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ABSTRACT. Climate change is one of the most urgent and challenging issues in Canada. In this study, high-resolution climate projec- 

tions over Canada have been developed through the WRF model. The spatial and temporal variations of Canada’s temperature and preci- 

pitation in the 21st century have been comprehensively analyzed. It is found that the annual mean temperature over Canada is projected 

to increase by [1.53, 1.98], [2.51, 3.86], and [2.94, 6.19] °C in the 2030s, the 2050s, and the 2080s under RCP4.5 and RCP8.5 respectively, 

with the largest increase in winter. The annual total precipitation is projected to increase by [16.33, 68.96], [64.80, 121.62], and [123.62, 

184.33] mm in three future periods under RCP4.5 and RCP8.5 respectively. It is also found that sea surface temperatures (SST) anomalies 

and 500 hPa geopotential height (GPH) have strong impacts on Canada’s annual and seasonal precipitations. The results can provide valu- 

able information for mitigation and adaptation of climatic changes in a Canadian context.  
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1. Introduction 

Climate change is one of the most urgent and disastrous is- 

sues over the globe in the past few decades (Chadburn et al., 

2017; Baker et al., 2018; Cheng et al., 2019; Marvel et al., 2019; 

Cai et al., 2021). Extreme climate events such as droughts and 

floods have caused huge damages in many countries (Szeto et 

al., 2015; Burke et al., 2018; Dottori et al., 2018; Hasegawa et 

al., 2018; Yin et al., 2019; Tian et al., 2021). 

The temperature increase over Canada is about twice the 

corresponding increase of the global average due to the Arctic 

amplification phenomenon. The warming would intensify the 

hydrological cycle (Schnorbus et al., 2014; Tan and Gan, 2015; 

Tan et al., 2019; Dong et al., 2021), thus changing precipitation 

patterns over the country (Zhou et al., 2014; Mekis et al., 2018; 

Zhou et al., 2018c; Srivastava et al., 2020; Sun et al., 2021). These 

climate induced challenges have resulted in significant impacts 

on Canada’s hydrological, environmental, ecological systems, 

as well as social-economic systems (Allen et al., 2004; Hanesiak 

and Wang, 2005; Hogg and Bernier, 2005; Lemieux and Scott, 

2005; Doyon et al., 2008; Minville et al., 2010; Peng et al., 2011; 

Yusa et al., 2015; Szeto et al., 2016; Kang and Eltahir, 2018; 

Zhou et al., 2018b; Cuthbert et al., 2019).  
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In order to investigate the potential impacts of climate change, 

global climate models (GCMs) are commonly used for climate 

research. However, due to the coarse resolution (usually over 100 

km), GCMs often have difficulties in simulating mesoscale at- 

mospheric events. Higher resolution climate projection in re- 

gional scale is thus desired. To address this issue, regional cli- 

mate models (RCMs) are desired to project future climate. 

Temperature and precipitation are two key climate varia-

bles, and they both play an important role in energy balance 

and hydrological circulation (Sushama et al., 2007; Wang et al., 

2015a; Zhou et al., 2018d; Zobel et al., 2018; Wang et al., 2019a). 

However, mechanisms associated with temperature and precipi- 

tation over Canada remain unclear, and this is particularly true 

due to the non-stationarity within a multi-decade time span (Lap- 

rise et al., 1998; Stedman, 2004; Coulibaly and Burn, 2005; Vin- 

cent et al., 2015; Wang et al., 2015b; Luo et al., 2018; Luo and 

Wang, 2018; Kim et al., 2020; Topál et al., 2020; Woo-Durand 

et al., 2020).  

Therefore, the objective of this study is to develop high-

resolution climate projections of temperature and precipitation 

over Canada, and investigate the underlying mechanisms under 

climate change. Specifically, it entails: (1) Simulation of tem- 

perature and precipitation over Canada for 1980 ~ 2005 (as the 

historical period) will be undertaken and verified, through WRF 

model driven by HadGEM2-ES; (2) High-resolution precipita- 

tion projections of temperature and precipitation in the 21st cen- 

tury under RCP4.5 and 8.5 will then be developed, and projected 
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annual and seasonal changes will be analyzed; (3) To further re- 

veal the mechanisms of such changes, the relationships between 

a number of circulation factors and the climate projections will 

be investigated. 

2. Data and Methods 

The Weather Research and Forecasting (WRF) model de-

veloped by the US National Center for Atmospheric Research 

(NCAR) is employed to generate dynamically-downscaled high- 

resolution climate projections over Canada. The WRF model is 

one of the most popular RCMs for climate simulation and pro- 

jection, and has a large worldwide community of registered users 

(a cumulative total of over 57,800 in over 160 countries as of 

2021). It is a state-of-the-art mesoscale numerical weather pre- 

diction system designed for both atmospheric research and ope- 

rational forecasting applications. It features two dynamical cores, 

a data assimilation system, and a software architecture support- 

ing parallel computation and system extensibility (Skamarock 

et al., 2008). The model serves a wide range of meteorological 

applications across scales from tens of meters to thousands of 

kilometers. The effort to develop WRF began in the latter 1990's 

and was a collaborative partnership of the National Center for 

Atmospheric Research (NCAR), the National Oceanic and At- 

mospheric Administration (represented by the National Centers 

for Environmental Prediction (NCEP) and the Earth System Re- 

search Laboratory), the U.S. Air Force, the Naval Research Labo- 

ratory, the University of Oklahoma, and the Federal Aviation 

Administration (FAA).  

