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ABSTRACT Droughts, one of the most significant natural hazards, are complex in nature with varying definitions 
typically tailored to the timing and/or duration of the episode along with associated impacts. Although previous 
investigations have assessed future drought occurrence across Canada, none have comprehensively and collec
tively assessed changes to meteorological, agricultural, and hydrological drought indicators using CMIP6 GCM 
projections. The main objective of this study was to assess future drought conditions across Canada at various 
temporal scales using standardized indices representing meteorological, agricultural, and hydrological droughts 
under multiple shared socio-economic pathways for the near (2041–2060) and far (2081–2100) future. On an 
annual basis, projected changes to all three drought indicators signify increased drying across the Prairies, por
tions of interior British Columbia, and most of Ontario. This drying is greater and covers more of the country 
during the warm season (April to September), while in summer and to a lesser extent autumn, widespread 
changes are only projected for meteorological and agricultural indicators. In spring, increased dry conditions 
are only prevalent in meteorological and hydrological indices. The cold season of October to March essentially 
shows little to no drying in any type of drought. Changes in all drought indices are amplified for higher SSPs and 
during the late century. This study improves an understanding of the spatial and temporal variations in projected 
changes to various drought types across Canada in response to human-induced warming. While results from this 
analysis are applicable for nation-wide drought assessments and drought management plans, they are less suit
able for application at local scales where more detailed modelling may be required.

RÉSUMÉ [Traduit par la rédaction] Les sécheresses, l’un des risques naturels les plus importants, sont de nature 
complexe et leurs définitions varient en fonction du moment et/ou de la durée de l’épisode, ainsi que des impacts 
connexes. Bien que des études antérieures aient évalué l’occurrence future des sécheresses au Canada, aucune 
n’a évalué de manière exhaustive et collective les changements des indicateurs de sécheresse météorologiques, 
agricoles et hydrologiques au moyen des projections de l’instrument MIP6 GCM. Le principal objectif de cette 
étude était d’évaluer les futures conditions de sécheresse au Canada à différentes échelles temporelles en utilisant 
des indices normalisés représentant les sécheresses météorologiques, agricoles et hydrologiques dans le cadre de 
multiples scénarios socio-économiques communs pour l’avenir rapproché (2041–2060) et lointain (2081–2100). 
Sur une base annuelle, les changements prévus pour les trois indicateurs de sécheresse signifient un accroissement 
de l’assèchement dans les Prairies, dans certaines parties de l’intérieur de la Colombie-Britannique et dans la 
majeure partie de l’Ontario. Cet assèchement est plus important et couvre une plus grande partie du pays 
pendant la saison chaude (avril à septembre), tandis qu’en été et, dans une moindre mesure, en automne, des 
changements généralisés ne sont prévus que pour les indicateurs météorologiques et agricoles. Au printemps, 
l’augmentation des conditions de sécheresse ne concerne que les indices météorologiques et hydrologiques. La 
saison froide, d’octobre à mars, présente essentiellement peu ou pas d’assèchement, quel que soit le type de 
sécheresse. Les changements dans tous les indices de sécheresse sont amplifiés pour les profils socio-économiques 
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partagés (SSP) les plus élevés et pendant la fin du siècle. Cette étude permet de mieux comprendre les variations 
spatiales et temporelles des changements prévus pour les différents types de sécheresse au Canada en réponse au 
réchauffement d’origine humaine. Si les résultats de cette analyse sont applicables aux évaluations des sécher
esses à l’échelle nationale et aux plans de gestion des sécheresses, ils sont moins adaptés à une application à 
l’échelle locale, où une modélisation plus détaillée peut être nécessaire.

KEYWORDS droughts; Canada; CMIP6; SPEI; soil moisture; runoff

1 Introduction

Droughts are arguably one of the most significant natural 
worldwide hazards. Across Canada, past large-scale, persist
ent episodes have stressed water availability by depleting 
soil moisture, reducing stream flows, lowering lake and reser
voir levels, and diminishing groundwater supplies. Impacts 
were felt by most sectors/communities including agriculture, 
hydro-electricity production, industry, forestry, recreation, 
aquatic ecosystems, and human health and society. In 
addition, the environmental impacts from major droughts 
often include reduced water quality, wetland loss, soil 
erosion and degradation, increased forest fires, and ecological 
habitat destruction (e.g. Bonsal et al., 2011).

Droughts are a part of natural climatic variability. They 
begin as meteorological types, which involve a lack of precipi
tation that can be exacerbated by anomalously high tempera
tures. Meteorological droughts are frequently assessed using 
atmospheric-based drought indices that combine precipitation 
and some measurement of evaporative demand (normally by 
estimating potential evapotranspiration (PET)), the latter 
being imperative to understand the growing threat of human- 
induced warming. PET is subtracted from precipitation to cal
culate a drought index such as the Standardized Precipitation 
Evapotranspiration Index (SPEI) (Vicente-Serrano, Beguería, 
& López-Moreno, 2010; Beguería et al., 2014).

