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Abstract Within Canada, the Canadian Prairies are par-
ticularly drought-prone mainly due to their location in the
lee of the western cordillera and distance from large
moisture sources. Although previous studies examined the
occurrence of Canadian Prairie droughts during instru-
mental, pre-instrumental and to a lesser extent, future
periods, none have specifically focused on all time three
scales. Using two different drought indicators, namely the
Palmer Drought Severity Index (PDSI) and Standardized
Precipitation Index (SPI), fthisTinvestigation assesses the
variability of summer drought duration and intensity over a
core region of the Prairies during (a) the pre-instrumental
record extending back several centuries (inferred from tree
rings), (b) the instrumental record (1901-2005), and (c) the
twenty-first century using statistically downscaled climate
variables from several Atmosphere—Ocean Global climate
models with multiple emission scenarios. Results reveal
that observed twentieth century droughts were relatively
mild when compared to pre-settlement on the Prairies, but
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these periods are likely to return (and even worsen) in the
future due to the anticipated warming during the course of
the twenty-first century. However, future drought projec-
tions are distinctly different between the two indices. All
PDSI-related model runs show greater drought frequency
and severity mainly due to increasing temperatures. Con-
versely, the precipitation-based SPI indicates no significant
changes to future summer drought frequency although
there tends to be a higher persistence of multi-year
droughts in central and southern portions of Canadian
Prairies. These findings therefore stress the importance of
considering anticipated warming trends when assessing
future regional-scale drought, especially given the uncer-
tainties and lack of consistency in future precipitation
signals among climate models. This study can be consid-
ered an initial step toward quantifying and understanding
Canadian Prairie drought occurrence and severity over
several centuries as determined from paleo, instrumental,
and climate model data sources.

Keywords Droughts - Canadian Prairies - Paleo-climate -
Climate change - Downscaling - Atmosphere—Ocean
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1 Introduction

Prolonged, large-area drought events are among Canada’s
costliest natural disasters, having major impacts on sectors
such as agriculture, forestry, industry, recreation, human
health and society, and aquatic ecosystems (e.g. Bonsal
et al. 2011a). Although many areas of Canada periodically
experience drought, the agricultural regions of the Cana-
dian Prairies are more drought-prone due to their location
in the lee of the western cordillera, their distance from
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large water bodies, and high precipitation variability. In
any year, there is usually some region within the Prairies
that has a precipitation deficit, but it is the larger area
droughts that have the greatest impacts (e.g. Bonsal and
Regier 2007). Moreover, severe Prairie droughts have been
documented throughout the instrumental and pre-instru-
mental record, and are certain to continue in the future.

The general consensus among researchers is that
increases in air temperature will be accompanied by
enhanced continental interior drying and associated risk of
droughts (e.g. Meehl and Stocker 2007). Even though the
observed twentieth century warming has been associated
with increases in very dry areas on a global basis (Dai et al.
2004), trend investigations on a more regional basis have
shown mixed results. For example, although mean annual
temperature during the last century has increased by 1.6 °C
over the southern Canadian Prairies (e.g. Sauchyn and
Kulshreshtha 2008), assessments of Prairie droughts using
a variety of indicators suggest periodic occurrences with no
clear trend. In particular, large-area, multi-year dry epi-
sodes were identified during the 1910s, 1930s, 1980s, and
from 1999 to 2005 (Quiring and Papakyriakou 2005;
Chipanshi et al. 2006; Bonsal and Regier 2007; Stewart
et al. 2011). These findings are consistent with observed
Canadian Prairie precipitation that has been variable with
decadal-scale fluctuations dominating the instrumental
record (Bonsal et al. 2011b). Note that Prairie droughts
have also been reconstructed back several centuries using
dendro-chronological techniques. Results tended to show
that the twentieth century lacked the prolonged droughts of
the eighteenth and nineteenth centuries when decadal-scale
droughts consistently occurred (e.g. Sauchyn and Skinner
2001).

Atmosphere—Ocean Global climate models (AOGCMs)
used in the most recent Intergovernmental Panel on Cli-
mate Change assessment project a greater risk of drought
due to increased temperature and potential evapotranspi-
ration not being balanced by projected changes to precip-
itation (e.g. Dai 2011). However, there are considerable
spatial variations in these projections mainly due to the
regional uncertainty regarding future precipitation in these
large-scale climate models (particularly, during the sum-
mer season). Regional-scale factors contributing to this
uncertainty include for example, the water content of the
soil, spring snowmelt run-off, vegetation, and soil type,
which are key regional sources of moisture. This moisture
can play a vital role in modulating summer convective
precipitation, especially via moisture recycling (see for
example, Schir et al. 1999). Only a few studies have
examined future drought occurrence over the Canadian
Prairie region. Sushama et al. (2010) analyzed future dry
spell characteristics over Canada using a single simulation
from the Canadian Regional Climate Model. Results
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indicated that by the end of this century, the southern
Prairies will experience an increase in the number of dry
days and dry spell durations during the critical April to
September period. A preliminary, first-order assessment of
future (2041-2070) annual-scale Canadian droughts by
Bonsal and Regier (2006) showed small positive changes in
the Standardized Precipitation Index (SPI) over the south-
ern Prairies for the majority of AOGCM climate-change
scenarios, reflecting the projected increase in annual pre-
cipitation over most of this region. The Palmer Drought
Severity Index (PDSI), however, revealed dramatic
increases to the potential for future droughts particularly, in
the warm-dry scenario. These differences were attributed to
the inclusion of temperature in the PDSI calculation.