For researchers, WRF can produce simulations based on 

actual atmospheric conditions (i.e., from observations and ana- 

lyses) or idealized conditions. WRF offers operational forecast- 

ing a flexible and computationally-efficient platform, while re- 

flecting recent advances in physics, numerics, and data assimi- 

lation contributed by developers from the expansive research 

community. WRF is currently in operational use at NCEP and 

other national meteorological centers as well as in real-time fore- 

casting configurations at laboratories, universities, and compa- 

nies (Skamarock et al., 2008). 

In this study, HadGEM2-ES, which is a CMIP5 GCM de-

veloped by the UK Met Office, is selected due to its good per- 

formance in simulating the climatic characteristics in the study 

area (i.e., Canada). Atmospheric variables from HadGEM2-ES 

are used for initial and boundary conditions to drive the WRF 

model. The WRF model is setup with 50 vertical atmospheric 

layers, and with the spatial resolution at 50 km × 50 km. 

For the future experiments, two emission scenarios (i.e., 

RCP 4.5 and RCP 8.5) are selected to represent mid- and high- 

GHG outputs. The future temperature simulations are divided 

into three periods (i.e., 2020 ~ 2039, 2040 ~ 2069, and 2070 ~ 

2099), representing short-, medium-, and long-term projections, 

respectively. 

To better analyze temperature characteristics at regional 

scale, five sub-regions are defined within a Canadian context. 

Figure 1 shows the domain of the study area and its five sub-

regions (i.e., Northern Territories, West Coast, Prairie, Central 

Canada, and East Coast). Each sub-region approximately co- 

vers several provinces of Canada, and experiences a typical 

climate zone (Colombo et al., 1999; Beaubien and Freeland, 

2000; Zhang et al., 2000; Dibike et al., 2008; Goldberg et al., 

2011; Wang et al., 2014; Xu et al., 2014). For example, NT 

includes Yukon, Northwest Territories, and Nunavut; WC gen- 

erally covers British Columbia, PR includes Alberta, Saskat- 

chewan, and Manitoba; CC generally covers Ontario and Que- 

bec; and EC includes the Atlantic Provinces such as New Brun- 

swick, Newfoundland and Labrador, Nova Scotia, and Prince 

Edward Island. 

 

 
 

Figure 1. Topography of Canada and its sub-regions: 1) 

Northern Territories (NT), 2) West Coast (WC), 3) Prairie 

(PR), 4) Central Canada (CC), and 5) East Coast (EC). 

3. Results 

3.1. Evaluation of the WRF Simulations 

The capability of the WRF model in capturing the annual 

and seasonal mean temperature over the Canadian domain in 

the historical period (i.e., 1980 ~ 2005) is first evaluated. In this 

study, two representative seasons (i.e., winter and summer) are 

selected, and each includes three months (i.e., December, Jan- 

uary, February and June, July, August). Figure 2 shows the spa- 

tial distribution of the annual (Figures 2(a) and 2(b)), winter (Fig- 

ures 2(c) and 2(d)) and summer (Figures 2(e) and 2(f)) mean tem- 

perature from ERA5 dataset and WRF outputs. 

The results indicate that the WRF model could capture the 

general distribution patterns of annual and seasonal mean tem- 

perature over Canada. Owing to the high-resolution of the WRF 

outputs, the patterns of Canada’s different climate zones are well 

represented, especially the cold climate of the Rocky Mountains 

resulted from high altitude. For the annual mean temperature, 

there is a slight cold bias in the Canadian Prairie, while for sum- 

mer mean temperature, there is a slight cold bias over western 

Canada (e.g., BC and Yukon). Such biases could be led by the 

scheme and parameter setups of the WRF model (Wang et al., 

2014). 
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Figure 2. Spatial distributions of annual and seasonal mean temperature of observations and the WRF outputs in the historical 

period (1980 ~ 2005) over Canada. 

 

 
 

Figure 3. Taylor diagram for annual and seasonal mean 

temperature from the WRF over Canada, compared to ERA5 

dataset. 

 

Figure 3 further presents the Taylor diagram for annual and 

seasonal mean temperature over Canada. In the historical period, 

the correlations of annual, winter and summer mean tempera- 

ture between the WRF and ERA5 are 0.98, 0.96 and 0.97, re- 

spectively, while the standard deviations are around 0.9. This 

also indicates that the WRF could generate solid and robust tem- 

perature simulations over Canada.  

To evaluate the WRF model performance in simulating pre- 

cipitation over Canada, the annual and seasonal total precipita- 

tion in the historical period (i.e., 1980 ~ 2005) is then validated. 

