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aClimate Research Division, Environment and Climate Change Canada, Toronto, Ontario, Canada; bEnvironment and Climate Change
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ABSTRACT
Drought projections on seasonal to annual time scales are presented for Canada over the
twenty-first century, based on the Standardized Precipitation Evapotranspiration Index (SPEI).
Results make use of bias-corrected temperature and precipitation projections from 29 global cli-
mate models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5), and
include three different forcing scenarios (RCP2.6, RCP4.5 and RCP8.5). Large differences in pro-
jected drought changes are observed among different regions. On the annual time scale, south-
western Canada and the Prairies may experience an increase in drying under a warmer climate.
On the other hand, coastal regions, including northern Canada, the northwest Pacific coast and
the Atlantic region, show a small increase in wetness. Winter and spring SPEI results depict an
increase in wetting, reflecting the projected country-wide winter and spring precipitation
increases under climate change. For the most part, autumn and summer show increases in dry-
ing. The largest relative changes in both summer drying and winter wetting were found over
northern regions, but the offsetting seasonal effects typically balance out to yield various
degrees of wetting on the annual scale for this region. The projected drought responses are
relatively modest in the weak forcing scenario (RCP2.6) for most Canadian regions. In addition,
even for regions most affected, a marked increase in surface water deficit might not occur until
the second half of this century. Inter-model variation (a crude measure of projection uncertainty)
typically increases with forcing intensity and lead time, and is generally greater in northern and
western Canada.

ABSTRAIT
Les pr�evisions de s�echeresse au cours du vingt-et-uni�eme si�ecle sont pr�esent�ees pour le Canada
sur des �echelles saisonni�eres �a annuelles, en fonction de l’indice normalis�e de pr�ecipitations et
d’�evapotranspiration (SPEI). Les r�esultats sont fond�es sur les pr�evisions de temp�erature et de
pr�ecipitations �a biais corrig�e de 29 mod�eles climatiques mondiaux participant �a la phase 5 du
projet d’intercomparaison des mod�eles coupl�es (CMIP5), et comprennent trois sc�enarios de forç-
age diff�erents (RCP2.6, RCP4.5 et RCP8.5). De grandes diff�erences dans les changements pr�evus
en mati�ere de s�echeresse sont observ�ees entre les diverses r�egions. Sur l’�echelle annuelle, le
sud-ouest du Canada et les Prairies pourraient connâıtre une augmentation des conditions
s�eches sous un climat plus chaud. Par contre, les r�egions côti�eres, y compris le nord du Canada,
la côte nord-ouest du Pacifique et la r�egion de l’Atlantique, montrent une l�eg�ere augmentation
des conditions humides. Les r�esultats de l’hiver et du printemps du SPEI montrent une augmen-
tation des conditions humides, ce qui refl�ete l’augmentation pr�evue des pr�ecipitations hiver-
nales et printani�eres �a l’�echelle du pays en raison des changements climatiques. Dans
l’ensemble, l’automne et l’�et�e montrent une augmentation des conditions de s�echeresse. Les
changements relatifs les plus importants dans les conditions s�eches estivales et les conditions
humides hivernales ont �et�e observ�es dans les r�egions nordiques, mais les effets saisonniers com-
pensatoires s’�equilibrent habituellement pour produire divers degr�es de pr�ecipitations �a l’�echelle
annuelle pour cette r�egion. Les r�eponses pr�evues �a la s�echeresse sont relativement modestes
dans le sc�enario de forçage le plus faible (RCP2.6) pour la plupart des r�egions canadiennes. En
outre, même pour les r�egions les plus touch�ees, une augmentation marqu�ee du d�eficit en eau
de surface pourrait ne pas se produire avant la deuxi�eme moiti�e du pr�esent si�ecle. La variation
entre les mod�eles (une mesure brute de l’incertitude des pr�evisions) augmente habituellement
avec l’intensit�e du forçage et le d�elai, et elle est g�en�eralement plus grande dans le nord et l’ou-
est du Canada.
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Introduction

Droughts are complex, recurrent natural hazards that
affect many parts of the world, causing devastating
impacts on human health, economy, environment and
society. Droughts affect soil moisture, surface and
ground water levels and stream flows, impacting a
range of sectors including agricultural production,
municipal/industrial water supplies and aquatic eco-
systems. Prolonged droughts and their impacts have
been well documented over different regions of
Canada. Asong et al. (2018) provided an assessment
of historical drought patterns in Canada, though to
the authors’ knowledge, there has not been a nation-
wide drought analysis based on global climate model
projections.

Western Canada experiences more frequent and
prolonged droughts. The Canadian Prairie region, in
particular, is susceptible to frequent and severe
droughts due to its position leeward of the Canadian
Rockies (Bonsal et al. 2011, Mortsch, Cohen, and
Koshida 2015). A multi-year drought event that
impacted not only the Canadian Prairies but much of
Canada, during 1999–2005, caused significant agricul-
tural production losses, land degradation, increased
forest fires and large economic damage; the Canadian
Prairies saw a gross domestic product (GDP) loss of
approximately CAD $4.5 billion (Wheaton et al. 2008;
T€oyr€a, Pietroniro, and Bonsal 2005; Hanesiak et al.
2011). Similarly, the interior valley of British
Columbia, which is situated between the Coast
Mountains and the Canadian Rockies, is more suscep-
tible to drought due to the rain shadow effect. This
region, already characterized by a dry and mild con-
tinental climate where the evaporative demand typic-
ally exceeds total rainfall during the summer (Merritt
et al. 2006), sees an impact on local crop production
systems from drought (Neilsen et al. 2006).

Droughts also occur in other parts of Canada,
including the Great Lakes region, the Atlantic provin-
ces and the north, although drought events in these
areas are typically less frequent and less intense
(Bonsal et al. 2011). Southern Ontario droughts, for
instance, tend to be more localized and shorter in
duration than those in western Canada; nonetheless,
significant impacts still occur, including lower lake
water levels and stream flow, reduced crop production
and increased risk of forest fires (Mitsch and Reeder
1992; Gabriel and Kreutzwiser 1993). Lower water
levels from a decline in water availability in the late
1990s led to decreased water for navigation and
played a role in an $11.25 million economic decline
(Koshida 2005).