Depending on the timing and duration, meteorological 
droughts can propagate through to agricultural/ecological 
types because of inadequate soil moisture leading to decreased 
crop yields and terrestrial ecosystem stress such as forest mor
tality. These droughts are best represented by soil moisture 
since deficiencies can directly lead to plant water stress 
(Beguería et al., 2014; Chen et al., 2020; Hayat et al., 2019). 
However, there are few direct soil moisture measurements 
available and, therefore, amounts are often estimated through 
remote sensing and/or modelling. Future changes in soil moist
ure are primarily assessed using direct soil moisture output 
from climate models that include surface (≏top 10 cm) and 
total soil moisture, the former being more susceptible to wide
spread drying than total, which includes carry-over of moisture 
from previous seasons deeper in the soil column (Berg et al., 
2017; Kumar et al., 2019).

Hydrological droughts refer to a lack of water that is usually 
represented by low levels in streams, lakes, reservoirs, and 
groundwater (Van Loon, 2015). Drivers of surface water defi
cits, however, are complex and highly dependent on watershed 
characteristics (e.g. size, relief, soil properties, vegetation, 
storage, presence of dams, and diversions) (e.g. Jehanzaib 
et al., 2020; Tijdeman et al., 2018; Van Loon et al., 2016). 

Cryospheric conditions, including snow, glaciers, and perma
frost, also strongly impact the amount and timing of surface 
runoff, particularly in Canada (e.g. Bonsal et al., 2019; 
Derksen et al., 2019). Approaches to assessing projected 
changes in hydrological deficits under anthropogenic 
warming are varied. Some studies examined future stream 
flow projections through the incorporation of hydrological 
models forced by climate model output (Budhathoki et al., 
2022; Islam et al., 2019; Schnorbus, 2020; Shrestha et al., 
2019; Stadnyk et al., 2021). Another approach involves using 
simulated runoff directly from the land surface component of 
climate models, which are tightly coupled to simulate climatic 
and hydrological processes (e.g. Arora & Boer, 2001; Seiler 
et al., 2021; Sigmond et al., 2023; Zhang et al., 2014). While 
the latter approach has some limitations (e.g. coarser resol
ution, model biases), it does provide robust information on 
simulated changes that may be useful for nation-wide assess
ments and adaptation measures (Arora et al., 2025).

Meteorological, agricultural, and hydrological droughts are 
driven by moisture deficits in different aspects of the water 
cycle, and thus, do not necessarily provide the same results 
or insight on the effects of climate change. For example, 
Zeng et al. (2022) assessed future CMIP6 projected global 
meteorological, hydrological, and agricultural drought using 
Standardized Precipitation Index (SPI) and SPEI (meteorolo
gical), Standardized Runoff Index (SRI) (hydrological), and 
Standardized Soil Moisture Index (SSI) (agricultural). They 
found that the different types of droughts generally exhibited 
longer durations, larger spatial extent, and greater severity 
farther into the future with SPEI showing the largest increase. 
In another global study, Vicente-Serrano et al. (2020) also used 
several drought indices to assess future changes to meteorolo
gical, hydrological, and agricultural drought. They determined 
that climatological and hydrological droughts are likely to 
undergo similar temporal evolution during the twenty-first 
century, with almost 30% of the global land areas experiencing 
water deficit under future greenhouse gas emissions scenarios.

Across Canada, most historical and projected future drought 
studies have focused on meteorological drought indicators 
(e.g. SPI, SPEI) and inferred agricultural and hydrological 
drought from these indices. For future drought, many regional 
and Canada-wide studies revealed an overall consistency 
towards the increased likelihood of drought events over southern 
interior continental regions of Canada, especially during 
summer, under higher warming emission scenarios (Bonsal 
et al., 2013; Dibike et al., 2017; Masud et al., 2017; Tam 
et al., 2019; Tam, Bonsal et al., 2023). A regional investigation 
by Zare et al. (2023) evaluated future meteorological and 
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agricultural drought in the South Saskatchewan River Basin of 
the Canadian Prairies and found that meteorological drought 
duration and severity will exceed historical values. Agricultural 
drought indices showed more significant droughts compared 
with meteorological drought indices (Zare et al., 2023).

Although previous investigations have assessed future 
drought occurrence across Canada under a changing 
climate, none have specifically and comparatively focused 
on future changes to meteorological, agricultural, and hydro
logical droughts across the entire country. For example, Tam, 
Bonsal et al. (2023) assessed CMIP6 meteorological drought 
projections across Canada, but not with hydrological or agri
cultural drought indicators. Thus, using output from 22 of the 
latest CMIP6 global climate models (GCMs), the main objec
tive of this study was to provide a comprehensive assessment 
of future drought changes across Canada at various temporal 
scales. This involved the incorporation of standardized 
indices representing meteorological (SPEI), agricultural 
(SSI), and hydrological (SRI) droughts using multiple 
shared socio-economic pathways (SSPs) for the near future 
(2041–2060) and far future (2081–2100) periods.

