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42  Abstract

43  This analysis documents projected changes in daily precipitation and temperature characteristics over
44  Canada based on a 15-member ensemble which had been downscaled using the Canadian Regional
45 Climate Model—CanRCM4 at 50 km resolution by the Canadian Centre for Climate Modelling and Analysis
46  (CCCma) under Representative Concentration Pathway (RCP) 8.5. In this study, the historical CanRCM4
47  simulations are first compared against observations for validation purposes. Then, a multivariate bias
48  correction algorithm is applied to the CanRCM4 outputs to adjust the data against the EU WATCH Forcing
49 Data ERA-Interim reanalysis (WFDEI). We analyze changes in mean and extremes for two 30-year non-
50 overlapping future periods: 2021-2050 and 2071-2100 relative to 1979-2008. The results indicate that
51 daily mean precipitation is projected to increase over Canada, with larger increases expected in the 2080s.
52 However, decreases are projected in summer precipitation over the Canadian Prairies by the year 2100.
53 Mean air temperature is projected to intensify towards the northern high latitude regions, particularly in
54 the winter season. Precipitation and temperature extreme events may increase more than the mean. By
55 examining the behavior of precipitation distribution tails, the mean of the probability distributions of wet
56  extremes over the Saskatchewan (SRB) and Mackenzie River basins (MRB) is projected to shift to the right
57  with global warming. For temperature extremes, minimum temperature may warm faster compared to
58 daily maximum temperatures, particularly in the winter and towards the Arctic region.

59 Keywords: Canada; climate projections; precipitation; temperature; extremes
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71 1 Introduction

72 Findings of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (IPCC,
73 2013) as well as the IPCC Special Report on Global Warming of 1.5°C (Huppmann et al., 2018) demonstrate
74  that increases in anthropogenic greenhouse gases (GHGs) are accelerating the rate of global warming.
75  Associated with a warmer climate are changes over space and time in the characteristics of extreme
76 events such as floods and droughts (Sillmann et al., 2013a;Kharin et al., 2013;Betts et al., 2018). Given the
77  social, economic and ecosystem impacts of these extremes, it is important to provide scale-relevant
78 projections of expected changes in the behavior of these events in order to identify and formulate suitable
79  strategies for water resources systems adaptation and risk management (Kundzewicz et al., 2017;Wilby
80  and Dessai, 2010;Wilby, 2017;IPCC, 2013).

81 The water cycle is closely linked to the climate system. Small, sometimes insignificant variations in
82  climate often lead to significant changes in hydrological processes. In particular, water resources in cold
83 regions are stored mostly in the form of snowpacks and glaciers and have been found to be sensitive to
84  small changes in air temperature. For example, most of the flows in western Canadian rivers rely on
85 headwater supplies from the Rocky Mountains, which make up an important part of the regional and
86  global hydrologic cycle (Pomeroy et al., 2016;Pederson et al., 2011). Given that these high elevation
87 regions are also characterized by a cold region hydro-climate which is seasonally dependent, many
88  existing studies suggest that climate variability and change would be most pronounced in these snow-
89 dominated regions with negative consequences on seasonal and long-term water supplies anticipated
90 (Stocker et al., 2013;Demaria et al., 2016;Islam et al., 2017).

91 Ongoing science hints at the intensification of the hydrologic cycle given the past warming trends
92  which have resulted in significant changes in the hydrological regimes of many North American river
93 basins (DeBeer et al., 2016;Coopersmith et al., 2014;Dumanski et al., 2015;Das et al., 2009). Observational

94 records already indicate that a shift in stream hydrographs (Burn, 1994), and in extreme temperature and
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precipitation regimes (Vincent et al., 2015;Asong et al., 2016b) have occurred. For the cryosphere,
changes in snow and ice regimes—reducing snow cover extent, glacier retreat, thawing of permafrost,
and earlier breakup of seasonal freshwater ice cover are occurring as the warming trend continues (IPCC,
2013;Woo and Pomeroy, 2011;Woo et al., 1992). Enhanced warming is projected to alter the proportion
of precipitation falling in the form of snow and rain, with a declining proportion arriving in the form of
snow. Snow pack levels are also expected to form later in the winter, accumulate in smaller quantities,
and melt earlier in the season, leading to reduced summer flows (Musselman et al., 2018). The greatest
deficits are expected to occur in the summer, thus, decreased soil moisture levels and more frequent and
severe droughts are anticipated (Mann and Gleick, 2015;Gleick, 2014;Allen et al., 2010;Arnell, 2008;Li et
al., 2009).