Although studies have been carried out regarding the
occurrence of Canadian Prairie droughts during instru-
mental, pre-instrumental, and to a lesser extent, future
periods, none have specifically examined variability in
their frequency over all three time scales. The main
objective of this investigation is to assess the variability of
drought duration and intensity over a core region of the
Canadian Prairies during (a) the recent paleo-record
extending back several centuries (as inferred from tree
rings), (b) the instrumental record of 1901-2005, and
(c) the twenty-first century as projected by three AOGCMs
with different emission scenarios. This temporal compari-
son study is carried out using two different meteorological
drought indices, namely the PDSI to assess longer-scale
drought from a water balance perspective, and the SPI to
assess summer precipitation drought. Data and methods are
described in Sect. 2, while Sect. 3 assesses drought char-
acteristics during the aforementioned three periods both
individually and collectively. Conclusions are provided in
Sect. 4.

2 Data, methods, and validation
2.1 Drought indices

Several indices specific to certain types of drought have
been devised to quantify drought severity. Meteorological
indices range from those that consider only precipitation, to
more complex methods that incorporate a water balance
approach using precipitation, potential evapotranspiration,
antecedent soil moisture, and runoff. Agricultural drought
indices relate directly to soil moisture availability, while
hydrologic indicators generally use groundwater levels,
runoff, snow pack, and soil moisture as input. The vast
majority of drought analyses in Canada, however, have
utilized meteorological indices since the temperature and
precipitation input variables are readily available for longer
periods and larger areas (e.g. Bonsal et al. 2011a).
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Table 1 Moisture classifications based on the PDSI and SPI

Classification PDSI SPI

Drought

Exceptional <-5.0 <-25
Extreme >-5.0 to —4.0 >-2.5to —2.0
Severe >—4.0to —3.0 >-20to —1.5
Moderate >-3.0to —2.0 >—1.5t0 —1.0
Mild >-2.0to —1.0 >—1.0 to —0.5
Near normal >—1.0to 1.0 >—0.5to 0.5
Wet

Mild 1.0 to <2.0 0.5 to <1.0
Moderate 2.0 to <3.0 1.0 to <1.5
Severe 3.0 to <4.0 1.5 to <2.0
Extreme 4.0 to <5.0 2.0 to <2.5
Exceptional >5.0 >2.5

Given these data limitations, this study utilizes two

different meteorological indices to analyze historical and
future Prairie droughts. The first is the self-calibrated PDSI
that incorporates precipitation and temperature in its cal-
culation. The index determines the physical severity of
drought and is generally considered useful for longer-term
agricultural and hydrologic applications. Values are
determined on a monthly basis with negative quantities

indicating a shortage of water (Palmer 1965) (Table 1).
Note that the calculated PDSI value is comprised of only
one-third of the current month’s precipitation deficit and
almost nine-tenths of the previous month’s PDSI (Guttman
1998). Therefore, the PDSI for a given month contains a
long-term memory of previous moisture conditions. The
second is the SPI (McKee et al. 1993), which has been
recently recommended by the World Meteorological
Organization to characterize meteorological droughts
around the world. This index differs from PDSI in that it is
based solely on precipitation, can be computed over any
duration, and does not contain a memory of previous
moisture. The SPI interprets observed precipitation as a
standardized departure with respect to a precipitation
probability distribution and is dimensionless (see Table 1).
The calibration period used for the computation of these
indices is 1961-2003 (to coincide with the availability of
daily temperature and precipitation data; see Sect. 2.3).
Both the PDSI and SPI have been extensively used for
drought analyses both over North America, and globally.
For all analyses, PDSI and SPI are determined for the
summer (June—August) period since this is when the
Prairies receive the majority of their annual precipitation
(e.g. Dey 1982) and as a result, severe droughts have the
greatest impact on water-related sectors. Given the nature
of the two indices, summer PDSI are representative of
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Fig. 1 Study area for this investigation. Original tree-ring sites are
shown by black triangles. Numbers correspond to the two site
chronologies used for the reconstructions (see text for details). #1:

Oldman River, Species: Pinus flexilis, 49.8°N, 114.2°W, Elevation:
1447 m. #2: Wildcat Hills, Species: Pseudotsuga menziesii, 51.3°N
114.7°W, Elevation: 1,351 m
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more prolonged droughts that take into account antecedent
conditions and are impacted by temperature. Conversely,
the 3-month SPI ending in August is a direct measure of
summer drought based only on precipitation. Hence, by
using these two indices, this study will improve current
knowledge regarding the paleo, instrumental, and future
variability in Canadian Prairie drought occurrence and
severity from both a single variable, short-term memory
index (SPI) and a multiple variable, long-term memory
index (PDSI) over the same summer period. Note that the
main purpose of the study is not the comparison of these
indices, but rather a drought assessment over the three
aforementioned time scales using precipitation alone and
precipitation combined with temperature information.