2 Data and methods
a Data
Three indices representing meteorological, agricultural, and 
hydrological drought were calculated using output from 22 

Coupled Model Intercomparison Project Sixth Phase 
(CMIP6) (Eyring et al., 2016) GCMs for three SSPs: SSP1- 
2.6, SSP2-4.5, and SSP5-8.5 (Meinshausen et al., 2020) 
(Table 1). The GCMs were chosen based on data availability 
and were similar to those incorporated by Tam, Bonsal et al. 
(2023) in their assessment of various PET methods to calcu
late meteorological droughts across Canada using SPEI. 
Note that the hydrological drought (runoff) ensemble projec
tions excluded the ACCESS-CM2, ACCESS-ESM1-5, 
CanESM5, GFDL-ESM4, and MRI-ESM2-0 GCMs due to 
poor distribution fit that resulted in grid cell values of zero.

Based on Tam, Bonsal et al. (2023), the current study used 
SPEI as a measure of meteorological drought with PET calcu
lated with the Penman-Monteith method (which incorporates 
wind speed, humidity, radiation, and air temperature from the 
various GCMs). Temperature and precipitation were bias cor
rected prior to the calculation of SPEI (see Tam, Bonsal et al. 
(2023) for details). Agricultural drought was represented by 
GCM-derived total soil moisture content with the different 
phases summed over all layers in kg m−2. Hydrological 
drought was determined using GCM-derived surface runoff 
leaving the land portion of the grid cell, excluding drainage 
through the base of the soil model (in mm day−1). The 
period of GCM simulations was from 1950 to 2100. All 
output variables were regridded to a common 1 degree by 1 
degree resolution prior to the calculation of the various 
drought indices. Each index was standardized using the base
line reference period, 1950–2014. For agricultural and hydro
logical droughts, standardized surface (10 cm) soil moisture 
and standardized total runoff results were also produced and 
are available upon request.

b Standardization and Distribution Testing
SPEI was calculated using the same procedure as Tam, 
Bonsal et al. (2023). One of the advantages of SPEI is that 
it is simplistic yet multi-scalar. A standardized index such 
as SPEI allows for spatiotemporal comparisons across 
diverse regions. Therefore, total soil moisture (SSI) and 
surface runoff (SRI) were also standardized to a normal distri
bution. This also allows for easier comparison among the 
different drought indicators. To select the appropriate prob
ability distribution required to transform total soil moisture 
and surface runoff projections, the fit of multiple historical 
simulations per model was assessed using generalized logistic 
(GLO), generalized extreme value (GEV), Pearson Type 3 
(PE3), and normal (NOR) distributions.

The GCMs used in the distribution analysis are in Table 1. Up 
to three historical runs per GCM were examined (depending on 
availability) across four time scales: 1, 3, 12, and 24 months. The 
four candidate probability distributions (GLO, GEV, PE3, and 
NOR) were assessed by looking at the goodness of fit of each 
historical simulation (over 1950–2014) per model for total soil 
moisture and surface runoff using the Kolmogorov–Smirnov 
(KS) test. The distribution with the lowest overall rejection 
rates across the models for both variables was chosen as the 

TABLE 1. Global Climate Models and realizations used to calculate SPEI, 
SSI, and SRI drought indicator ensembles. Note that for SRI, 
ACCESS-CM2, ACCESS-ESM1-5, CanESM5, GFDL-ESM4, 
and MRI-ESM2-0 were excluded from the ensembles due to 
poor distribution fit.

Model (realization) References

1. ACCESS-CM2 (r1i1p1f1) Bi et al. (2020)
2. ACCESS-ESM1-5 

(r1i1p1f1)
Ziehn et al. (2020)

3. CanESM5 (r1i1p2f1) Swart et al. (2019)
4. CMCC-ESM2 (r1i1p1f1) Cherchi et al. (2019); Lovato et al. 

(2022)
5. CNRM-CM6-1 (r1i1p1f2) Voldoire et al. (2019); Saint-Martin 

et al. (2021)
6. CNRM-ESM2-1 (r1i1p1f2) Séférian et al. (2019)
7. EC-Earth3 (r4i1p1f1) Döscher et al. (2022)
8. EC-Earth3-Veg (r1i1p1f1)
9. GFDL-ESM4 (r1i1p1f1) Dunne et al. (2020)
10. HadGEM3-GC31-LL 

(r1i1p1f3)
Kuhlbrodt et al. (2018); Williams et al. 