Figure 4 shows the spatial distribution of total precipitation from 

WRF and ERA5 in annual (Figures 4(a) and 4(b)), winter (Fig- 

ures 4(c) and 4(d)), spring (Figures 4(e) and 4(f)), summer (Fig- 

ures 4(g) and 4(h)), and fall (Figures 4(i) and 4(j)), respectively. 

The WRF model shows good performance in capturing dis- 

tribution patterns of annual and seasonal total precipitation over 

Canada, indicating that WRF can provide robust precipitation 

simulations over both wet (e.g., WC and EC) and dry (e.g., NT 

and PR) zones. For the annual total precipitation, there is a slight 

underestimation over Quebec and the Atlantic provinces. For 

winter and spring, the precipitation from the WRF output is al- 

most the same compared to ERA5. However, for summer preci- 

pitation there is a wet bias (overestimation) in eastern Canada 

(e.g., CC and EC), which could be resulted from the choice of 

moisture/convection schemes in the WRF model. In contrast, 

for fall precipitation, there is a dry bias (underestimation) in east- 

ern Canada.  
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Figure 4. Spatial distributions of annual and seasonal total precipitation from ERA5 and the WRF model over Canada in the 

historical period (1980 ~ 2005). 

 

 
 

Figure 5. Taylor diagram for annual and seasonal total 

precipitation from the WRF compared to ERA5 dataset. 

 

It can also be found that the annual and seasonal total pre- 

cipitation varies widely across Canada. Two coasts have in high- 

est precipitation over Canada. Topographically, the Rocky Moun- 

tain ranges in western Canada block and lift the moisture air 

brought by westerly winds, thus the annual total precipitation 

in WC can be as high as 3,000 mm. EC is affected by the warm 

North Atlantic Current (NAC), originated from The Gulf Stream. 

As a result, many parts in EC receive an annual precipitation 

over 1500 mm. By contrary, due to the blocked westerlies and 

the dominating polar high pressures in winter, the annual pre- 

cipitation in the majority of NT is less than 200 mm, and that 

in PR is less than 400 mm. 

Figure 5 further presents the Taylor diagram for annual and 

seasonal total precipitation over Canada. The correlations of an- 

nual, winter, spring and fall precipitation are around 0.95. The 

correlation of summer precipitation is around 0.75, mainly caus- 

ed by the simulation bias in eastern Canada. Similarly, the stand- 

ard deviations of annual, winter, spring and fall precipitation 

are between 0.75 and 1. The standard deviation of summer pre- 

cipitation is around 1.25, which means results from the WRF 

model are more fluctuated. 

 

3.2. Projected Changes in Temperature over Canada and 

Its Sub-Regions 

To obtain future spatial and temporal variations of annual 

and seasonal mean temperature over Canada under climate 

change, the temperature projection from 2020 ~ 2099 is devel- 

oped through the HadGEM2ES-driven WRF model under two 

emission scenarios (i.e., RCP4.5 and RCP 8.5). For the purpose 

of better analyze anthropogenic warming effects, the future pe- 

riod is divided into three periods (i.e., 2020 ~ 2039, 2040 ~ 2069, 

and 2070 ~ 2099), representing short-, medium-, and long-term 

projections, respectively. 

Figures 6 and 7 present the spatial distribution of the pro- 

jected increases in annual and seasonal (i.e., DJF and JJA) mean 

temperature over Canada under RCP4.5 and RCP8.5, respective-  
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Figure 6. Spatial distribution of the projected changes in annual and seasonal mean temperature over Canada under RCP 4.5. 

 

ly. Under both scenarios, the annual and seasonal temperature 

increases over Canada are consistent in three future periods, with 

relatively larger increases under RCP8.5. For the annual and 

winter mean temperature, the largest increases occur in the sub-

region of NT, and the northern parts of PR and CC. This is con- 

sistent with previous studies on the Arctic amplification phenom- 

enon (Atkinson and Gajewski, 2002; Lawrence et al., 2008b; 

Marshall and Sharp, 2009; Boeke and Taylor, 2016; Sigmond 

et al., 2018). For the summer mean temperature, the largest in- 

crease occurs in central NT, whereas the increase in northern 

NT is not significant. It is also found that expect for WC, com- 

pared to the annual mean temperature increase, the winter mean 

temperature increase over other sub-regions is larger, whereas 

the summer mean temperature increase is smaller under both 

RCP4.5 and RCP8.5.  

The average temperature increases over the domains of Can- 

ada and its sub-regions are quantified, as shown in Figure 8. 

Sub-figures 8(a), 8(b) and 8(c) presents the increases of annual, 

winter and summer temperature respectively. In consistency with 

the spatial distributions above, the projected largest temperature 

increase occurs in NT, signifying that higher latitudes are more 

sensitive to anthropogenic warming. The lowest increase occurs 

in WC. This could be because the WC region is dominated by 

an Oceanic climate, and the high precipitation rate alleviates the 

temperature increase under global warming (Karl et al., 1984; 

Goldberg et al., 2011; Xu et al., 2014). 
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Figure 7. As in Figure 2.4, but under RCP 8.5. 