Droughts in eastern Canada are less well docu-
mented. Still, events in the early 2000s that affected
many parts of Canada were also experienced in the
Atlantic Provinces. Dry summers were documented
during 2001, but impacts were reduced in 2002 due
to a wetter spring and fall (Wheaton et al. 2008).
Drought impacts in northern Canada are similarly
less well documented. Studies have, however, found
that tree growth in Yukon has been affected by tem-
perature-induced drought stress (Barber, Juday, and
Finney 2000; Hogg and Wein 2005).

Droughts occur as a result of precipitation deficits
associated with multi-year natural variability. Under
climate change, however, large increases in potential
evapotranspiration (PET) in a warmer climate may
cause an increase in widespread drying (e.g. Zhao and
Dai 2015). North American and global-scale studies
have shown that an increase in warming may lead to
greater evaporation and surface drying, increasing the
intensity and duration of drought. This effect is most
pronounced in summer over continental interior
regions (Trenberth 2011; Gobena and Gan 2013).
Further, drought changes projected using numerous
CMIP5 models (moderate emission scenario
(RCP4.5)) showed that the frequency of late twenty-
first-century severe to extreme drought conditions is
expected to increase over much of southern Canada,
including southeast British Columbia, the Prairies and
Ontario (as measured by the Palmer Drought Severity
Index [PDSI], the Standardized Precipitation
Evapotranspiration Index [SPEI], and soil moisture)
(Palmer 1965; Dai 2013; Dibike et al. 2017).

Cook et al. (2014) provided a global perspective on
projected changes in drought based on PDSI and
SPEI, though results were limited to the annual time
scale. Global climate model (GCM) results showed an
increase in drying over western, mid-latitude North
America, as well as other parts of the world including
Central America, the Mediterranean, southern Africa
and the Amazon (South America), which may be
attributed to an increase in PET (Cook et al. 2014).
Wang et al. (2014) look at how PDSI and the Climate
Moisture Index (CMI) may change for Canadian bor-
eal regions under different greenhouse gas emission
scenarios for a subset of GCMs. Other studies use dif-
ferent indices, such as the Standardized Precipitation
Index (SPI; McKee, Doesken, and Kleist 1993) or soil
moisture (Sheffield and Wood 2008a), or focus on a
specific region of Canada (Bonsal et al. 2011, 2012;
Sheffield and Wood 2012; Swain and Hayhoe 2015;
Dibike et al. 2017).
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PDSI and SPI are two commonly used indices to
assess or quantify the severity and frequency of clima-
tological drought (e.g. Gobena and Gan 2013; Cook
et al. 2014), although both have limitations. PDSI is a
measure of cumulative atmospheric moisture supply
loss and surface demand. This index, though widely
used to assess past, present and projected future
droughts, may not allow for accurate spatial or tem-
poral comparisons (Guttman 1998; Heim Jr. 2002).
To address this issue, McKee, Doesken, and Kleist
(1993) developed SPI, which quantifies the impact of
precipitation deficit on water sources using standar-
dized precipitation. With SPI, there is the assumption
that other climate variables such as temperature
remain stationary over time. The influences of other
processes, such as evapotranspiration, that are import-
ant factors in surface water balance and are expected
to change under greenhouse warming, are not taken
into consideration in SPI. In assessing the influence
of climate change on drought, it is imperative to use
a metric that incorporates multiple climatological fac-
tors including precipitation and temperature
(Vicente-Serrano, Begueria, and Lopez-Moreno 2010).
SPEI is a multiscalar index that is based on a climatic
water balance (i.e. precipitation minus PET).
Therefore, to better understand how droughts may
change under the influence of climate change, this
study examines projected changes in drought for
Canada based on SPEI (Vicente-Serrano, Begueria,
and Lopez-Moreno 2010).

The present study assesses seasonal to annual time
scale SPEI values based on projections from 29
Coupled Model Intercomparison Project Phase 5
(CMIP5) GCMs for three different forcing scenarios
(RCP2.6, RCP4.5, and RCP8.5) for the near term
(2016–2035), mid term (2046–2065) and end of the
century (2081–2100). The main objective is to docu-
ment the method and data used to produce the SPEI
database and to subsequently assess relative changes
in dryness and wetness across Canada under the
influence of projected climate change.

Methods

A range of drought indices have been developed over
the years to understand climatological drought, vary-
ing from each other in theoretical methodology,
application and formulation. SPEI is one of many
indices to quantify drought. Each index has its own
utilities; the choice of an index to quantify drought
would therefore depend on context or application as

well as data availability. SPEI was chosen as it is sim-
plistic in nature, multiscalar and widely used.

SPEI can be applied to a range of temporal and
spatial scales (Vicente-Serrano et al. 2012). The for-
mulation is similar to that of SPI, but is based on the
difference between precipitation (P) and PET, i.e.
P� PET, rather than on precipitation alone. As such,
SPEI is theoretically based on a climatic water bal-
ance. Similar to PDSI and SPI, a negative SPEI value
indicates dryness and a positive value indicates wet-
ness at the surface.

The projected SPEI using the present approach
should be interpreted as a relative measure of surface
water surplus (for positive values) or deficit (negative
SPEI values) with respect to hydroclimate of the refer-
ence period. Specifically, SPEI at a location gives the
number of standard deviations from which the trans-
formed P�PET departs from mean values over the
reference period.

The computation of SPEI can be tailored with dif-
ferent configurations to make different assumptions.
Users may select the time scale, reference period, and
different parameters such as the PET equation, type
of kernel (i.e. weighting of previous time steps), and
distribution function for its calculation.

In this study, SPEI was calculated from CMIP5 cli-
mate model outputs – bias corrected with the ‘MBC’
R package (R Core Team 2015; Cannon 2016) – using
the ‘SPEI’ R package (Beguer�ıa and Vicente-Serrano
2013; R Core Team 2015). Data post-processing
was carried out using ClimPACT2 (ClimPACT2
2016) and Climate Data Operators (CDO
2017) software.