(2018)
11. INM-CM4-8 (r1i1p1f1) Volodin et al. (2018)
12. INM-CM5-0 (r1i1p1f1) Volodin et al. (2017)
13. IPSL-CM6A-LR (r1i1p1f1) Boucher et al. (2020)
14. MIROC6 (r1i1p1f1) Tatebe et al. (2019)
15. MIROC-ES2L (r1i1p1f2) Hajima et al. (2020)
16. MPI-ESM1-2-HR 

(r1i1p1f1)
Müller et al. (2018)

17. MPI-ESM1-2-LR 
(r1i1p1f1)

Mauritsen et al. (2019)

18. MRI-ESM2-0 (r1i1p1f1) Mizuta et al. (2012); Yukimoto et al. 
(2019)

19. NorESM2-LM (r1i1p1f1) Seland et al. (2020)
20. NorESM2-MM (r1i1p1f1)
21. TaiESM1 (r1i1p1f1) Lee et al. (2020)
22. UKESM1-0-LL (r1i1p1f2) Sellar et al. (2019)
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probability distribution function. From the KS test results, GEV 
was selected as the probability distribution for surface runoff, 
and PE3 for total soil moisture. Each variable was standardized 
to a normal distribution with a mean = 0 and standard deviation  
= 1 using a baseline reference period of 1950–2014. Standar
dized results therefore represent the number of standard devi
ations from which the transformed variable departs from mean 
values over the reference period. Standardized indices should 
be interpreted as a relative measure of water surplus (positive 
values) or deficit (negative values) with respect to hydroclimate 
conditions of the chosen reference period (1950–2014). A nega
tive value indicates dryness and a positive value indicates 
wetness. A reference period of 1950–2014 was used because a 
minimum of 30 years is generally recommended for parameter 
estimation, and at least 60 years for stable estimates at distri
bution tails (Guttman, 1994, 1999; McKee et al., 1993).

c Drought Indicator Analyses
Several temporal periods were considered in the analyses of the 
different drought types. Annual events were assessed during 
the 12-month agricultural year (September to August) while 
6-month droughts were examined during the warm season 
(April to September) and cold season (October to March). Sea
sonal periods were also assessed including spring (March to 
May), summer (June to August), and autumn (September to 
November). For these temporal periods, changes in each of 
the standardized indices (SPEI, SSI, SRI; relative to the 
1950–2014 period) were presented for each SSP during the 
near (2041–2060) and far (2081–2100) future. These 
changes provided a relative measure of how general drought 
conditions are projected to change (i.e. which regions 
become drier and by how much) for each drought type.

Further insight into drought changes was provided by 
examining how often the current 1 in 10-year drought event 
(based on the 1950–2014 period) occurs in the future. This 
is carried out by assessing the probability of exceedance 
over a 10-year period using SPEI, SSI, and SRI projections. 
The threshold of exceedance was calculated based on an 
exceedance probability of 10% of a normal distribution 
(−1.28). Once the frequency of threshold exceedances was 
calculated, the probability of exceedance in a 10-year period 
was produced using the following formula:

P = n/N∗10 

where P is the probability of exceedance, n is the number of 
times the drought index exceeds the threshold, and N is the 
total number of years. This measure provided an indication 
into future changes of less frequently occurring (i.e. moderate 
to major) droughts.

To provide proper context regarding future drought 
changes relative to current climate, modelled baseline 
(1950–2014), non-standardized conditions for each drought 
indicator were examined. Meteorological baseline conditions 
were represented by precipitation minus PET (P minus PET in 

mm), agricultural drought by average total soil moisture (in 
kg m−2), and hydrological drought by average surface 
runoff (in mm day−1).

3 Results
a Baseline Conditions
Modelled historical baseline conditions of meteorological (P 
minus PET), agricultural (average total soil moisture), and 
hydrological (average surface runoff) drought are shown in 
Fig. 1, which includes the average ensemble median (for all 
GCMs) of baseline conditions on (a) annual, (b) warm 
season, (c) cold season, and (d–f) seasonal periods.

Annually, baseline P minus PET shows moisture deficits 
(i.e. negative P minus PET) across all three Prairie provinces, 
interior British Columbia, and much of the Northwest Terri
tories (excluding the high Arctic Islands) (Fig. 1a). Greatest 
deficits occur in the extreme southern Prairies. The rest of 
the country is associated with a moisture surplus with the 
highest values on the far west coast. Baseline total soil moist
ure has a more varied pattern including higher average values 
in central British Columbia, western Northwest Territories, 
northern Alberta, and along the southern coast of Hudson 
Bay. Lowest values are in southern regions of Alberta, Sas
katchewan, and Ontario. For baseline surface runoff, highest 
values are located on the Pacific and Atlantic coasts with 
lowest amounts through west-central Canada and the high 
Arctic Islands. The preceding reveals that on an annual 
basis, these three indicators vary across the country. The 
southern Prairies tend to have the lowest values in all three 
indicators particularly for P minus PET. Extreme western 
and Atlantic regions of Canada, along with the high Arctic 
Islands are primarily the wettest areas with the rest of 
Canada showing more varied results depending on the 
indicator.

Geographical patterns for the 6-month warm season (Fig. 
1b) are similar to the annual except that a larger area of 
Canada (in fact most of the country) is associated with a 
moisture deficit as represented by P minus PET. Total soil 
moisture is again highest in central British Columbia, 
western Northwest Territories, northern Alberta, and along 
the southern coast of Hudson Bay, while surface runoff is 
greatest along the west and east coasts.