 

In a Canadian context, the annual mean temperature in-

creases are [1.53, 1.98], [2.51, 3.86], and [2.94, 6.19] °C in the 

2030s, the 2050s, and the 2080s under two emission scenarios. 

For winter time the numbers are [1.83, 1.88], [3.07, 4.76], and 

[3.55, 8.01] °C, and for summer the numbers are [1.25, 1.91], 

[2.20, 3.42], and [2.75, 5.40] °C. 

The highest temperature increase happens in NT. The an- 

nual mean temperature increases are [1.78, 2.20], [3.19, 4.47], 

and [3.60, 7.35] °C in the 2030s, the 2050s, and the 2080s under 

two emission scenarios. For winter the numbers are [2.03, 2.32], 

[4.25, 6.03], and [4.64, 10.65] °C, and for summer the numbers 

are [1.31, 1.99], [2.54, 3.45], and [3.01, 5.46] °C.  

The lowest temperature increase happens in WC. The an- 

nual mean temperature increases are [1.41, 1.42], [2.02, 2.83], 

and [2.08, 4.57] °C in the 2030s, the 2050s, and the 2080s under 

two emission scenarios. For winter the numbers are [1.12, 1.20], 

[2.01, 2.95], and [2.03, 4.45] °C, and for summer the numbers 

are [1.20, 1.75], [2.28, 3.26], and [2.34, 4.93] °C. 

 

3.3. Associated Mechanism of the Projected Temperature 

Increase 

To further investigate the mechanisms that governed the 

projected temperature increases in both historical and future pe- 

riods, the outputs of radiation-related climate parameters are ex- 
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tracted from the WRF model, and the relationship between net 

downward radiative forcing and temperature is analyzed from 

an energy budget perspective (Bristow and Campbell, 1984; Knu- 

tti and Hegerl, 2008; Hesslerová et al., 2013; Boeke and Taylor, 

2016). The net downward radiation is defined as the surface down 

ward shortwave and longwave radiation minus surface upward 

shortwave and longwave radiation, as shown in the following 

formula. 

 

NDR rsds rlds rsus rlus= + − −  (1) 

 

where NDR is gridded net downward radiation; rsds and rlds 

are surface downward shortwave and longwave radiation; rsus 

and rlus are surface upward shortwave and longwave radiation. 

 

 
 

Figure 8. Projected increases of annual and seasonal mean 

temperature at national and regional scale. 

 

Figure S1 shows the relationships between monthly mean 

temperature and net downward radiation over Canada and its 

sub-regions in the historical and future periods. The 6 rows re- 

present Canada, NT, WC, PR, CC, and EC, respectively; the 3 

columns represent the historical period, RCP4.5 and RCP8.5. 

It is found that positive correlations exist to different extents 

throughout all other regions during three time periods (de F. 

Forster and Shine, 1997; Forster et al., 1997; Gregory and For- 

ster, 2008). Overall, in lineal regression model, the R2 over 

Canada is about 0.7. In WC and PR, the R2 are over 0.7 in all 

time periods, which means the increased net downward radia- 

tion could explain a majority part of the temperature variation. 

However, in the sub-region of EC, the R2 is only 0.52 ~ 0.55, 

meaning that other contributors exist apart from regionally ab- 

sorbed radiation. The effects of land-sea interaction (e.g., North 

Atlantic Current) and the teleconnections with major oscilla- 

tion index may both play import roles in the temperature increase 

over EC (Shabbar and Khandekar, 1996; Bony et al., 1997; Bon- 

sal et al., 2001; Shine et al., 2003; Bednorz, 2004; Andrews et 

al., 2010; Menon et al., 2010; Lambert et al., 2011; Bony et al., 

2013; Andrews et al., 2015; Shindell et al., 2015). 

 

3.4. Projected Changes in Precipitation over Canada and 

Its Sub-Regions 

The precipitation projection over Canada from 2020 to 2099 

is developed through the HadGEM2ES-driven WRF model un- 

der two emission scenarios (i.e., RCP4.5 and RCP8.5). The re- 

sults from these two continuous simulations are divided into 

three periods (i.e., 2020 ~ 2039, 2040 ~ 2069, and 2070 ~ 2099), 

representing short-, medium-, and long-term projections, respec- 

tively. 

Figures S2 and S3 present the spatial distributions of the 

projected means and changes in annual and seasonal total pre- 

cipitation over Canada under RCP4.5 and RCP8.5 respectively. 

Subfigures in 5 rows are the total precipitation in annual, winter 

(DJF), spring (MAM), summer (JJA), and fall (SON). The co- 

lumns represent different future periods. The 1st ((a) to (y)), 3rd 

((c) to (aa)), and 5th ((e) to (ac)) columns are projected means 

in the 2030s, the 2050s, and 2080s; the 2nd ((b) to (z)), 4th ((d) 

to (ab)), and 6th ((f) to (ad)) columns are projected changes (i.e., 

future projections minus historical averages) in the same order. 