Potential evapotranspiration estimates

Since PET is not a standard model output variable, it
must be estimated from available archived variables.
The ‘SPEI’ package provides four options to calculate
PET: Thornthwaite (Thornthwaite 1948), Hargreaves
(Hargreaves 1994), modified Hargreaves (Droogers
and Allen 2002), and Penman–Monteith (Allen et al.
1994, 1998).

Penman–Monteith is the standard method of cal-
culating reference evapotranspiration for the
International Commission on Irrigation and Drainage
(ICID), the Food and Agriculture Organization
(FAO) and the American Society of Civil Engineers
(ASCE). It was shown to have a greater likelihood of
producing accurate reference crop evapotranspiration
results for a range of climate conditions when com-
pared to other methods (Allen et al. 1998). The
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method, however, requires an extensive amount of
data including wind speed, solar radiation, relative
humidity and temperature. Alternate PET equations
with fewer data requirements include Thornthwaite,
Hargreaves and modified Hargreaves.

The Thornthwaite method is based on monthly
mean temperature and latitude (the latter used to esti-
mate sunshine duration) to represent PET. Though it
has fewer data requirements and is simple to use,
studies have found that this equation underestimates
evapotranspiration for semi-arid and arid regions
(Stanhill 1961; Jensen, Burman, and Allen 1990) and
overestimates evapotranspiration for humid and
tropical climates (Van der Schrier, Jones, and
Briffa 2011).

The Hargreaves method is a reference evapotrans-
piration equation frequently used to estimate crop irri-
gation requirements (Hargreaves 1994). Data
requirements include daily minimum and maximum
temperature (Hargreaves and Samani 1985). Minimum
and maximum temperature are used to derive solar
radiation as another input in the Hargreaves equation.
Hargreaves and Allen (2003) found that the
Hargreaves method produced results within 97–101%
of actual evapotranspiration measured by a lysimeter
for both semi-arid and sub-humid climates of the
United States.

The original Hargreaves method was modified by
Droogers and Allen (2002) to include a precipitation
variable and to require only monthly data input.
Droogers and Allen (2002) found that the results
based on the modified approach were comparable to
those obtained by the Penman–Monteith formulation.
For this reason, along with the fact that this equation
requires fewer input variables (namely monthly total
precipitation, and monthly mean minimum and max-
imum daily temperature) than the Penman–Monteith
method, the modified Hargreaves was chosen to cal-
culate PET.

SPEI parameters and calibration

The log-logistic distribution function was chosen to
fit P�PET values. Vicente-Serrano, Begueria, and
Lopez-Moreno (2010) found that this distribution
adapted well to different time series. In terms of esti-
mating log-logistic parameters, an unbiased probabil-
ity weighted moments (PWM) method was used.
Unlike the alternate option of parameter fitting, i.e.
plotting-position PWM, unbiased PWM does not
result in biased standard deviation values (Beguer�ıa
et al. 2014). Since the CMIP5 historical simulations

end at 2005, 1950–2005 was selected as the reference
period for fitting the log-logistic model and parameter
estimation. These parameters are then applied to the
future period (2006–2100).

SPEI was calculated for time scales of 3 and 12
months (hereafter referred to SPEI-3 and SPEI-12,
respectively). SPEI-3 corresponds to the standard sea-
sons: winter (December, January, February: DJF),
spring (March, April, May: MAM), summer (June,
July, August: JJA) and autumn (September, October,
November: SON). For SPEI-3 and SPEI-12, an
unshifted rectangular kernel (i.e. equal weighting for
previous n time steps) was applied. SPEI-1 results, not
presented here, will be made available through the
Canadian Climate Data and Scenarios (CCDS) website
(Canadian Climate Data & Scenarios 2017). The
occurrence of multi-year droughts may be assessed
from the SPEI-12 results. Further, to understand and
assess inter-model spread, ensemble percentiles (25th,
50th and 75th) and ensemble standard deviation
across the 29 individual model SPEI results
were calculated.

CMIP5 multi-model ensemble data

An ensemble of 29 models was used for SPEI analysis
to allow some quantification of projection uncertainty.
The list of the 29 models can be found on CCDS at
http://climate-scenarios.canada.ca (Canadian Climate
Data & Scenarios 2017).

Further, a range of emission scenarios were used to
understand the potential spread across possible emis-
sion pathways. Emission scenarios represent possible
future atmospheric concentrations of greenhouse
gases and aerosols based on plausible combinations of
projected population growth, economic activity,
energy intensity and socio-economic development.
Representative Concentration Pathways (RCPs; Taylor
et al. 2012) are a set of emission scenarios that serve
as input for CMIP5 projections. The RCP scenarios
range from a low emission scenario characterized by
active mitigation (RCP 2.6), through two intermediate
scenarios (RCP 4.5 and RCP6.0), to a high emission
scenario (RCP 8.5).

SPEI calculations were carried out for the
1900–2100 period using historical and RCP2.6,
RCP4.5 and RCP8.5 forcing scenarios. Since model
resolution varies among the models, data from each
of the 29 models were regridded to a common 1� �
1� grid. A Canadian land mask was then applied to
calculate SPEI at land points.

4 B. Y. TAM ET AL.
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Multivariate bias correction

Climate models are mathematical representations of
the coupled physical and biophysical processes that
make up the Earth’s climate system. Despite techno-
logical advancements in climate modelling, there con-
tinue to be biases when simulating global and
regional climate conditions (Ficklin et al. 2016).
Climate model biases may arise from a range of fac-
tors, including unrealistic responses to climate forc-
ings, model internal variability, and deficiencies in
model parameterization (Eden et al. 2012). As a
result, biases may be reflected in seasonality, magni-
tude or variability of model output compared to
observations. Sheff and Frierson (2015) found that
there was large inter-model spread in projected PET
and precipitation results based on raw output among
13 GCMs. In comparison to bias-corrected modelled
output, Ficklin et al. (2016) found that raw modelled
precipitation output reflected a positive bias and raw
modelled PET reflected a negative bias. Similarly,
Macadam et al. (2016) found that the application of
bias correction to regional climate model output
reduced biases in wheat yield results. As the present
study was based on modelled precipitation and PET
output, bias correction of raw GCM outputs was
undertaken prior to SPEI calculations.