2.2 Study area

Although instrumental and projected future temperature
and precipitation values (required for drought index cal-
culations) are available for the entire Canadian Prairies,
reconstruction of the paleo-drought record is spatially
limited to the region correlated with the current tree-ring
network (see Fig. 1). Based on this network, a core drought
area of southern Alberta and south-western Saskatchewan
(49°N-54°N, 115°W-105°W; Fig. 1) is chosen for study.
This closely corresponds to the main area that was affected
during several identified Prairie droughts, including that of
1999-2005 (e.g. Bonsal et al. 2011b).

2.3 Instrumental record

Due to the inconsistency of climate station data within the
study area (both spatially and temporally), this analysis uti-
lizes available gridded temperature and precipitation for the
instrumental record. The primary dataset comprises of
monthly values from 1901 to 2005 and is described in
McKenney et al. (2006). The data are at a 10 km resolution
and were generated using thin-plate smoothing splines as
implemented by ANUSPLIN (Hutchinson 2004). Input data
include all available climate stations from the Environment

Canada archives. Summer PDSI and SPI values for each of
the 105 years are calculated at the original 10 km resolution
and then spatially aggregated to a 50 km grid (to reduce the
amount of data and correspond with the future drought pro-
cedures described in Sect. 2.5). The indices are then areally-
averaged over the study area in Fig. 1. Recently, Hutchinson
et al. (2009) developed a Canada-wide 10 km gridded
dataset for daily precipitation and temperature for the period
1961-2003. These data are used in the downscaling and
calibration procedures (Sect. 2.5). The preceding datasets are
referred to as monthly ANUSPLIN (1901-2005) and daily
ANUSPLIN (1961-2003), respectively.

2.4 Pre-instrumental record

Areally-averaged summer PDSI and SPI are reconstructed
for the Prairie study area using a network of tree-rings from
sites in south-western Alberta (Fig. 1). The tree-ring cores,
gathered by the University of Regina Tree-Ring Labora-
tory, comprise of moisture-sensitive chronologies located
in dry sites (south-and west-facing slopes, sandy soils, and
ridge crests). Each core is detrended with the program
ARSTAN and then standardized using a 100-year cubic
spline (50 % cutoff) to maintain low frequency variability
and to remove the age-related growth and other long-term
variability not associated with climate (see Cook 1985).
The overall site chronology is obtained by averaging all
standardized cores for the site in question. Chronologies
were maintained if the Subsample Signal Strength (SSS) (a
function of inter-tree correlation and sample size; Briffa
and Jones 1990) was >0.85 (Cook and Kairiukstis 1990).

The PDSI and SPI reconstruction firstly incorporates a
Principal Component Analysis (PCA) procedure, similar to
St. George et al. (2009) for their Canadian Prairie paleo-
climate analysis. The PCA is carried out on the 23 site
chronologies that are significantly correlated (p < 0.05)
with areally-averaged summer PDSI and SPI over the
period 1901-2005; with the first Principle Component
(PC1) explaining 41 % of the variance. A reduced network
is then determined by individually excluding the shortest

Table 2 Calibration and verification statistics for the tree-ring reconstructions of summer PDSI and SPI over the periods 1901-1960 and 1961—

2005

Summer PDSI Summer SPI

Calibration/verification Calibration/verification Calibration/verification Calibration/verification
Period 1901-1960/1961-2005 1961-2005/1901-1960 1901-1960/1961-2005 1961-2005/1901-1960
Rﬁ 31.8 % 24.8 % 35.0 % 19.2 %
RE 0.34 0.18 0.21 0.06
Sign test (£) 32/12 47/13 24/20% 44/16

* Signifies values not significant at the 0.05 significance level
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Table 3 AOGCM runs used in this investigation

AOGCMs Available emission scenarios References

Canadian Global Climate Model (CGCM2) A2 Flato and Boer (2001)

Canadian Global Climate Model (CGCM3) A2, A1IB Kim et al. (2002, 2003)

Hadley Centre (HadCM3) A2, B2 Gordon et al. (2000), Pope et al. (2000)

Table 4 Skill scores between ASD downscaled and daily ANUSPLIN summer temperature and precipitation over the Prairie study area for the
calibration (1961-1982) and validation (1983-2003) periods

