
become longer. However, the changes are projected
to be non-uniformly distributed across the region.
Instead of directly using killing frost occurrence
deduced from climate change scenarios to represent a large grid area, geostatistic techniques were
applied to up-scale the results from weather stations
to the whole agricultural region of the Canadian
prairies. The results indicate that some areas, such
as southwestern Alberta and eastern Manitoba will
experience a greater advance of LSKF than other
areas. Assuming precipitation patterns do not change,
advancing seeding dates in these areas will help
crops avoid stress from late summer droughts by
allowing a larger portion of grain filling to occur
earlier in summer. In areas with the greatest increase
in KFFP, later maturing cultivars may be selected to
take advantage of the projected longer growing season. However, because spatial interpolation is not an
error free technique, these data should be used with
caution as the basis for decision making.
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