As SPEI is a multivariate index that depends on
minimum/maximum temperature and precipitation, a
multivariate bias correction (MBC) algorithm that
corrects marginal distributions and Pearson correl-
ation dependence structure (MBCp) were applied on

all GCM data (minimum and maximum temperature
and precipitation) (Cannon 2016). MBCp is based on
an iterative application of the Cholesky decompos-
ition bias correction method (B€urger, Schulla, and
Werner 2011) in combination with a trend-preserving
form of univariate quantile mapping (Cannon, Sobie,
and Murdock 2015). In essence, marginal distribu-
tions of each of the three variables and inter-variable
correlations are corrected to match observed values in
the historical calibration period; subject to these cor-
rections, GCM-simulated forced changes in quantiles
of each variable are also preserved in future periods.
Monthly gridded minimum and maximum tempera-
ture and precipitation data, i.e. the Canadian Gridded
Dataset (CANGRD) – a gridded climate dataset based
on interpolated data from Adjusted and
Homogenized Canadian Climate Data (AHCCD)
(Vincent et al. 2015) – was used as the observational
target over the reference period of 1950–2005. Bias
correction was applied to the full time period of each
GCM simulation (1900–2100).

To assess the level of agreement between raw
model and bias-corrected output to observations,
Taylor diagrams were produced for each input vari-
able (Figure 1). Taylor diagrams are useful tools to
visualize the statistical relationships among datasets,
and are particularly useful in gauging how well model
output correlates with a set of observations (Taylor
2001). Specifically, Taylor diagrams portray correl-
ation patterns, root-mean-square (RMS) difference,
and standard deviation between datasets and a set of

Figure 1. Taylor diagrams comparing climatological mean for the time period 1900–2005 of raw model data and bias-corrected
data (MBCp) to Canadian gridded observations (CANGRD) observations. Ensemble means of raw and bias-corrected modelled out-
put are also provided. Three statistics are compared between the model and observed data: spatial variability as measured by the
standard deviation, which is related to the distance from CANGRD observations, the root-mean-square difference between model
and observations, which is measured relative to the circular contours centred at the CANGRD data point (bolded circle at 1.0 on
the x-axis of the graphs), and the correlation between model data and observations gauged related to the azimuthal angle
(straight lines from the origin). The relative merits of the raw and biased datasets are measured by their distance from the
CANGRD reference point. As shown in the graphs, bias correction reduced inter-model variance of raw model output as mani-
fested in the close juxtaposition of the bias-corrected ensemble (red solid square) and individual model points (other squares
under red square) for all three variables (precipitation, maximum temperature (Tmax), and minimum temperature (Tmin)).
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observations in one graph. For instance, as shown in
Figure 1, the climatological mean of the historical
time period (1900–2005) for each grid point from
each raw model dataset and bias corrected dataset
was compared to CANGRD observations. Figure 1
shows that the bias corrected model output is better
correlated with observations when compared to raw
model output. As shown, bias correction reduced
inter-model variance of raw model output as mani-
fested in the close juxtaposition of the bias-corrected
ensemble and individual model points in the Taylor
diagrams for all three variables (see Figure 1).

To validate SPEI results computed from bias-cor-
rected model outputs against CANGRD-based SPEI
values, the two datasets were compared over the
1900–2005 period. Figure 2 shows a map of the dif-
ference between CANGRD-based SPEI and the
ensemble mean of modelled SPEI averaged over the
historical period (1900–2005). It is evident that differ-
ences between the two datasets of SPEI values are
small, with values of less than 0.5 over most parts of
the country, although slightly larger differences
(between 0.5 and 1) are found in certain parts of
Canada (western Canada, Atlantic Canada). Further,
since the ensemble mean was used, it is possible that
larger biases in individual model results may have
been averaged out. Lastly to examine interannual vari-
ability between CANGRD SPEI and modelled histor-
ical SPEI, a comparison of time series results for
select study locations was conducted (results not
shown). Standard deviation of modelled results is
similar to the standard deviation of CANGRD SPEI,

reflecting similar interannual variability. For instance,
the modelled ensemble average standard deviation
values of SPEI-12 at Saskatoon and Yellowknife over
1901–2005 are 0.99 and 1.00, respectively, which are
very close to the corresponding CANGRD SPEI
standard deviation results of 1.01 and 1.12.

Results

Projected changes in SPEI in Canada under various
forcing scenarios are presented. SPEI results should be
interpreted as a relative measure of surface water sur-
plus or deficit with respect to hydroclimate conditions
of the reference period, 1950–2005. Thus, results of
surface water deficit may be interpreted as dryness or,
in other words, an indicator of drought conditions.
Further, SPEI at a location gives the number of stand-
ard deviations by which the transformed P-PET is
deviated from the mean values assessed for the refer-
ence period. As SPEI is a normalized index, an SPEI
value of zero would indicate no change relative to his-
torical values. The results presented herein are aimed
at informing assessments of drought based on relative
changes to SPEI with respect to observed conditions.