Calibration 1961-1982 Validation 1983-2003

Precipitation Temperature Precipitation Temperature
r 0.58 0.94 0.60 0.95
MAE 19.2 mm/month 0.36 °C 20 mm/month 041 °C
RMSE 24.4 mm/month 0.45 °C 25.8 mm/month 0.5 °C
RRMSE 0.82 STD 0.34 STD 0.84 STD 0.33 STD

Skill scores include Pearson correlation coefficient (r), Mean Absolute Error (MAE), Root Mean Square Error (RMSE) and Relative RMSE
(RRMSE). STD corresponds to standard deviation
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Fig. 2 First two PCs of summer PDSI derived from daily ANU- each PC is also provided. Values refer to the relative amplitude of
SPLIN (left panels) and NCEP/NCAR-downscaled values (right each pattern and are non-dimensional
panels) over the period 1961-2003. The % variance explained by
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Fig. 3 Same as Fig. 2 but for summer SPI

chronologies and carrying out another PCA. The process
continued until the correlation between the newly calcu-
lated PC1 and the original PC1 (from all 23 sites) dropped
below 0.90. This results in a record extension back to 1365
using two site chronologies (Fig. 1), with PC1 explaining
74 % of the variance (known as the standard chronology
time series). This standard series is pre-whitened in
MATLAB® (Meko 2011) to obtain a residual chronology
series. Summer PDSI and SPI are then reconstructed
(through linear regression models) using the standard and
residual chronologies, respectively.

To ensure stability of the linear regression models,
calibration and verification statistics are performed on two
intervals within the observational period (1901-1960 and
1961-2005). Each interval is used to build a model, and
then verified over the other period. Statistics include
explained variance (adjusted) (Ri), the reduction of error
(RE) statistic, that measures common variance between
actual and estimated series with positive values being
indicative of a transfer model with predictive skill, and the
sign test, which tabulates the direction of change in ring
widths and climate from 1 year to the next as either an
increase or a decrease (Cook and Kairiukstis 1990).
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Table 2 shows that for the most part, the models perform
well over both periods. The PDSI reconstruction is more
robust than SPI with the early model explaining 31.8 and
35.0 % and the latter model 24.8 and 19.2 % of the sum-
mer PDSI and SPI total variance, respectively. All RE
values are positive (higher for PDSI), and with the
exception of the 1961-2005 summer SPI, all sign test
values are significant at the 0.05 level. The better PDSI
results may be reflective of tree growth being influenced by
winter/spring moisture (that is captured by the PDSI since
it contains a memory of previous conditions), while the SPI
specifically represents summer precipitation. To maximize
the instrumental record variability, the regression model is
then calibrated using the full 1901-2005 period and cross
validated with the “leave-1-out” approach. The final PDSI
reconstruction explains 32 % (r = 0.57) and the SPI 25 %
(r = 0.50) of the total variance (see Sect. 3.2; Fig. 6).

2.5 Future projections
Changes to the temporal and spatial characteristics of

future (2011-2100) PDSI and SPI are assessed using sta-
tistically downscaled daily temperature and precipitation
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over the Prairie study area from three AOGCMs with dif-
ferent emission scenarios (Nakicenovic et al. 2000) for a
total of five scenarios (Table 3). Most analyses focus on
average changes over the 2020s (2011-2040), 2050s
(2041-2070), and 2080s (2071-2100). The downscaling is
carried out via the Automated Statistical Downscaling
method (ASD; Hessami et al. 2008) using predictors from
the AOGCM simulations (for current baseline and future
climates) and the National Centres for Environmental
Prediction/National Centre for Atmospheric Research
(NCEP/NCAR; Kistler et al. 2001) reanalyses (for cali-
bration and validation). The most common predictors for
precipitation and temperature downscaling are geopotential
height, meridional wind components, 1,000, 850, and
500-hPa wind speed and direction, 500-hPa vorticity and
divergence, and 850-hPa specific humidity. These variables
represent both dynamic and thermodynamic processes, and
have been regularly used in the statistical downscaling of
precipitation and temperature over regions of northern and
eastern Canada (e.g. Gachon and Dibike 2007; Jeong et al.
2012).

To calibrate and validate the ASD procedure, down-
scaled daily precipitation and mean temperature (using
NCEP/NCAR predictors) are compared to the daily
ANUSPLIN values from 1961 to 2003. The period
1961-1982 is used for calibration, and the remaining years
(1983-2003) for validation (Table 4). Each skill score is
based on areally-averaged summer values over the study

area that are generated from 200 downscaling simulations
for each climate variable. Table 4 shows r values of 0.58
(0.60) and 0.94 (0.95) for downscaled precipitation and
temperature, respectively, over the calibration (validation)
period. This confirms the more stochastic nature of pre-
cipitation and thus, a greater skill in downscaling temper-
ature. Nonetheless, the correlations for both variables are
high and more importantly, almost identical between cali-
bration and validation. Other skill scores show similar
findings between the two periods. Note that a spatial
assessment of observed versus downscaled temperature and
precipitation over the study region reveals a homogeneous
and strong correlation (r > 0.9) for temperature. Precipi-
tation has a west to east gradient in r values ranging from
near 0.7 in the west to 0.4 in the east (not shown).