Unlike projected increase trend of temperature across Canada, 

the projected precipitation shows heterogeneous spatial and tem- 

poral variations. Overall, there is an increase trend in annual and 

seasonal total precipitation in most parts of Canada under both 

RCP scenarios, with higher increase under RCP8.5. In the early 

century (i.e., the 2030s), certain areas show a precipitation de- 

crease such as some parts of NT, WC, PR, and CC, especially 

under RCP4.5. Such decrease trends decline or disappear in 

mid- and late-century (i.e., the 2050s and the 2080s), as global 

warming is escalated. By the 2080s under both RCP scenarios, 

almost all Canada shows a precipitation increase in all four sea- 

sons, leading to an overall increase trend of annual total preci- 

pitation. This could be caused by the warming-induced accelera- 

tion of water cycle. Under climate change, hotter air will con- 

tain more moisture and cause more drastic convections, result- 

ing in increased rainfall over Canada (Sears-Collins et al., 2006; 

Erler et al., 2015). 

For annual total precipitation, the highest increase occurs 

in two coasts and CC, indicating that these wet areas will re- 

ceive an even wetter climate in the 21st century. By the 2080s, 
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annual total precipitation is projected to increase [100, 150] mm 

in WC, and [200, 250] mm in EC under RCP4.5 and RCP8.5, 

as shown in Figure S2(f) and Figure S3(f). Increase in CC is 

[200, 300] mm. This will lead to higher risks in urban storms 

and flooding events in these regions. For dry regions such as NT 

and PR, the increase of annual total precipitation under RCP4.5 

and 8.5 is [50, 100] mm by the 2080s. Since the baseline of these 

dry regions are low, such increase might greatly change the cli- 

matology in NT and PR. It is also found that there is a decrease 

trend in some parts of WC, PR, CC and EC under RCP4.5 in 

the 2030s, however in the 2050s and the 2080s, these parts will 

change into an increase trend. 

For seasonal total precipitation, similar patterns are found 

as in annual total precipitation. However, it is found that in some 

western parts in WC, the winter precipitation decreases mono- 

tonically in three future periods, as shown in Figures S2(h), S2(j), 

S2(l) and S3(h), S3(j), S3(l), meaning that warmer winters will 

lead to drier climatology in WC. The decrease is about 150 mm 

under RCP4.5 and 100 mm under RCP8.5 by the 2080s. Given 

that winter precipitation accounts for a major part of the annual 

total in WC, the analysis of associated mechanism is desired (Go- 

bena and Gan, 2013; Erler et al., 2015).  

It is also found as the highest precipitation increase oc- 

curring in EC, the summer and fall precipitation contribute the 

most of such increase, and this is consistent under RCP4.5 and 

RCP8.5. The increase is about 100 ~ 150 mm in summer, and 50 

~ 100 mm in fall. 

Figure 9 presents the average precipitation changes over 

Canada and its sub-regions under RCP4.5 and RCP8.5. Sub-

figures (a) to (e) represent the changes of annual, winter, spring, 

summer and fall precipitation respectively. Results show that 

spatial and temporal precipitation variations are heterogeneous. 

Overall, the annual and seasonal total precipitation is likely to 

increase in the 21st century, with higher increase under RCP8.5. 

For annual total precipitation, CC and EC contribute the most 

to the national average, whereas NT and PR contribute the least. 

In a Canadian context, the variations are [16.33, 68.96], [64.80, 

121.62], and [123.62, 184.33] mm in three future periods under 

RCP4.5 and RCP8.5. In CC, the numbers are [26.44, 93.94], 

[107.01, 180.58], and [212.85, 294.38] mm; and in PR, the num- 

bers are [18.63, 62.74], [35.73, 81.14], and [70.28, 118.28] mm. 

For winter precipitation variations, EC contribute the most 

increase in a Canadian context. The winter precipitation increas- 

es over EC are [29.75, 48.93], [39.80, 59.74], and [64.61, 86.42] 

mm in three future periods under RCP4.5 and RCP8.5. It is also 

found that the increase trend of winter precipitation over WC is 

likely to be lower in three future periods; the numbers are [19.76, 

53.54], [1.7, 35.27], and [–5.7, 28.47] mm. Under RCP4.5, there 

will eventually be a precipitation decrease of –5.7 mm. This in- 

dicates that in WC winter precipitation increase will become less 

with warmer winters, unlike other sub-regions of Canada. 

For spring and summer precipitation variations, CC contri- 

bute the most increase in Canada. The spring precipitation in- 

creases over CC are [–5.82, 8.45], [30.85, 47.88], and [44.19, 

62.23] mm in three future periods under RCP4.5 and RCP8.5. 