Spatial variability of projected seasonal and
annual SPEI

Maps of projected ensemble median (50th percentile)
SPEI-3 for different seasons and RCPs are presented
in Figures 3–6. Projected winter values (Figure 3) are
consistent with projected changes in temperature and

Figure 2. Map showing the difference between Canadian gridded data (CANGRD)-based and modelled climatological mean of
SPEI-12 for the historical period, 1900–2005. In addition, shown on the map are the five locations selected for time series studies:
Summerland, BC, Saskatoon, SK, Yellowknife, NWT, Guelph, ON, and Maugerville, NB.
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precipitation. Mean winter temperatures, despite the
amplified warming projected for northern regions, are
still close to or below freezing for most parts of the
country throughout this century, thus having little or
no effect on PET. Winter SPEI values are thus deter-
mined largely by projected relative changes of winter
precipitation. As a result, positive SPEI values are pre-
sent across most of the country, reflecting the pro-
jected country-wide winter precipitation increases
under climate change (see the CCDS site for CMIP5
projections of temperature and precipitation for
Canada under different forcing scenarios; Canadian
Climate Data & Scenarios 2017). Larger positive SPEI
values are found over northern regions for all three
forcing scenarios, which correspond to the strong
winter precipitation response for these locations. For
example, ensemble median winter precipitation for
the end of the century (2081–2100) under the RCP8.5
scenario (Figure 3c,f,i) is projected to increase by
more than 50% above the reference period.
Consistent with projected changes in the driving vari-
ables, magnitudes of the relative surface water surplus
increase with longer projection time and stronger
greenhouse forcing. Based on RCP8.5, winter

country-wide median SPEI values range between �0.4
and 2.6 for 2081–2100, while RCP4.5 values range
between �0.1 and 1.9 for the same period, and
between 0 and 1.4 for RCP2.6.

Spring SPEI projections (Figure 4) are qualitatively
similar to those for winter. However, smaller positive
values are found over the western coastal and north-
ern regions and more widespread slight drying condi-
tions (weak negative SPEI) are found over the south-
central and western regions. These changes are due to
smaller relative precipitation increases compared to
winter projections over northern regions and the
increasingly important offsetting effects of enhanced
PET associated with warmer above freezing tempera-
tures projected for southern regions. For instance,
RCP8.5 projections of 2081–2100 MAM relative pre-
cipitation increase (> 25%) are the highest amongst
the different seasons in the Prairies. However, above-
freezing mean temperatures are projected to occur in
the region starting in March. SPEI results suggest that
temperature effects dominate over precipitation
increases to give the projected weak relative drying in
the area. Slight shifts in projected SPEIs towards the
drier regime when compared to winter values are

Figure 3. Ensemble medians of projected winter (December, January, February) SPEI-3 for RCP2.6 (top row: a–c), RCP4.5 (middle
row: d–f) and RCP8.5 (bottom row: g–i) and averaged for 2016–2035 (left column: a,d,g), 2046–2065 (middle column: b,e,h), and
2081–2100 (right column: c,f,i). Latitudes (�N) and longitudes (�E) are shown on the vertical and horizontal axes, respectively.
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evident across the country. In particular, projected
spring median SPEI values range between �0.2 and
1.1 for RCP2.6, �0.3 and 1.6 for RCP4.5, and �0.5
and 2.5 for RCP8.5 by 2081–2100.

With the main exception of the east coast region,
where slight increases in water surplus are projected,
country-wide shifts of projected summer SPEI from
positive to negative values occur during the transition
from spring to summer (Figure 5). The shift reflects
the diminishing (or reversed, e.g. over southern
British Columbia or the Prairies) projected increases
in precipitation and increasingly strong drying effects
of warming temperatures on surface water balance
during the summer. Strong relative drying is found
over the western coastal region including interior
southern BC, as well as central Canada extending
from the Prairies to the Arctic (e.g. Figure 5i).
Interestingly, the most pronounced drying is west of
Hudson Bay in northern Canada. Since precipitation
is projected to increase, albeit only slightly (�10% for
2081–2100), in the region, the intense relative surface
drying is largely a result of the nonlinear increase of
PET (Tegos et al. 2017) from much higher increases
in temperatures towards the end of the century. This

is supported by results given by Sheff and Frierson
(2015) that show a local maximum in CMIP5-pro-
jected PET anomaly over the same Arctic region
based on the Penman–Monteith approach (see their
Figure 3).

In contrast, drying over southern interior BC and
the Prairies is due to the reinforcing effects of both
reduced summer precipitation (JJA precipitation over
the Prairies is projected to be below reference period
values after around 2070) and enhanced warming.
However, unlike the more northern regions, these
locations have highly variable but mean semi-arid cli-
matological conditions (i.e. P slightly less than E)
with large evapotranspiration during the summer (see
e.g. Szeto 2007). Consequently, the projected relative
drying is less pronounced when compared to the
northern locations. The drying at all locations is pro-
jected to be more severe later this century and for
higher emission scenarios. For example, RCP2.6 JJA
SPEI values range between �0.9 and 0.7 for
2081–2100, while the range widens to �1.4 and 1
(�2.3 and 1.4) for RCP4.5 (RCP8.5).

Autumn SPEI projections depict a distinct pattern
of drying over the south and slight wetting over the

Figure 4. Ensemble medians of projected spring (March, April, May) SPEI-3 for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f)
and RCP8.5 (bottom row: g–i) and averaged for 2016–2035 (left column: a,d,g), 2046–2065 (middle column: b,e,h), and
2081–2100 (right column: c,f,i). Latitudes (�N) and longitudes (�E) are shown on the vertical and horizontal axes, respectively.
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north for all three forcing scenarios (Figure 6).
Projected responses are weak throughout the century
for both RCP2.6 and RCP4.5 (Figures 6a–f). Projected
responses are also weak for RCP8.5 during the early
and mid century (Figure 6g,h) but intensification of
the responses with stronger drying over the south are
projected for the end of the century (Figure 6i). The
wetting over the north is a result of large precipita-
tion increases (> 30% for RCP8.5 towards the end of
the century) combined with near- or below freezing
temperatures. The strong drying over southern
regions is largely a result of relatively small precipita-
tion increases (< 20%) and intense warming (þ�6 �C
for 2081–2100) under moderate to strong forcings.
This differs from the current autumn hydroclimate
conditions in the Prairies which are characterized by
P-E near or slightly above zero (Szeto 2007).
Collectively, the non-winter results suggest that semi-
arid conditions in the region might intensify and
expand as a result of climate change. Autumn SPEI
values range between �1.2 and 1.1 for 2081–2100
based on RCP4.5, and between �2.1 and 1.7 for
2081–2100 based on RCP8.5, while RCP2.6 autumn

projections show little change by the end of the cen-
tury with median SPEI values ranging between �0.5
and 0.9.