The ability of the ASD procedure to reproduce the
observed spatial characteristics of PDSI and SPI over the
Prairie region (at the aforementioned 50 km grid) is
assessed by conducting a PCA on these indices derived
from both the daily ANUSPLIN and NCEP/NCAR-down-
scaled values over the period 1961-2003. Figures 2 and 3
show the first two PCs for PDSI and SPI, respectively.
Although local differences are apparent, the overall pat-
terns of variability for both indices and PCs are remarkably
well reproduced across the study area. The correlation
between the associated time series of these PCs is also
significant; 0.65 (PDSI) and 0.71 (SPI) for PC1; 0.41
(PDSI) and 0.62 (SPI) for PC2. The preceding confirms the
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Fig. 5 Reconstructed areally-averaged summer a PDSI and b SPI
values over the Canadian Prairie study area for the period 1365-2005.
The thick black lines represent the 9-year running means

ASD’s ability to reproduce the observed temporal and
spatial variability in drought indices across the region.

An assessment of downscaled drought indices using the
AOGCMs in Table 3 is also carried out (1961-2003).
Figure 4a, b show box and whisker plots of areally-aver-
aged summer PDSI and SPI derived from the three
AOGCMs compared to those from the NCEP/NCAR pre-
dictors and daily ANUSPLIN. For SPI, all downscaling
results reproduce the daily ANUSPLIN values quite well,
with only a slight underestimation in the observed vari-
ability using CGCM3 predictors. PDSI has more differ-
ences, with an overestimation of positive indices for
CGCM2 and HadCM3, while CGCM3 has the closest
correspondence to the observed values.

— Observed PDSI

4 Reconstruction

Index

2
— Recanstruction Observed SPI =0.50
1 J
x
o ' | |
A !
(b)
-2 !
1900 1915 1930 1945 1960 1975 1990 2005

Fig. 6 Observed areally-averaged summer a PDSI and b SPI values
over the Canadian Prairie study area for the period 1901-2005 (based
on monthly ANUSPLIN). Reconstructed values are provided for
comparison
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3 Results
3.1 Drought reconstructions

Figure 5a, b provide tree-ring reconstructed summer PDSI
and SPI over the Prairie region from 1365 to 2005. The
indices display considerable inter-annual variability and
prolonged decadal-scale drought and pluvial periods, with
the PDSI reconstruction tending to capture a broader range
of year-to-year variability. This likely reinforces the
importance of temperature and antecedent moisture con-
ditions in tree growth (that are captured in the PDSI). Both
reconstructed series reveal significant drought events dur-
ing the late 1300s, 1480-1500, 1550-1575, 1620-1655, the
1720s, and mid to late 1800s. It is also noteworthy that for
the most part, these pre-instrumental droughts have been
longer in duration and intensity than those during the 1930s
or the severe early twenty-first century event. Additional
analyses on pre-instrumental drought are provided in
Sect. 3.4.
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Fig. 7 Areally-averaged summer a PDSI and b SPI values over the
Canadian Prairie study area for the period 1961-2003 based on tree-
ring reconstructions, observed daily ANUSPLIN, and downscaled
NCEP/NCAR predictors. Pearson correlations between the various
series are provided with all values significant at the 0.05 significance
level
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3.2 Instrumental period
3.2.1 1901-2005

Observed summer PDSI and SPI (from monthly ANU-
SPLIN) for the period 1901-2005 are given in Fig. 6a, b.
Corresponding values reconstructed from tree rings are
provided for comparison. Both the PDSI and SPI observed
series reflect major Prairie drought-like conditions that
have been identified by several previous studies (e.g.
Bonsal et al. 2011a, b) including 1918-1925, most of the
1930s, 1958-1962, 1983-1989, and 2000-2004. The tree-
rings also identify these droughts and furthermore, they
capture much of the observed inter-annual variability as
evidenced by the significant r-values of 0.57 and 0.50 for
PDSI and SPI, respectively. However, the reconstructed
variability is lower; a result that is not unusual since cli-
mate reconstructions based on tree-ring data rarely capture
more than 60 % of the variance observed in instrumental
records (e.g. Sauchyn and Beaudoin 1998; Hughes 2002;
Watson and Luckman 2005).