Fig. 1c reveals that the 6-month cold season conditions are 
considerably different regarding meteorological and, to a 
lesser extent, hydrological conditions. However, a similar 
pattern to that of the warm season exists with respect to total 
soil moisture. The meteorological pattern generally shows 
moisture surplus across Canada except for deficits in a small 
region of southern Alberta and Saskatchewan and higher sur
pluses along the mountainous regions of the west coast and 
the British Columbia–Alberta border. Surface runoff is quite 
low for almost the whole country except for the west coast of 
British Columbia and parts of the Maritimes.

On a seasonal basis, all three indicators during spring (Fig. 
1d) closely resemble the annual and warm season pattern. 
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Summer (Fig. 1e) is somewhat drier for all drought types as 
compared to spring, however, the spatial pattern is consistent 
with spring conditions. Autumn (Fig. 1f) is quite different 
from the other seasons with respect to meteorological con
ditions, with its pattern more closely resembling those of 
the cold season in Fig. 1c. The other two indicators reveal 
small values with similar patterns to the spring and summer.

b Future Annual Changes
1 SPEI, SSI, AND SRI

Fig. 2 provides projected annual SPEI, SSI, and SRI changes 
across Canada for three SSPs during (a) mid-century (2041– 
2060), and (b) late century (2081–2100) periods. For SPEI, 
lower values (i.e. drier conditions) mainly occur across 
central Canada (Alberta through most of Ontario and the 

Fig. 1 Average ensemble median (for all GCMs) projections of meteorological (P minus PET in mm), agricultural (average total soil moisture in kg m−2), and 
hydrological (average surface runoff in mm day−1) baseline conditions (1950–2014) on (a) annual (September to August), (b) warm season (April to Sep
tember), (c) cold season (October to March), and seasonal (d) spring: March–April–May, (e) summer: June–July–August, (f) autumn: September– 
October–November periods.
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southern Northwest Territories), along with interior British 
Columbia. The changes are greater in more southern areas 
of this region and are amplified for higher SSPs and during 
the late century. Across most of the Prairies and interior 
British Columbia, the average standardized SPEI value for 
SSP5-8.5 at the end of the century is around −2.0. With the 

exception of Ontario, the regions with projected decreases 
in SPEI occur in areas that currently have a P minus PET 
deficit (Fig. 1a). Therefore, these already meteorologically 
dry regions are projected to become even drier in the future.

The changes in SSI are geographically similar to those 
associated with SPEI. In terms of total soil moisture, the 

Fig. 2 Average ensemble median (for all GCMs) projections of annual (September to August) SPEI, SSI, and SRI using SSPs 1-2.6, 2-4.5, and 5-8.5 for (a) 2041– 
2060 and (b) 2081–2100.
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greatest changes involve reduced amounts concentrated 
mainly in Manitoba, Ontario and parts of the Prairies. These 
areas of reduced soil moisture also showed decreases in 
SPEI, thus signifying an increase in both meteorological 
and agricultural droughts on an annual scale. As with SPEI, 
the agricultural changes are amplified for higher SSPs but 
are consistent for the near and far future time periods.

SRI shows the least drying among all the indicators. 
Slightly drier conditions are scattered throughout the approxi
mate southern third of the country, while the rest of Canada is 
associated with wetter conditions that amplify in a northern 
direction. The drier areas associated with SSP5-8.5 at the 
end of the century mostly overlap areas that are projected to 
have decreases in SPEI and SSI, thus indicating that all 
three types of droughts will increase in the southern Prairies 
and most of Ontario for higher emissions.

2 1 IN 10-YEAR EVENTS

Projected ensemble changes to 1 in 10-year annual drought 
events for each indicator and SSP are provided in Fig. 3 for 
(a) 2041–2060 and (b) 2081–2100. Overall, the spatial pattern 
is similar to the average changes shown in Fig. 2. For SPEI, 
the extreme southern Prairies are associated with the most 
drastic changes. For example, under the SSP5-8.5 emission 
scenario for 2081–2100, the current 1 in 10-year drought 
increases to approximately 6 or 7 times every 10 years. Even 
the lowest emission scenario (SSP1.2-6) shows an increase of 
around 2–3 occurrences every 10 years, thus signifying a sub
stantial increase in the frequency of future drought. Mid- 
century changes are spatially similar but less pronounced.

The agricultural drought indicator also shows substantial 
future changes to 1 in 10-year events, particularly through 
the Canadian Prairies, extreme northern Ontario and the 
Northwest Territories (increases to ≏4 to 7 occurrences per 
10 years at the end of the century for SSP5.8-5).

As with average change (Fig. 2), SRI shows the least 
amount of change with respect to 1 in 10-year occurrences. 
For the most part, all 3 indicators show increases in 1 in 10- 
year drought events over most of the country, even for 
SSP1-2.6 in the near future (≏1 to 2 events). These increases 
amplify for higher emission scenarios and towards the end of 
this century.

c Future 6-Month Changes
1 WARM SEASON SPEI, SSI, AND SRI

During the April through September period, SPEI changes are 
generally more widespread compared to annual with drier 
conditions covering most of Canada except for the extreme 
northwest and Arctic Islands (Fig. 4). These changes are par
ticularly amplified at the end of the century under SSP5.8-5, 
especially in central Canada (SPEI <−1.5).