Projected SPEI-12 (January to December) values
are shown in Figure 7. Due to the cross-seasonal
memory of hydrological processes in cold regions, the
annual SPEI is a suitable indicator for drought condi-
tions as it reflects interannual variation. Results sug-
gest that annual patterns can largely be accounted for
by the combined results of projected dry conditions
during the summer and autumn over the south, and
the projected wet conditions during winter and spring
over the northern and coastal regions of Canada. The
seasonality of surface water budgets in different
regions of the country should also be considered
when interpreting the annual results. For example,
observed precipitation in the Prairies is significantly
higher during the summer than in other seasons
(Szeto 2007). The projected reduction in summer pre-
cipitation can thus be more important than the pro-
jected relative increase during other seasons in
affecting annual SPEI. Opposite effects (i.e. winter
precipitation dominates over summer values) over the

Figure 5. Ensemble medians of projected summer (June, July, and August) SPEI-3 for RCP2.6 (top row: a–c), RCP4.5 (middle row:
d–f) and RCP8.5 (bottom row: g–i) and averaged for 2016–2035 (left column: a,d,g), 2046–2065 (middle column: b,e,h), and
2081–2100 (right column: c,f,i). Latitudes (�N) and longitudes (�E) are shown on the vertical and horizontal axes, respectively.
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coastal regions contribute to the high wetting trends
projected for these areas. Similar to the seasonal
results, projected annual regional water balance
responses are more pronounced for stronger forc-
ing scenarios.

Inter-model spread of SPEI results

The ensemble standard deviation was calculated as a
crude measure of projection uncertainty (Figure 8).
Generally, inter-model spread increases with time and
with stronger forcing for both annual and seasonal
SPEI (seasonal results not shown). Spatially, there is
greater inter-model variance in northern Canada, par-
ticularly around Hudson Bay, in the Northwest
Territories, and in western Canada (e.g. Figure 8i).
These spatial and temporal variations in inter-model
spread of projected SPEI are consistent with the inter-
model spread of temperature and precipitation. An
important finding shown in Figure 8 is the lower
inter-model spread (and hence better agreement
amongst the models) that is exhibited over south-cen-
tral regions where drought conditions are projected to
worsen the most under moderate and strong forcings.

Temporal change

To gain further insights into projected changes in
drought, time series of SPEI are examined by selecting
the nearest 1� � 1� grid of the following selected rep-
resentative locations across the country: Summerland
(49.6�N, 119.7�W) and Saskatoon (52.3�N, 106.9�W)
in the drought-prone semi-arid Okanagan valley of
British Columbia and Canadian Prairies, respectively;
Guelph (43.6�N, 80.3�W) in the Great Lakes region of
Ontario where occasional droughts are of relevance to
agricultural activities and water levels of the Great
Lakes; Maugerville (46.0�N, 66.5�W) in the tradition-
ally wet New Brunswick, Atlantic Canada; and
Yellowknife (62.5�N, 114.4�W) in the Northwest
Territories where drought conditions may affect forest
fires, lake levels and runoff into the Mackenzie River
(locations shown in Figure 2). Time series of mod-
elled summer, winter and annual SPEI for 1900–2100
at grid points closest to these five locations are shown
in Figures 9–13. The median is shown along with 25th

and 75th percentiles.
SPEI-3 for Summerland (Figure 9) shows that sum-

mer surface drying is projected to increase throughout

Figure 6. Ensemble medians of projected autumn (September, October, November) SPEI-3 for RCP2.6 (top row: a–c), RCP4.5 (mid-
dle row: d–f) and RCP8.5 (bottom row: g–i) and averaged for 2016–2035 (left column: a,d,g), 2046–2065 (middle column: b,e,h),
and 2081–2100 (right column: c,f,i). Latitudes (�N) and longitudes (�E) are shown on the vertical and horizontal axes, respectively.
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the century for all three forcing scenarios. While this
drying is shown to be limited and stabilized for
RCP2.6, surface water deficit may become greater
over time post-2070 for RCP4.5 and RCP8.5 (Figure
9d,g). In contrast, winter surface water surplus is pro-
jected to increase continuously post-2070 for RCP4.5
and RCP8.5 (Figure 9e,h). SPEI-12 results show that
relative annual water deficit is projected to increase in
magnitude and duration based on RCP4.5 and
RCP8.5, while minimal change is projected for
RCP2.6. These results suggest that the winter water
surplus is not sufficient to compensate for the severe
deficits that occur during summer and autumn in the
moderate and strong forcing scenarios (see Figures 5
and 6). Similar to summer, the continuous relative
annual surface water deficits decrease and stabilize for
RCP4.5, while annual drying increases abruptly at
around 2070 before resulting in consistently high defi-
cits of ��2 during the last 15 years of the century
for RCP8.5. Further, the inter-model spread of winter
SPEI-3, as measured by the H-spread (the interquar-
tile range, which is the difference between the 75th

and 25th percentiles), increases from around 1.3 for

the historical period to just less than 2 towards the
end of the 21st century for all three scenarios.

Summer water deficits at Saskatoon (Figure 10) are
qualitatively similar to those for Summerland but rela-
tive drying is typically weaker for all three scenarios. In
particular, only weak (moderate) drying is projected for
RCP2.6 (RCP4.5). Drying is also weak for RCP8.5 until
around 2050, but is projected to intensify over the
second half of the century (Figure 10g). On the other
hand, no substantial changes in the winter water bal-
ance are projected for all forcing scenarios. Without the
compensating winter surplus, strong recurring annual
water deficits are projected as a result of combined
autumn and summer drying (see Figure 7). While the
annual drying is limited for RCP2.6, it is projected to
intensify between 2050 and 2080 for other scenarios to
a level that is even more severe than for Summerland
(Figure 10c,f,i). Compared to the other study locations,
the southern Prairies may exhibit the largest likelihood
of extended severe drought during the latter part of this
century under the RCP8.5 scenario.