3.2.2 1961-2003
Comparisons of the individual drought indices are also

examined from 1961 to 2003 when values for recon-
structed, observed, and downscaled (using NCEP/NCAR

predictors) are all available (Fig. 7a, b). Pearson correla-
tion coefficients among the indices are also provided. The
downscaled values reproduce the inter-annual variability of
observed PDSI and SPI quite well as evidenced by the
significant with r-values of 0.64 (PDSI) and 0.70 (SPI).
Relationships between the tree-ring values and both the
observed and downscaled values are weaker (0.47 and 0.30
for PDSI; 0.34 and 0.33 for SPI), and as alluded to previ-
ously, the reconstructed series have lower inter-annual
variability. Nonetheless, in all cases, the tree-ring and
downscaled series capture the persistent drought episodes
of the 1980s and early 2000s and the major pluvial periods
during the early 1970s and early 1990s. This suggests that
the proxy and downscaled methods used to quantify
droughts and particularly, extended dry periods are ade-
quate for assessing and comparing drought variability in
this region over the three identified periods.

3.3 Projected future drought occurrence

3.3.1 Temporal changes

Initially, AOGCM projected changes to the input variables
for drought index calculation (i.e. precipitation and mean
temperature) are examined for the three future time slices

(Fig. 8a, b). With respect to the baseline 1961-1990 period,
the projected changes to summer precipitation from the five
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AOGCM runs are relatively small, with a slight increase in
median values toward the end of the century (with the
exception of the 2080s from CGCM3-A2). There does,
however, appear to be a more systematic increase in pre-
cipitation variability over time (as measured by both the
Inter-Quartile Range (IQR) and high precipitation
extremes), especially during the last three decades of the
twenty-first century. Note that differences among the var-
ious emission scenarios are small, with greater variations
occurring between different AOGCMs with the same sce-
nario (e.g. CGCM2/CGCM3 and HadCM3-A2 runs). For
temperature, progressive warming is projected by all runs
with the highest increases associated with the A2 scenario.
The range of warming varies between 1.0 and 1.5 °C for
the 2020s, 2.1 and 3.2 °C for the 2050s, and 4.0 and 5.6 °C
for the 2080s (with HadCM3-A2 having the highest
increases). Most runs do not project any appreciable
changes to summer temperature variability, except for
HadCM3-A2, which shows a slight increase in IQR values
during the 2080s.

The impact of these temperature and precipitation
changes on future summer PDSI is given in Fig. 9a, which
shows 2011-2100 time series of the ensemble mean values
from the five downscaled AOGCM runs. The minimum
and maximum AOGCM projections (for each individual

summer in shaded grey) are also shown while observed
PDSI from 1901 to 2005 is provided for context. The future
mean value indicates the prevalence of more persistent
negative PDSI particularly, following 2040 (with few
positive values after this date), thus suggesting a permanent
regime shift to a more arid climate. This clearly reflects the
summer temperature increases in Fig. 8b, but due to the lag
inherent in PDSI, is also likely impacted by projected
future increases in winter/spring temperatures. Although
there is considerable variability among the five future
projections, a downward trend in PDSI is apparent. The
ensemble mean future SPI series in Fig. 9b does not exhibit
a dramatic change from twentieth century observations and
no discernible trend towards negative values over the
2011-2100 period is evident. This finding is consistent
with the summer precipitation projections from Fig. 8a.

3.3.2 Spatial changes

Insight into the areal extent of projected changes to PDSI
and SPI are provided in Fig. 10a, b that show time series of
the percentage of the study area encompassed by severe
drought or worse (PDSI <—3 and SPI <—1.5, see Table 1)
for both the instrumental (from monthly ANUSPLIN) and
future (mean of the five AOGCM runs) periods. Dramatic

Fig. 9 Areally-averaged
summer a PDSI and b SPI for
both the 1901-2005

INSTRUMENTAL PERIOD 1901-2005

PROJECTION 2011-2099

instrumental period (based on
monthly ANUSPLIN) and the
future 2011-2099 period
(downscaled from the AOGCM
runs in Table 3). For the future
projection, the black line
corresponds to the ensemble
mean values from the five
AOGCM runs while the red
lines represent the 9-year
running mean values. The
minimum and maximum
AOGCM projections (for each
individual summer) are denoted
in grey

Index

Index
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changes are observed for PDSI, with a substantial increase
in the frequency and areal extent of severe drought during
the latter half of the twenty-first century. In fact, these later
decades are consistently associated with severe drought
encompassing a significant portion of the study area during
every summer. The SPI (Fig. 10b), does not show a dra-
matic upward trend in the future, however, most twenty-
first century summers are associated with severe drought
conditions (for both occurrence and persistence over con-
secutive years) in some portion of the study area. This
differs from the observational record where several years
had 0 % of the study area in severe drought. Both Fig. 10a,
b therefore suggest that severe droughts will be a more
permanent feature in certain areas of the southwestern
Prairies in terms of occurrence, duration/persistence and/or
severity.