For soil moisture, the spatial and temporal patterns are also 
more widespread compared to the annual maps with pro
nounced drying across a majority of the country (≏south of 

60°). The changes are amplified for higher SSPs and during 
the late century.

Runoff is considerably lower when compared to annual 
with drier conditions projected across most of Canada with 
the exception of the high Arctic Islands. Driest regions 
include British Columbia, central Ontario and Quebec, and 
the Maritimes. For all three indicators, warm season 
drought indicators of all types suggest projected drought 
increases over most regions of Canada, which is consistent 
with several studies that have indicated an increased risk to 
future freshwater supplies during the warm season across 
the country (e.g. Bonsal et al., 2019).

2 WARM SEASON 1 IN 10-YEAR EVENTS

Fig. 5 displays projected changes to the 1 in 10-year occurrence 
of warm season droughts across Canada. The patterns are 
similar to annual SPEI, SSI, and SRI 1 in 10-year changes. 
However, during the warm season, there are considerably 
more occurrences for all types of droughts, especially for 
high emissions at the end of the century. This is particularly 
evident for surface runoff where a substantial increase in the 
1 in 10-year event is projected, especially in British Columbia.

3 COLD SEASON SPEI, SSI, AND SRI

For the most part, Fig. 6 shows that during the cold season of 
October to March, there are very few projected decreases in 
three drought indicators. Slight decreases are projected for 
total soil moisture mostly across the Prairies, northwestern 
Ontario and parts of the Northwest Territories and Nunavut 
for all emission scenarios and time periods. For SPEI, the 
only region of drying is in the extreme southern Prairies. 
Everywhere else is projected to have meteorological moisture 
surpluses. In terms of SRI, almost none of Canada shows drier 
conditions (except for extreme southern Ontario and parts of 
Nova Scotia, and to a lesser degree southern Alberta). All 
other regions are projected to have considerably more cold- 
season runoff.

4 COLD SEASON 1 IN 10-YEAR EVENTS

The spatial patterns of changes to 1 in 10-year drought occur
rences during the cold season (Fig. 7) are similar to those in 
Fig. 6. Greatest differences are again associated with total soil 
moisture, particularly in the Prairies and the Northwest Terri
tories. Increases in meteorological droughts are only projected 
for the southern Prairies, while cold season runoff shows no dis
cernible pattern. As with all other projections, impacts are greater 
for higher emission scenarios and at the end of the century.

d Future Seasonal Changes
1 SPRING SPEI, SSI, AND SRI AND 1 IN 10-YEAR EVENTS

Fig. 8 shows projected average spring SPEI, SSI, and SRI, 
and 1 in 10-year drought occurrence changes for the three 
SSPs during the late century. To a large extent, the patterns 
in both Fig. 8a and b resemble those of the annual results 
(Figs 2 and 3). SPEI and SRI spring patterns also resemble 
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the warm season (Fig. 4) but are less pronounced. Total soil 
moisture shows the least drying when compared to the other 
two indicators (particularly in average conditions) (Fig. 8a). 
Unlike other periods, surface runoff projections show the 
greatest drying of all the indicators.

2 SUMMER SPEI, SSI, AND SRI AND 1 IN 10-YEAR EVENTS

For meteorological and agricultural indicators, Fig. 9 reveals 
that the patterns and intensities are almost identical to the 
warm season (Figs 4 and 5). Hydrological changes are incon
sistent and less pronounced, even showing wetting in some 

Fig. 3 Average ensemble median (for all GCMs) projections of changes to baseline (1950–2014) 1 in 10-year annual drought occurrences for SPEI, SSI, and SRI 
using SSPs 1-2.6, 2-4.5, and 5-8.5 for (a) 2041–2060 and (b) 2081–2100.
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regions. For changes in 1 in 10-year occurrences, there are 
very large projected changes to SPEI and total soil moisture 
approaching 7–8 occurrences per decade in some regions 
under the highest emission scenario. Surface runoff once 
again shows less change.

3 AUTUMN SPEI, SSI, AND SRI AND 1 IN 10-YEAR EVENTS

The Sep-Oct-Nov period (Fig. 10) shows a closer likeness to the 
cold season; however, the drying is more pronounced and wide
spread during autumn for SPEI and total soil moisture for both 
average and 1 in 10-year drought occurrences. Runoff shows 

Fig. 4 Same as Fig. 2 except for warm season (April to September).
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no autumn drying for average changes and an inconsistent 
pattern with relatively no change for 1 in 10-year occurrences.