In summer, the numbers are [6.33, 33.50], [31.78, 60.86], and 

[82.48, 115.38] mm. For spring precipitation over WC, there is 

a decrease trend (i.e., drier springs) under RCP4.5, but such de- 

crease is getting smaller in each period. Under RCP8.5, the pre- 

cipitation shows an increase trend, which is similar to other sub- 

regions. The variations are [–19.32, –0.5], [–12.16, 8.50], and 

[–7.99, 13.27] mm in the 2030s, the 2050s, and the 2080s. 

 

 
 

Figure 9. Projected changes of annual and seasonal total precipitation at national and regional scales under RCP4.5 and RCP8.5. 
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Table 1. Projected Percentage Change in Annual and Seasonal 

Total Precipitation over Canada and Its Sub-Regions under 

RCP4.5 and 8.5 Relative to the Historical Period 

  Percentage (%) 

  2030s 2050s 2080s 

ANN 

CA [2.3, 10.1] [9.4, 17.7] [18.1, 26.9] 

NT [3.6, 11.3] [12.0, 20.4] [28.2, 37.8] 

WC [0.9, 8.4] [5.3, 13.2] [5.8, 13.8] 

PR [3.2, 11.0] [6.3, 14.2] [12.4, 20.8] 

CC [3.0, 10.7] [12.3, 20.7] [24.4, 33.8]  

EC [-0.3, 7.1] [10.6, 18.9] [16.3, 25.0] 

DJF 

CA [6.6, 14.6] [10.7, 19.0] [18.4, 27.4] 

NT [13.4, 22.0] [28.7, 38.4] [49.9, 61.2] 

WC [4.4, 12.0] [0.4, 7.9] [-1.1, 6.4] 

PR [0.7, 8.2] [4.8, 12.6] [8.9, 17.2] 

CC [9.4, 17.6] [14.1, 22.7] [30.8, 40.7] 

EC [13.2, 21.7] [17.6, 26.5] [28.7, 38.4] 

MAM 

CA [-2.7, 4.5] [8.3, 16.4] [15.0, 23.7] 

NT [-2.9, 4.3] [-1.8, 5.5] [11.7, 20.2] 

WC [-7.1, -0.1] [-4.5, 3.1] [-2.9, 4.9] 

PR [1.2, 8.8] [9.6, 17.8] [17.1, 25.9] 

CC [-2.9, 4.3] [15.7, 24.5] [22.6, 31.8] 

EC [-4.0, 3.2] [15.2, 23.9] [19.0, 28.0] 

JJA 

CA [0.9, 8.5] [7.2, 15.3] [15.8, 24.6] 

NT [2.1, 9.8] [8.7, 16.9] [18.9, 27.9] 

WC [-0.7, 6.6] [3.8, 11.4] [0.2, 8.0] 

PR [1.6, 9.3] [4.4, 12.3] [8.8, 17.1] 

CC [1.7, 9.4] [8.9, 17.1] [23.2, 32.5] 

EC [-4.9, 2.2] [8.7, 16.9] [13.6, 22.2] 

SON 

CA [5.8, 13.8] [12.8, 21.3] [23.8, 33.2] 

NT [5.0, 12.9] [17.7, 26.5] [41.5, 52.1] 

WC [8.6, 16.8] [15.3, 23.4] [24.6, 33.1] 

PR [8.5, 16.7] [10.9, 19.2] [17.0, 25.8] 

CC [7.2, 15.3] [13.6, 22.2] [24.4, 33.7] 

EC [-3.8, 3.3] [3.2, 11.0] [6.6, 14.7] 

 

For fall precipitation variations, WC contribute the most 

increase in a Canadian context. The fall precipitation increases 

over WC are [30.66, 59.59], [54.15, 82.94], and [87.16, 117.18] 

mm in three future periods under RCP4.5 and RCP8.5. In con- 

trast, precipitation increases over PR is the smallest over Canada, 

which are [8.63, 16.84], [10.99, 19.38], and [17.14, 25.99] mm. 

Given that there are great differences in the amount and pat- 

terns of seasonal precipitation over the sub-regions, projected 

normalized variations relative to the historical period are calcu- 

lated. Table 1 shows the projected percentage change in annual 

and seasonal total precipitation over Canada and its sub-regions 

under RCP 4.5 and 8.5. The percentages are average precipita- 

tions in the historical period (i.e., 1980 ~ 2005) divided by the 

projected differences in each future periods. 

The results indicate that by the 2080s, the annual total pre- 

cipitation increase is [18.1%, 26.9%] overall in Canada under 

RCP4.5 and 8.5. In four seasons, the increase rates of fall preci- 

pitation (SON) are the highest, which are [5.8%, 13.8%], [12.8%, 

21.3%], and [23.8%, 33.2%] in three future periods respectively.  

It is also found that although the precipitation variations 

over NT are not the largest by amount, they are the largest by 

percentage due to its low precipitation baseline in the historical 

period. For annual precipitation, the precipitation will increase 

by [28.2%, 37.8%] in the 2080s. For seasonal precipitation in 

the 2080s, the numbers are [49.9%, 61.2%], [11.7%, 20.2%], 

[18.9%, 27.9%], and [41.5%, 52.1%] in winter, spring, summer, 

and fall, respectively. Such great increases in fall and winter pre- 

cipitation may change the climatology in northern Canada. Win- 

ter precipitation over NT may probably be in the form of snow. 