Figures 11 and 12 provide spatial changes to PDSI and
SPI for the 2080s (relative to 1961-1990) for individual
AOGCM runs over the Prairie study area. Consistent with
Figs. 9 and 10, all PDSI projections reveal drier conditions
over the entire study region. With the exception of
CGCM3-A2, the most pronounced changes are found in
southern and eastern areas, with values considerably lower
than the 1961-1990 baseline period (—2 to —4). The SPI in
Fig. 12 displays both negative and positive differences

2000
Years

1960 1980 2020 2040 2060 2080 2100

throughout the study area. All projections indicate wetter
conditions in the northern Prairie region (52-54°N) with a
gradual change to negative SPI values in central and
southern portions. The driest area is projected to occur in
the vicinity of Medicine Hat (except for CGCM3-A1B),
which likely corresponds to the consistent region of latter
twenty-first century drought indicated in Fig. 10b. Drier
conditions are also evident in the east, but the pattern is not
consistent for all AOGCM runs. As indicated previously,
the strongest anomalies tend to be associated with the A2
scenario.

3.4 Entire series (1365-2100)

The preceding has outlined summer drought occurrence
over the southwestern Canadian Prairies during pre-
instrumental, instrumental, and projected future periods.
Box and whisker plot inter-comparisons in drought vari-
ability among all three time frames are shown in Fig. 13a,
b. Specifically, these include the 535 year pre-instrumental,
the 105 year instrumental, and the three 30 year future
time slices for each AOGCM run. As noted previously, the
range of variability captured by the reconstruction for PDSI
and SPI is lower than the instrumental record. Regarding
future PDSI, there is a consistent decrease that translates
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Fig. 11 Spatial changes in 2080s summer PDSI over the Canadian Prairie study area for each AOGCM run in Table 3. Values correspond to

average differences between the 2071-2100 and 1961-1990 periods

into a higher probability of drought occurrence from all
AOGCM runs, with little change in terms of variability.
The CGCM2 and HadCM3 suggest a more rapid and
intense decrease in PDSI with the time regardless of the
emission scenario. For the SPI, changes in variability are
more clearly evident, but there are considerable differences
among the future time slices, and the various model runs.
This is consistent with Fig. 8a where the analysis of pre-
cipitation changes indicated no consistency during future
time slices or among model runs.
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Given the reduced inter-annual variability inherent in
drought index reconstructions, it is difficult to directly
compare the full range of extremes in the pre-instrumental
record to those for the instrumental and future periods.
However, since the tree-rings were collected from moisture
sensitive locations, drought index values below zero can be
used to infer the duration and frequency of drought events.
Table 5 shows drought duration characteristics associated
with pre-instrumental, instrumental, and future periods
over the study area. For this analysis, drought conditions
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Fig. 12 Same as Fig. 11 but for summer SPI

are defined as periods when the PDSI and SPI are negative.
In terms of mean drought duration, PDSI and SPI values
indicate that droughts were on average, longer during the
pre-instrumental period as compared to the twentieth cen-
tury (more so for SPI). Future PDSI, however, reveals
considerably longer droughts of over three times that
experienced in the instrumental record (8.4 vs. 2.4). Con-
sistent with earlier findings, drought durations based solely
on precipitation (as measured by the SPI), show much
different results with these durations slightly decreasing in
the future. This reflects the slight increases in mean
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AOGCM precipitation projections, however, as shown in
Figs. 9b, 12 and 13b, there is considerable variability in
future SPI among the various runs. It is interesting to note
that SPI droughts were on average, longer during the pre-
instrumental record suggesting drier conditions prior to
1900. An examination of multi-year droughts (>3, 5, and
10 consecutive years) in Table 5 shows similar findings
in that these extended dry periods tended to be more
frequent during the pre-instrumental and projected future
(for PDSI) periods as compared to the instrumental
record. For example, PDSI droughts of >5 years occurred
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Table 5 Areally-averaged drought duration characteristics associated with pre-instrumental, instrumental, and projected future periods (mean of

the five scenarios) over the Canadian Prairie study area

Period Data Drought mean duration Frequency of multi-year droughts (per 100
(seasons) yrs)
PDSI SPI >3 years >5 years >10 years
PDSI SPI PDSI SPI PDSI SPI
Pre-instrumental 1365-1900 Reconstruction 2.8 32 5.6 73 3.0 32 1.1 0.2
Instrumental 1901-2005 Monthly ANUSPLIN 2.4 2.0 5.7 57 19 1.9 1.0 0.0
Future 2011-2100 Mean of five future AOGCM scenarios 8.4 1.8 4.2 53 42 00 3.1 0.0

The mean duration of drought corresponds to the average number of consecutive summers with a negative value of PDSI/SPI. The frequency of
multi-year droughts is defined as the average number of drought events (consecutive summers with negative PDSI/SPI) per 100 years of

>3 years, >5 years, and >10 years duration

3.0 times/100 years from 1365 to 1900, only 1.9/100 years
in the instrumental, and are projected to increase to 4.2/
100 years in the future. The future PDSI 10+ year droughts
are also much higher (3.1/100 years). This suggests that
twentieth century extended drought conditions have been
relatively mild when compared to pre-settlement on the
Prairies, but these periods are likely to return (and be even
worse) during this century.