4 Discussion

The preceding assessed changes to the intensity and frequency 
of different drought indicators using output from numerous 

CMIP6 GCMs with multiple SSPs. On an annual basis, pro
jected changes to SPEI suggest increases in the intensity 
and frequency of meteorological droughts mainly across 
central Canada (Alberta through most of Ontario and the 
southern Northwest Territories), along with interior British 
Columbia (Figs 2 and 3). This is consistent with similar 

Fig. 5 Same as Fig. 3 except for warm season (April to September).
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meteorological drought studies conducted on CMIP5 and 
CMIP6 results (e.g. Bonsal et al., 2020; Stewart et al., 
2019; Tam, Bonsal et al., 2023). This pattern covers a 
greater portion of the country during the warm season (Figs 
4 and 5) and is most widespread and severe during summer 
(Fig. 9). In spring, the driest conditions are more northward 
(Fig. 8). For all of these aforementioned periods, areas that 

are currently dry (i.e. have a moisture deficit as represented 
by P minus PET; Fig. 1) are projected to become even drier 
thus exacerbating drought conditions. During the cold 
season (Figs 6 and 7), drier conditions are projected to slightly 
increase only over the extreme southern Prairies. In autumn, 
this region expands to cover most of the three Prairie pro
vinces (Fig. 10). The Canadian Prairies are already prone to 

Fig. 6 Same as Fig. 2 except for cold season (October to March).
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droughts and these results corroborate many past studies that 
suggest conditions will worsen under a warmer climate with 
an increase in the frequency and intensity of meteorological 
droughts, including multi-year and extreme droughts 
(Bonsal et al., 2013; 2020; Masud et al., 2017; PaiMazumder 
et al., 2013; Tam, Bonsal et al., 2023).

Total soil moisture, as represented by SSI, is projected to 
decrease over similar regions when compared to SPEI, but 
with smaller intensity. Annually, Fig. 2 shows reduced 
total soil moisture amounts covering parts of central 
Canada while Fig. 3 suggests more extreme droughts in 
the Prairies and the Northwest Territories. Warm season 

Fig. 7 Same as Fig. 3 except for cold season (October to March).
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changes are similar, but drying is slightly more amplified 
and covers a larger portion of the country (Figs 4 and 5). 
These results are consistent with the spatial patterns of 
increased warm season total soil moisture drying under 
higher emission scenarios in Cook et al. (2020). During 
summer, changes are again more amplified when compared 

to annual and warm season projections (Fig 9). Autumn 
SSI also show projected drying over large regions of 
Canada (Fig 10), but the intensity and spatial extent are 
lower than summer. The cold season and spring show the 
least amount of change in agricultural drought (Figs 6–8). 
Climatologically, Fig. 1 shows that annual total soil moisture 

Fig. 8 Ensemble median (for all GCMs) projections of spring (March-April-May) SPEI, SSI, and SRI using SSPs 1-2.6, 2-4.5, and 5-8.5 for the period 2081– 
2100: (a) average changes and (b) changes to baseline (1950–2014) 1 in 10-year drought occurrences.
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is more varied with higher averages in central British 
Columbia, western Northwest Territories, northern Alberta, 
and along the southern coast of Hudson Bay, and rather 
uniform across the country for seasonal and 6-month 
periods. Lower values are consistently observed in southern 
Alberta and Saskatchewan and southern Ontario. On an 

annual basis, lower SSI and increases in 1 in 10-year 
droughts are projected for some regions of the country, 
with hotspots in 1 in 10-year droughts over parts of the Prai
ries and much of the Northwest Territories (Figs 2 and 3). 
Some of these hotspots differ from those associated with 
SPEI, which tend to be concentrated across the southern 

Fig. 9 Same as Fig. 8 except for summer (June-July-August).
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Prairies. Reasons for these differences in projected hotspot 
regions are not clear but are likely related to these changes 
being relative to the baseline conditions in Fig. 1 (which 
generally show higher amounts of soil moisture in most 
of these hotspot regions compared to areas such as the 
southern Prairies). As a result, the smaller relative 

changes across the southern Prairies still signify consider
able drying in these current moisture-limited regions. This 
is corroborated by regional studies over the Prairies that 
found that increased warming will lead to an increase in 
drought frequency and greater soil moisture deficits (Chi
panshi et al., 2022; Zare et al., 2023).

Fig. 10 Same as Fig. 8 except for autumn (September-October-November).
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Hydrological conditions, as represented by SRI, show the 
least change among all the indicators. On a 12-month basis, 
this study showed that slightly drier conditions are evident 
throughout the approximate southern third of the country, 
while the rest of Canada is associated with wetter conditions 
that amplify in a northern direction (Figs 2 and 3). There is 
more pronounced projected drying during the warm season, 
especially in British Columbia, Ontario, and most of 
Quebec (Figs 4 and 5); similar to the spatial patterns of pro
jected surface runoff drying in Cook et al. (2020). This 
pattern is also evident in spring (Fig. 8) but less so in 
summer (Fig. 9), which shows a variable pattern across the 
country. Both the cold season (Figs 6 and 7) and autumn 
(Fig. 10) show no future surface runoff decreases across 
almost the entire country; rather, surpluses in surface runoff 
are projected with spatial patterns similar to Cook et al. 
(2020).