The foregoing indicates that water resources in cold regions, already stressed with the hazards of
natural variability will likely face additional challenges under uncertain climate futures (Arnell, 1999;Bates
et al., 2008). At the moment, climate projections are provided by Earth System Models (ESMs), potentially
downscaled further with Regional Climate Models (RCMs). However, ESM outputs still cannot be directly
applied at the local scale for impacts assessment due to their coarse horizontal resolution (Asong et al.,
2016b;Maraun et al.,, 2017;Maraun et al., 2010). Although subject to many biases, climate change
projections offer a glimpse into possible future water resource impacts and challenges. To reduce biases
and overcome the scale mismatch between the ESM/RCM outputs and the desired scale for impact
assessment, climate model outputs are often bias-corrected to historical observations (Maraun et al.,
2017;Cannon, 2016;Volosciuk et al., 2017).

The goal of the current study, therefore, is to analyze future changes in precipitation and
temperature characteristics over Canada. These are key variables which govern hydrological cycle
dynamics and are of paramount importance to hydrological processes in a changing climate. To this end,

a 15-member ensemble under Representative Concentration Pathway (RCP) 8.5, downscaled by the
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Canadian Centre for Climate Modelling and Analysis (CCCma) as part of the Canadian Sea Ice and Snow
Evolution Network (CanSISE) Climate Change and Atmospheric Research (CCAR) Network project, is
utilized in this study. As mentioned above, these outputs often contain biases, thus, a multivariate
quantile mapping approach is first applied to bias-correct the climate model simulations against the
European Union Integrated Project Water and Global Change (WATCH) ERA-Interim reanalysis (WFDEI) at
3h x 0.5° resolution. We investigate further the consequences on the projected climate change signals of
applying bias correction to the raw climate model outputs.

The paper is organized as follows. The study area and data are described in section 2. In section 3,
we provide the methodology for bias correction, calculation of climate indices, and how projected climate
signals are computed both for the mean and extreme states. The results and discussion are presented in
section 4 and 5, respectively, while a summary of the main findings and conclusions are presented in
section 6.

2 Study area and data sets
2.1 Study area

The case study (Fig. 1) includes the Canada continental domain south of latitude 72° N. This region
contains major river basins such as the Great Lakes and St. Lawrence River systems, which is one of the
largest freshwater resources in North America and globally. This region also comprises two main natural
systems—the Saskatchewan (SRB) and Mackenzie River basins (MRB) which are testbeds for the Changing

Cold Regions Network—CCRN (http://www.ccrnetwork.ca/ , last access: 6 March 2019) large-scale

hydrological modelling strategy. The Prairies of Canada are characterized by a highly varying climate and
decreasing water resources. This region is also prone to droughts such those in 1988 and 1999-2005
(Asong et al., 2018), as well as damaging floods in 2011, 2013, and 2014 (Burn and Whitfield, 2017;Burn

et al., 2016).
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142 2.2 Gridded observations

143 In order to bias-correct the climate model outputs, gridded sub-daily retrospective meteorology
144  that describe well the historical climate over Canada are required. Several gridded products exist over this
145 region, including the Princeton (Sheffield et al., 2006), the North American Regional Reanalysis (Mesinger
146 et al.,, 2006), WFDEI (Weedon et al., 2014), forecasts of the Global Environmental Multiscale(GEM)
147 atmospheric model (Yeh et al., 2002), and the Canadian Precipitation Analysis—CaPA (Mahfouf et al.,
148 2007) data sets. Wong et al. (2017) performed an inter-comparison of precipitation estimates from these
149 products against observed station data over Canada. They found the CaPA and WFDEI products to have
150 close agreement with station observations. Nevertheless, GEM-CaPA whch is available for the period 2004
151  —2016is not only too short for bias-correcting ESM climate, variables such as air temperature and specific
152 humidity are issued at 40 m height (projected changes in temperature are often analyzed at 2 m height
153  since this is the level that is most relevant to biophysical and huamn activities).

154 The WFDEI variables such as air temperature and specific humidity are issued at the surface and a
155  comparative analysis against ground measurements shows that it outperforms other products in Canada
156 and the United States (Chadburn et al.,, 2015;Wong et al., 2017;Park et al., 2016;Behnke et al.,
157 2016;Sapiano and Arkin, 2009). Therefore, the 3-h x 0.5° WFDEI product (1979 — 2016) is used in this
158  study. We utilize the Global Precipitation Climatology Centre product (GPCC) version of WFDEI (WFDEI-
159  GPCC) data set which has improved precipitation estimates relative to the Climate Research Unit (CRU)
160 based product—WFDEI-CRU (Weedon et al., 2014) when compared against ground observations in our
161  domain of interest.