However, as the climate warms, there will inevitably be an in- 

creased likelihood of precipitation falling as rain rather than 

snow, which may further alter the hydrological circle in NT. 

These results of precipitation variations over NT are consistent 

with the IPCC Fifth Assessment, in that the high latitudes are 

projected to experience a large increase in annual precipitation 

under RCP8.5. It could be explained by the expected warming-

induced large increase in atmospheric water vapor (CCCR 2019 

Report). Sea surface temperature of the Arctic Sea is projected 

to increase rapidly in the 21st century (review), especially in the 

summer. This would increase the humidity of the atmospheric 

circulations of the polar cell, leading to increased precipitation 

over NT. In addition, global warming would also increase con- 

vection between low and high latitudes, which could further 

increase the likelihood of precipitation in high latitudes. 

 

3.5. Mechanisms of Projected Precipitation Changes: A 

Circulation Perspective 

Previous efforts have been made to investigate the asso- 

ciated mechanisms of precipitation variations of Canada, how- 

ever there is still a lack of research in analyzing inter-annual va- 

riations of precipitation, especially from an atmospheric circu- 

lation perspective (Hulme, 1994; Garreaud, 2007; Zhang et al., 

2011; Bowden et al., 2013; Iannuccilli et al., 2021). To address 

this issue, 500 hPa geopotential height and sea surface tempera- 

ture (SST) in the historical experiment are extracted for identi- 

fying the impacts of large-scale circulations and oceans on Can- 

ada’s annual and seasonal precipitation (Stidd, 1954; Wibig, 

1999; Pauling et al., 2006). 

At an elevation of h, the geopotential height can be calcu- 

lated as: 

 

( ) 0

0

( ) , /
h

gZ h g z dz g=   (2) 

 

where g(Φ, z) is the acceleration due to gravity, Φ is latitude, 

and z is the geometric elevation, thus geopotential is the gravi- 

tational potential energy per unit mass at that elevation h; g0 is 

the standard gravity at mean sea level. 

Since the oceans surrounding Canada exceeds the domain 

of the WRF experiments, sea surface temperature from the dri- 

ving GCM (i.e., HadGEM2-ES) is used. SST anomalies are used 

to reflect the temperature differences relative to the historical 

average. 

Figure 10 plots the SST anomalies and 500 hPa GPH under 
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low, medium, and high annual total precipitation scenarios of 

Canada. Low precipitation scenario is defined as years when 

the annual total precipitation is smaller than the 10th percentile 

in the time series; high precipitation scenario is defined as years 

larger than 90th percentile; and medium scenario includes years 

with precipitation at 50th percentile. Results show that large-scale 

circulations and ocean temperatures have significant impacts 

on Canada’s annual total precipitation (Liu et al., 2004; Gard- 

ner and Sharp, 2007; Jalbert et al., 2015). There is a ridge of 

mid and upper level high pressure over the eastern north Pacific 

and western North America (NA) and a trough of low pressure 

over the central and eastern NA. The circulations in mid-latitudes 

(e.g., ridges/troughs) show different patterns under each scena- 

rio. Figure 10(a) shows that Canada is like to receive low pre- 

cipitation when there is strong ridges/troughs over North Ame- 

rica continent, which implies a positive Pacific-North Ameri- 

can (+PNA) pattern (Higgins et al., 2011; DeFlorio et al., 2013; 

Sun et al., 2015; Sun et al., 2017). Compared to the medium 

scenario, the high pressure ridge is stronger over the western 

NA. This would lead to sinking air, which is not conducive for 

the development of clouds and precipitation. Such high pres- 

sure dominated pattern is usually associated with fair weather 

(e.g., hot/dry). In addition, sub-tropical highs move northward 

under this scenario, which also favors higher temperature and 

less precipitation over NA. It is also found that under low sce- 

nario, the SST of northern Atlantic is lower than average; where- 

as the SST of the tropical Pacific is higher than average (indica- 

ting El Niño phase). This indicates that precipitation over Canada 

may decrease during El Niño years (Shabbar and Khandekar, 

1996; Zecca et al., 2018; Jiang et al., 2019). Figure 10(c) shows 

that Canada is like to receive high precipitation when there the 

ridges/troughs over NA are weak. Under this scenario, the wester- 

lies are likely to be more stable, allowing jet streams from the 

Pacific to bring more moisture air to NA continent. Lower SSTs 

of the tropical Pacific are found, which means La Niña events 

may increase the annual total precipitation over Canada (Hig- 

gins et al., 2011; Sun et al., 2015). 

To further analyze seasonal patterns of precipitation varia- 

tions and their links to atmospheric circulations, 500 hPa GPH 

anomalies of seasonal precipitation under similar scenarios are 

plotted, as shown in Figure 11. Columns (a) to (j) represent sea- 

sonal precipitations at 50th percentile; columns (b) to (k) and (c) 

to (l) represent seasonal precipitations greater than 90th and small- 

er than 10th percentile respectively, as high and low precipita- 

tion scenarios. 