Climatologically, Fig. 1 reveals that annual surface runoff is 
highest on the west and east coasts and lowest on the Prairies. 
Seasonally, spring has the highest amounts, which is reflective 
of the spring freshet and snowmelt. The fact that much of 
southern Canada, and in particular British Columbia, Ontario, 
and most of Quebec show the greatest changes in spring 
(Fig. 8) suggests that the critical runoff during this period is 
going to be lower and likely less reliable. This is consistent 
with the projected increases in snow drought and subsequent 
runoff projections by Shrestha et al. (2021). Similarly, a 
regional study over British Columbia found that increased 
snow droughts under increased anthropogenic warming can 
result in summer streamflow drought conditions (Dierauer 
et al., 2021). Projected runoff changes are still amplified for 
higher SSPs and during the late century, but less so than 
those associated with SPEI and to a lesser degree, total soil 
moisture. Likewise, Vicente-Serrano et al. (2020) found that 
SRI projected a lower increase (by ≏20%) in global land 
drying compared to meteorological and agricultural drought 
indices. In contrast, another global study found greater drying 
projected among hydrological and agricultural indices than 
meteorological, though that latter did not incorporate projected 
changes in evapotranspiration (Cook et al., 2020); highlighting 
the importance of PET in future meteorological drought projec
tions (Vicente-Serrano, Beguería, & López-Moreno, 2010; 
Jeong et al., 2014).

The large-scale nature of this study along with the uncer
tainty associated with climate models introduce some limit
ations to this assessment. For example, GCMs vary in their 
representation of earth processes and as a result, will have 
biases in their output. While the study assessed multiple 
drought indices using an ensemble of multi-model output, 
quantifying uncertainty to some extent, there is still internal 
variability and scenario uncertainty embedded in the findings. 
Furthermore, there are model uncertainties on how drought 
processes may respond to a changing climate and how they 
are influenced by naturally occurring decadal-scale variabil
ity. One approach to reduce some uncertainty is to average 
results spatially and temporally from multiple models. 

While this may provide more robust results across a larger 
scale, local scale variability in variables such as soil moisture 
and runoff may be masked out. Higher resolution projections 
may provide more detail in future changes, though uncertainty 
increases as projections go from global scale to regional to 
local scale (Hawkins & Sutton, 2009). Another point to con
sider is that some climate model variables are more robust 
than others. CMIP6 temperature projections, for example, 
are generally very consistent across the models (Lee et al., 
2021). Plots of CMIP6 soil moisture projections in the 
IPCC Sixth Assessment Report show lower model agreement 
across most of Canada, while there is high model agreement 
for runoff projections across most of Canada (Arias et al., 
2021). Such aspects should be kept in consideration when 
interpreting the results of the present study. Also, the 
present study looked at seasonal, semi-annual, and annual 
future drought events. Other durations of droughts, such as 
‘flash droughts’ or multi-year droughts, are also important 
to consider but were beyond the scope of the study. Lastly, 
while the present study shows novel results that could 
inform nation-wide adaptation strategies, further assessments 
and more localized scales are required.

5 Conclusions

The preceding attempted to answer the question, “Do meteor
ological, agricultural, and hydrological indicators all point to 
an increased frequency and intensity of droughts across 
Canada under a changing climate?”.

Results revealed that the answer to this question depends on 
the region and period under consideration. Annually, all three 
drought indicators are projected to decrease across most of the 
country, particularly at the end of century under higher emis
sions. SPEI and total soil moisture decreases tend to be the 
greatest across the Prairies. Surface runoff shows the least 
change among all indicators (Figs 2 and 3). Projected 
drying covers a greater portion of the country during the 
warm season (April to September) when all three indicators 
show decreases across much of Canada (Figs 4 and 5). 
During summer, these widespread changes are only projected 
for SPEI and soil moisture (Fig. 9). In spring, hydrological 
drying encompasses most of the country south of 60 
degrees, while SPEI decreases are amplified in the Prairies, 
Ontario and much of the Northwest Territories. The agricul
tural indicator shows the least amount of change (Fig. 8). 
For autumn, drying is only projected for meteorological and 
agricultural indicators with the former mainly being confined 
to the Prairies and the latter, covering much of the country 
south of 60° (Fig. 10). During the cold season, there is essen
tially no drying in any of the indicators (Figs 6 and 7).

In conclusion, analyses of meteorological, agricultural, and 
hydrological drought indicators shed greater insight into the 
range of regionally heterogeneous responses to human- 
induced warming in Canada. Standardization also allowed 
for direct comparison among the three indices, revealing 
some key similarities and differences among the various 
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drought types across the nation. While these results are con
sistent with other meteorological drought studies in Canada 
(e.g. Bonsal et al., 2020; Dibike et al., 2017; Tam, Bonsal 
et al. 2023), the present study provides novel insight on 
future nation-wide hydrological and agricultural drought con
ditions, which, to our knowledge, is currently limited in 
present literature. Such knowledge will help inform antici
pated impacts and nation-wide adaptation measures for Cana
dians under a range of future climate scenarios. CMIP6 
datasets described here are available for download through 
Environment and Climate Change Canada’s Canadian 
Climate Data and Scenarios (CCDS) site (Environment and 
Climate Change Canada, 2024).
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