H-spreads for winter SPEI for Saskatoon are com-
parable in magnitude to those for Summerland for all

Figure 7. Ensemble medians of projected SPEI-12 (annual) for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f) and RCP8.5 (bot-
tom row: g–i) and averaged for 2016–2035 (left column: a,d,g), 2046–2065 (middle column: b,e,h), and 2081–2100 (right column:
c,f,i). Latitudes (�N) and longitudes (�E) are shown on the vertical and horizontal axes, respectively.
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three scenarios. For RCP8.5, it increases to around
1.9 towards the end of the century due to the slightly
larger increasing trends in the 75th percentile.

Although decreasing trends are evident in all three
summer SPEI percentiles in the moderate and strong
forcing scenarios, the upper quartile values remain

Figure 8. Ensemble standard deviation of projected SPEI-12 for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f) and RCP8.5 (bot-
tom row: g–i) and averaged for 2016–2035 (left column: a,d,g), 2046–2065 (middle column: b,e,h), and 2081–2100 (right column:
c,f,i). Latitudes (�N) and longitudes (�E) are shown on the vertical and horizontal axes, respectively.

Figure 9. Time series of projected summer (left column: a,d,g), winter (middle column: b,e,h) and annual SPEI (right column: c,f,i)
ensemble median for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f), and RCP8.5 (bottom row: g–i) for Summerland, BC. Grey
lines represent the 25th and 75th percentiles. SPEI values and time are presented on the vertical and horizontal axes, respectively,
with positive (negative) SPEI values shown in blue (red).
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positive, which results in slight increases in the H-
spreads to �2 towards the end of the century. The
most robust drying trends are exhibited by SPEI-12;
all three percentiles decrease at a similar rate to nega-
tive values after around 2070. As a result, the H-
spread only increases slightly, from �1.5 to �1.8,
during the course of the century. These results, along
with the spatial information given in Figure 8, indi-
cate that the strong relative drying conditions in the
later part of this century for southwestern Canada,
including the Prairies, is a robust projection shared
by the majority of models.

The strongest projected relative summer drying
and winter wetting is found in Yellowknife for all
forcing scenarios (Figure 11). Apart from the larger
magnitudes, the Yellowknife SPEI-3 time series are
similar to those projected for Summerland. Similar to
Summerland, summer SPEI is projected to decrease
and winter SPEI is projected to increase. The strongly
contrasting seasonal water budget anomalies effect-
ively balance out, as shown on the annual time scale
for RCP2.6 (Figure 11c) and RCP4.5 (Figure 11f). No
substantial change is evident for the annual water bal-
ance projected for RCP4.5, while a slight water

Figure 10. Time series of projected summer (left column: a,d,g), winter (middle column: b,e,h) and annual SPEI (right column:
c,f,i) ensemble median for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f), and RCP8.5 (bottom row: g–i) for three forcing scen-
arios for Saskatoon, SK. Grey lines represent the 25th and 75th percentiles. SPEI values and time are presented on the vertical and
horizontal axes, respectively, with positive (negative) SPEI values shown in blue (red).

Figure 11. Time series of projected summer (left column: a,d,g), winter (middle column: b,e,h) and annual SPEI (right column:
c,f,i) median ensemble for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f), and RCP8.5 (bottom row: g–i) for Yellowknife, NWT.
Grey lines represent the 25th and 75th percentiles. SPEI values and time are presented on the vertical and horizontal axes, respect-
ively, with positive (negative) SPEI values shown in blue (red).
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surplus is projected for RCP2.6. In contrast, continu-
ously moderate surface water deficit on the annual
time scale is projected to occur post-2050 for RCP8.5
(Figure 11i). Largely due to the decrease of the lower
quartile during the second half of the century, the H-
spread increases to a value of �2.5 towards the end
of the century. The relatively large inter-model spread
exhibited in the Yellowknife results is also evident for
northern Canadian regions in general (Figure 8), add-
ing to uncertainty in SPEI projections for north-
ern regions.

The Guelph SPEI-3 series (Figure 12) are similar to
Summerland. Weaker summer drying and winter wet-
ting of similar magnitude occur after the 2020s for
the two stronger forcing scenarios. Summer drying is
projected to intensify moderately after around 2050
for RCP8.5 (Figure 12g). On the annual scale, fre-
quent or recurrent weak (moderate) water deficit is
projected to occur post-2070 (2050) for RCP4.5
(RCP8.5), which may be a result of autumn drying
(possibly combined with summer drying in the area
(e.g. Figures 5h,i, 6h,i, 7h,i). Southern Ontario and

Figure 12. Time series of projected summer (left column: a,d,g), winter (middle column: b,e,h) and annual SPEI (right column:
c,f,i) ensemble median for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f), and RCP8.5 (bottom row: g–i) for Guelph, ON. Grey
lines represent the 25th and 75th percentiles. SPEI values and time are presented on the vertical and horizontal axes, respectively,
with positive (negative) SPEI values shown in blue (red).

Figure 13. Time series of projected summer (left column: a,d,j), winter (middle column: b,e,h) and annual SPEI (right column: c,f,i)
ensemble median for RCP2.6 (top row: a–c), RCP4.5 (middle row: d–f), and RCP8.5 (bottom row: g–i) for Maugerville, NB. Grey
lines represent the 25th and 75th percentiles. SPEI values and time are presented on the vertical and horizontal axes, respectively,
with positive (negative) SPEI values shown in blue (red).
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the Great Lakes region may thus experience an
increase in drying towards the end of century under a
warmer climate. Also similar to Summerland, the H-
spread increases for both summer and annual SPEI
with the upper quartiles remaining positive towards
the end of the century.