For winter (Figures 11(a) ~ (c)), precipitation over Canada 

is strongly affected by the polar high pressure. Figure 11(b) shows 

winter precipitation will increase when the polar vortex is weak. 

There is an obvious high pressure anomaly over eastern Canada, 

and polar high pressure belt is scattered. Under this scenario, 

such disrupted polar vortex allows more warm air to the north, 

leading to increase winter precipitation. Figure 11(c) shows a 

stronger polar vortex compared to average, as northern and east- 

ern Canada are dominated by increased polar high pressure. The 

polar jets are likely to block warm air from the south, leading 

to less winter precipitation over Canada. 

For spring (Figures 11(d) ~ (f)), results show that precipita- 

tion over WC contribute the most to the variations. Under high 

precipitation scenario, there is a high pressure anomaly over Ala- 

ska and a low pressure anomaly over mid-Pacific. This may cause 

strong convection in the eastern Pacific and the west coast of NA 

continent. In contrary, under low precipitation scenario the west 

coast of NA is under a high pressure system, resulting in hot and 

dry weathers over WC in Canada. 

 

 
 

Figure 10. SST anomalies and 500 hPa GPH under low, 

medium, and high annual total precipitation scenarios. 
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Figure 11. The 500 hPa GPH anomalies under low, medium, and high seasonal total precipitation scenarios. 

 

Figures 11(g) ~ (i) present different scenarios of summer pre- 

cipitation variations. The patterns of summer precipitation vari- 

ations are similar to the annual ones, which are closely related 

to ridges/troughs over the NA continent. Under high precipita- 

tion scenario, ridges and troughs are weak, and the more stable 

westerlies allow jet streams from the Pacific to bring more mois- 

ture air to the NA continent. Sub-tropical highs are at lower la- 

titudes over the eastern Pacific. Low precipitation scenario is 

linked to stronger high pressure ridge over mid and west Canada. 

Dominated by sinking air, Canada is likely to have hot/dry wea- 

ther. In addition, sub-tropical highs move northward over the 

west coast of NA under this scenario, which also leads to higher 

temperature and less precipitation. 

For fall (Figures 11(j) ~ (l)), results show that precipitation 

variations over Canada are mainly in WC, CC and EC. Under 

high precipitation scenario, heavy precipitations are found with 

high pressure gradient, indicating they could be explained by 

stronger convections. Under low precipitation scenario, there is 

a low pressure system over mid and north Canada. The preci- 

pitation over CC and EC decreases significantly under such 

scenario. 

4. Conclusions  

In this study, a dynamical downscaling approach has been 

developed to obtain the high-resolution temperature and preci- 

pitation projections over Canada through the WRF model. Com- 

pared to observational data, the developed model could well 

capture the spatial distributions of climate variables over Canada.  

It has been found that the annual and seasonal mean tem- 
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perature increase over Canada is consistent throughout all three 

time periods, with the largest increase in the NT. The annual 

mean temperature increases over Canada are [1.53, 1.98], [2.51, 

3.86], and [2.94, 6.19] °C in the 2030s, the 2050s, and the 2080s 

under two emission scenarios. The winter mean temperature 

increase over NT could be as large as 10.65°C by the 2080s un- 

der RCP8.5. Apart from WC, the winter mean temperature in- 

crease is larger, and summer increase is smaller. It is also found 

that linear relationship between net downward radiation and tem- 

perature exists over Canada and its sub-regions.  

Precipitation wise, the projections show heterogeneous spa- 

tial and temporal variations under two emission scenarios. Over- 

all, there is an increase trend in annual and seasonal total preci- 

pitation in most parts of Canada under both RCPs, with higher 

increase under RCP8.5. In a Canadian context, the increase of 

annual total precipitation are [16.33, 68.96], [64.80, 121.62], and 

[123.62, 184.33] mm in three future periods under RCP4.5 and 

RCP8.5. It is also found that large-scale circulations (especially 

the westerlies) and SSTs have significant impacts on Canada’s 

precipitation variations. Canada is like to receive low precipita- 

tion when there are strong ridges/troughs over North America 

continent, which implies a positive Pacific-North American 

(+PNA) pattern. The high pressure ridge leads to sinking air, 

which is not conducive for the development of clouds and pre- 

cipitation, eventually resulting in hot and dry weathers. In con- 

trast, weak ridges/troughs over NA leads to high precipitation 

years. The westerlies are more stable in these cases, allowing 

jet streams from the Pacific to bring more moisture air to NA 

continent. 

The main limitation of this study is that in the development 

of climate projections, there is only one GCM used as driving 

data for the WRF model due to its high computational cost. 

Although the performance of the chosen GCM (HadGEM2-ES) 

over Canada is validated before the simulations, uncertainties 

from GCMs cannot be reflected in the projected results. 
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