4 Summary and conclusions

A unique aspect of this investigation is that it is one of the
first to examine drought characteristics on time scales

@ Springer

encompassing pre-instrumental, instrumental, and pro-
jected future periods together (i.e. from 1365 to 2100).
Given the nature of the data, more focus is given to future
drought projections, however, important insight into the
frequency of pre-instrumental dry periods is also revealed.
Overall, results suggest that the 105-year instrumental
record experienced fewer extended droughts than the pre-
instrumental period of 1365-1900 (Table 5). This is con-
sistent with other studies that examined paleo-drought on
the Prairies (e.g. Sauchyn and Skinner 2001; St. George
et al. 2009). More importantly, projections based on the
PDSI (i.e. incorporating future temperature changes) indi-
cate that Canadian Prairie twenty-first century droughts
will be longer and more frequent than those associated with
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the current twentieth century warming; a similar result to
that of Gutzler and Robbins (2010) who determined that
future droughts over the western US will be driven to a
greater degree by temperature compared to those in the
historical record.

Although not a main focus of the study, another important
finding involves the prominent differences between the PDSI
and SPI for future drought projections with the former
indicating drastic increases and the latter little change
(although substantial inter-AOGCM variability is present). It
is interesting to note that for the most part, this inconsistency
is not evident in the pre-instrumental and instrumental record
with the PDSI and SPI revealing similar drought periods
(Figs. 5, 6, 7). The differences in future drought are directly
attributable to the water balance approach and inherent lag
effects associated with the PDSI. Results from this index
(Sects. 3.3 and 3.4) reveal very dramatic changes to both the
temporal and spatial occurrence of summer droughts par-
ticularly, during the latter half of the twenty-first century.
Furthermore, these dry conditions will occur over most of the
study region, and will be of greater intensity and frequency to
those observed during both the pre-instrumental and instru-
mental periods. Although little overall change is projected
for SPI, some interesting spatial aspects regarding future
summer precipitation on the Canadian Prairies have been
identified. For example, Fig. 12 reveals that the south-cen-
tral portion of the study area may become more susceptible to
summer meteorological drought due to the projected
reductions in precipitation.

The preceding therefore stresses the importance of
considering the combination of potential effects from both
precipitation and evaporation changes when assessing
future Prairie drought (e.g. by using indices such as the
PDSI or the recently proposed Standardized Precipitation
Evapotranspiration Index (SPEI), which is mathematically
similar to the SPI but includes the effects of temperature
(Vicente-Serrano et al. 2010)). The use of SPI or other
short-term memory indices that do not explicitly address
temperature as an input component, appear to be more
conservative for Canadian Prairie drought evaluation under
climate change. This complies with Dai (2011) who sug-
gested that total precipitation alone should not be used to
measure future changes in aridity or drought, and with
Trenberth (2011) who clearly demonstrated that increased
heating in the future leads to greater evaporation and thus
surface drying, thereby increasing the intensity and dura-
tion of drought (particularly, during summer over interior
continental regions). By using the two different drought
indices with and without the inclusion of temperature, this
study also confirms that it is the combined effect of
increasing temperature and small changes in precipitation
that will likely increase both the occurrence and severity of
summer droughts over the course of time.

In conclusion, this analysis can be considered an initial
step toward quantifying and understanding Canadian
Prairie drought occurrence and severity over several cen-
turies as determined from paleo, instrumental, and climate
model data sources. More robust and relevant drought
evaluation has been gained from the centennial to decadal
scale variability assessment, as well as, from the separation
of effects between single climatic variables such as pre-
cipitation, and the combination of temperature and pre-
cipitation effects at the regional scale. Results indicate that
observed twentieth century droughts were relatively mild
when compared to pre-settlement on the Prairies, but these
periods are likely to return (and even worsen) during this
century due to the anticipated warming during the course
of the twenty-first century. The strong potential for reg-
ular or persistent severe future droughts in certain areas of
the Prairies highlights the need for future drought con-
tingency plans in the region. The findings also indicate
that recovery from multi-year droughts, such as those that
have occurred intermittently during the past millennium
and are likely to reoccur in some form in the current
century, will be much more difficult in the warmer pro-
jected climate (Gutzler and Robbins 2010). Future work
should include the development of future PDSI or SPEI
scenarios using various regional scale downscaling tech-
niques (i.e. dynamical with the use of regional climate
model, or other statistical model) from an increased
combination of AOGCMs to determine if convergence
remains in drought statistics under climate change con-
ditions. This convergence will improve the confidence in
regional/local estimates of climate change impacts on
future regional-scale droughts.
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