Compared to the other study locations, the least
impacted water balance response to the different forc-
ing scenarios is found near Maugerville (Figure 13).
While weak to moderate winter water surplus is pro-
jected to occur in all scenarios, weak summer drying
is only evident in the strongest forcing scenario
(Figure 13g). As a result, weak to moderate wetting
on an annual time scale is projected to occur
throughout the century regardless of the forcing
intensity. In addition, the H-spread remains rather
constant with values between 1.5 and 1.7 throughout
the projection period for all three scenarios and time
scales. As such, the Atlantic region of Canada may be
less susceptible to decreases in water availability when
compared to other regions of Canada.

Discussion and conclusions

The results presented here show considerable seasonal
variation in projected drought. Increased surface
water deficit during spring to autumn and enhanced
winter surplus are projected to affect most Canadian
regions to various degrees under climate change. The
largest relative changes in both summer drying and
winter wetting were found over northern regions, but
the offsetting seasonal effects typically balance out to
yield various degrees of wetting on the annual time
scale for this region. Due to the cross-seasonal mem-
ory of hydrological processes, the annual SPEI may be
a suitable indicator for projecting changes in drought
conditions in Canada as it reflects interan-
nual variation.

Results also showed large spatial variations across
Canada. Southwestern Canada, including the Prairies,
regions that are already prone to periods of severe
water deficit, may experience an increase in surface
water deficit as represented by SPEI under a warmer
climate. This is particularly evident in the Prairies
where relatively small projected changes in precipita-
tion accompany marked increases in temperatures
under moderate or strong radiative forcings. Similar
impacts, though less severe, may be experienced in
the Great Lakes region. Projected changes in the fre-
quency and intensity of drought events in these
regions may affect and shift regional land-use and
ecosystems (Schindler and Donahue 2006; Michaelian

et al. 2011; Booth et al. 2012). The largest relative
changes in both summer drying and winter wetting
are projected to occur over the northern regions. For
example, the summer ‘dry spots’ with the lowest SPEI
values are found in northern Canada as a result of
significantly enhanced PET induced by the strong
relative warming projected in the region. On the
annual scale, the strongly contrasting seasonal water
budget anomalies over subarctic regions may closely
balance out to yield weak surface drying in this region
(e.g. as seen in results for Yellowknife shown in
Figure 12), while the combined summer and autumn
drying may yield strong recurring annual water defi-
cits over interior Canada, particularly over the
Prairies. Enhancements in annual surface water sur-
plus due to the dominant effects of increased precipi-
tation over rising temperatures are projected for
coastal regions, including the Canadian Arctic, the
northwest Pacific coast and Atlantic Canada.

SPEI-12 findings presented in this study are con-
sistent with the existing literature, which indicates
that higher latitudes may become wetter while mid-
latitudes may become drier in a warmer climate
(Held and Soden 2006; Cook et al. 2014; Jeong,
Sushama, and Khaliq 2014; Swain and Hayhoe 2015).
In fact, on an annual scale, increasing trends of water
availability in northern Canada, coinciding with
increasing precipitation, have already been observed
since the mid-twentieth century (Sheffield and Wood
2008b). Results for spring in the present study are
consistent with those for SPI found by Swain and
Hayhoe (2015); summer scenarios, however, differ.
The role of temperature in SPEI may explain for such
differences. Such differences also highlight the
importance of taking into account temperature effects
in a drought index when assessing the influence of
climate change on drought.

Apart from providing spatial information on future
drought conditions under climate change, the timing
and forcing scenario dependencies exhibited in the
SPEI results also provide useful information for the
planning of mitigation and adaptation measures. For
example, results suggest that projected drought
responses are relatively modest in the weak forcing
scenario (RCP2.6) for most Canadian regions, while
RCP4.5 and RCP8.5 results reflect increases in drying.
Such information is critical for adaptation planning.

The multi-model ensemble approach allows model
uncertainty, as measured by inter-model spread in the
SPEI projections, to be quantified. Inter-model vari-
ation is found to increase with forcing intensity and
projection horizon and there is, in general, larger
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inter-model variance in northern and western Canada
than in other regions. Spatial, temporal, and forcing
dependencies in inter-model spread of SPEI correlate
well with the respective inter-model variability of the
driving variables, which typically increase as magni-
tudes of their respective projected changes increase.
Generally, there is better model agreement for pro-
jected changes in temperature and less certainty for
precipitation (Knutti et al. 2010). However, Scheff and
Frierson (2014) found that there is nevertheless sig-
nificant inter-model variance in CMIP5-projected
PET that may in part be due to inter-model disagree-
ment in the projected magnitude of warming. In add-
ition, Milly and Dunne (2016) found that modelled
PET may over-predict changes in evapotranspiration.
Such uncertainties need to be taken into consideration
when using the SPEI dataset.

The significance of the projected change of a cli-
mate variable is typically assessed by comparing the
magnitude of projected change to its historical vari-
ability (e.g. its standard deviation over a reference his-
torical period). As mentioned already, the projected
SPEI value in the present formulation provides a con-
venient measure of its significance by construction,
i.e. its value gives the number of standard deviations
of P-PET from mean values within the reference his-
torical period. Further research into the larger scale
dynamical drivers will be essential for the improved
understanding and projection of future droughts in
these vulnerable areas.

Apart from uncertainties that are inherent in global
model projections, there are also limitations when
using SPEI as a measure of drought conditions for
cold regions like Canada. Although PDSI, SPI and
SPEI could all serve as reasonable metrics for
meteorological or climatological drought conditions,
none of these indices are adequate for gauging surface
water availability of cold regions, including most parts
of Canada. This is because the formulations of the
aforementioned indices do not take into account
snow and glaciers, which play a critical role in gov-
erning the supply and availability of surface water of
such regions. For example, at least part of the surface
snow accumulation could be lost through runoff in
the spring freshet and sublimation, causing the annual
water deficit to be underestimated in the SPEI-12
results. Such issues are best addressed by using direct
outputs of land surface variables from high-resolution
regional models to diagnose drought conditions in
future studies. The SPEI dataset covering the land-
mass of Canada, which will be openly accessible
through the Canadian Climate Data and Scenarios

(CCDS) website, should be useful in assessing future
droughts in Canada and will serve as a baseline for
comparison as future projections by new models and
scenarios are released.
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