162 2.3 Regional climate model outputs

163 The climate projections utilized in this study are sourced from the Canadian Centre for Climate

164 Modelling and Analysis (CCCma) and are available at www.cccma.ec.gc.ca/data/canrcm/CanRCM4 (last

165 access: 6 March 2019). The simulations span the North American domain defined by the Coordinated
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Regional  Climate  Downscaling  Experiment for North  America  (CORDEX) project
(http://www.cordex.org/domains/regionl1-north-america/, last access: 24 April 2019) from 1950-2100.
Scinocca et al. (2016) downscaled outputs from the Second Generation Canadian Earth System Model
(CanESM2), using a new RCM, the CCCma Regional Climate Model (CanRCM4) under RCP4.5 and RCP8.5.
The forcing data for the historical runs (1950 — 2005), and future (2006 — 2100) simulations of CanRCM4
are derived from CanESM2 following the Coupled Model Intercomparison Project Phase 5 (CMIP5)
protocols. The CanRCM4 large ensemble which consists of 50 members were downscaled at 0.44° (50 km)
and 0.22° (25 km) horizontal resolutions. This large ensemble is an extension of the CanESM2 simulations
proposed by the Canadian Sea Ice and Snow Evolution Network (CanSISE) Climate Change and

Atmospheric Research (CCAR) Network project (https://www.cansise.ca/, last access: 24 April 2019). For

this study, we used 15 members of the 0.44 degrees resolution product at 1-h time step under RCP8.5.
The choice of number of ensembles examined is based solely on public data availability at the time of this
analysis. The seven climate variables required for driving the CCRN hydrological models and which are
bias corrected in this study are listed in Table 1. Nonetheless, only projected changes in precipitation and
air temperature are analyzed in this paper.
3 Methodology
3.1 Data processing and multivariate bias correction

In order to bias correct CanRCM4 outputs against WFDEI, both data sets must have the same
temporal and spatial dimensions. Prior to bias-correction, the 1-h CanRCM4 estimates were aggregated
to 3-h values for consistency with the WFDEI data. CanRCM4 was further re-gridded to match the WFDEI
specifications using nearest neighbor interpolation as implemented in the Climate Data Operators

software (https://code.mpimet.mpg.de/projects/cdo/ , last access: 23 November 2018). For bias

correction which accounts for dependence between the different variables (Table 1), an image processing

technique described in Cannon (2018) for multivariate bias correction (MBCn) of climate model outputs
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was utilized. Models are fitted to data for each calendar month across each pixel in the study area while
preserving the dependence structure among variables. The historical data sets used in the fitting
procedure include WFDEI (1979 — 2008) and CanRCM4 (1979 — 2008). Using the fitted models, we apply
changes in quantiles to CanRCM4 output from 1950 —2100.
3.2 Assessing changes in mean climate

In order to evaluate the projected climate change signals with respect to the reference period
(1979-2008), two 30-year time windows (2021-2050 and 2071-2100) are studied. Using the 15-member
ensemble, the climate change signal is investigated in terms of both the mean and extremes of
precipitation and temperature. To investigate changes in mean climate, mean daily precipitation and
temperature are computed for each ensemble member, and delta statistics are derived between the
historical and future periods (delta statistics converted to relative percentage changes in the case of
precipitation). The changes are derived for the time periods mentioned above: 2021-2050 (2030s) and
2071-2100 (2080s) with respect to 1979-2008 (1990s). The projected changes are computed by season:
summer (JJA), autumn (SON), winter (DJF), and spring (MAM).
33 Assessing changes in climate extremes

Investigations of future changes in temperature and precipitation extremes have focused
primarily on two approaches. The first is based on indices of climate extremes with return periods of
about a year or less (e.g. extremely wet days, diurnal temperature range). The second method focuses
on extreme value theory which is important for assessing the vulnerability of engineering infrastructure
to climate change (Kharin et al., 2007;Asong et al., 2015;Coles et al., 2001). While climate extremes in a
in a climate change context are often studied in these two ways, this study investigates changes in climate
extremes using the first method which has a much broader context and can be useful for investigating the
hydrologic and water resource implications of climate change (Sillmann et al., 2013b). A set of 27 indices

focusing mainly on climate extremes has been made available by the Expert Team on Climate Change



https://doi.org/10.5194/hess-2019-249 Hydrology and
Preprint. Discussion started: 16 July 2019 Earth System
(© Author(s) 2019. CC BY 4.0 License. Sciences

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

Discussions

Detection and Indices—ETCCDI (http://etccdi.pacificclimate.org/list 27 indices.shtml , last access:

6 March 2019) (Karl et al., 1993;Karl and Easterling, 1999;Zhang et al., 2011). In the present study, the
ETCCDI indices were computed as implemented in the Pacific Climate Impacts Consortium’s

“climdex.pcic.ncdf”  package  (http://pacificclimate.github.io/climdex.pcic.ncdf/,  last  access:

6 March 2019). The default thresholds prescribed in the package for computing these indices are used
here. Where applicable, changes in the indices over the 2030s and 2080s are analyzed relative to the
1990s (see section 3.2 for details). The following water resource-relevant indices are further examined in
this study: maximum 5-day Precipitation (RX5day); maximum 1-day Precipitation (RX1day); extremely
wet days (R99p); monthly minimum value of daily minimum temperature (TNn); monthly maximum value
of daily maximum temperature (TXx); and diurnal temperature range (DTR). Details on these indices are
found in Sillmann et al. (2013b), Sillmann et al. (2013a), on the ETCCDI website as well as in the
climdex.pcic.ncdf package manual.
4 Results

This section presents the results and a discussion of various analyses described in section 3.
Assessment of CanRCM4 outputs against WFDEI and the performance of the MBCn algorithm is shown
first followed by future changes in mean and extremes of precipitation and temperature. Raw CanRCM4
(CanRCM4_Raw) outputs are also discussed to assess the skill of MBCn in preserving the simulated climate
change signals. We present the results in two dimensions: (1) temporal plots of areal averaged
characteristics over the MRB and SRB for RCP8.5 from 1950 — 2100, (2) spatial patterns of simulated
changes for the 2030s and 2080s, and (3) probability distributions that reveal the tail characteristics of
seasonal precipitation indices over the MRB and SRB. For spatial changes, results are shown for the 15-
member ensemble mean. Emphasis is placed on the unbiased (CanRCM4_Corr) CanRCM4 simulations
while the impact of bias correction on the results is discussed in section 4.4 for both CanRCM4_Corr and

CanRCM4_Raw.
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4.1 Evaluation and bias correction of climate variables

RCM outputs are known to contain biases that are mostly inherited from the driving ESM (Ehret
et al., 2012;Laprise, 2008). Thus, we begin our analysis by showing why there is the need to bias-correct
CanRCM4 output. For this purpose, threshold exceedance indices such as the days with precipitation > 1
mm (R1mm), and consecutive dry (CDD) and wet days (CWD) are computed from both WFDEI and 15
members of the CanRCM4 outputs (precipitation threshold = 1 mm) during 1979 — 2008. Figure 2a shows
guantile-quantile plots of R1mm for the study domain. It is evident that CanRCM4 tends to underestimate
the number of wet days. Concerning CDD and CWD averaged across longitudinal bands for the entire
study domain, CanRCM4 overestimates CWD (Fig. S1a). However, CanRCM4 agrees well with WFDEI in
terms of CDD except from latitude 60° poleward where CDD is underestimated by CanRCMA4. It is worth
mentioning that the performance of WFDEI north of 60° N is questionable given the paucity of observed
meteorological data in these high latitude environments (Weedon et al., 2014;Beck et al., 2017).

Next, we assess whether the bias is removed after applying MBCn to the raw 3-h CanRCM4
outputs. Figure 2b depicts quantile-quantile plots of RImm after bias correction. The MBCn algorithm
shifts the distribution of CanRCM4 to match that of WFDEI although the number of wet days are slightly
underestimated by MBCn. Note that R1mm is a derived quantity from the 3-h data (bias correction was
performed at the 3-h resolution). The impact of bias correction on the wet-dry day physics produced by
the climate model can be substantial and have been recognized as one of the reasons why bias correction
should be applied with care (Ehret et al., 2012;Johnson and Sharma, 2012). Figure S2 shows the spatial
patterns of 3-h precipitation averaged over the reference period (1979 — 2008) for the uncorrected
(CanRCM4_Raw) and corrected (CanRCM4_Corr) simulations as well as the mean bias (CanRCM4_Corr—
WEFDEI). As shown in Fig. S2, the spatial patterns of precipitation between CanRCM4_Raw and
CanRCM4_Corr are very similar since biases are corrected per grid point. The bias (CanRCM4_Corr —

WFDEI) is very close to zero across the study domain, implying that MBCn was able to correct the statistical

10
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properties of CanRCM4 simulated precipitation amounts to match those of WFDEI. The same holds true
in the case of air temperature (Fig. S3). This discussion is substantiated further in section 4.4.
4.2 Future projections of mean climate
4.2.1 Projected changes in daily precipitation

We begin this section by presenting results of the temporal evolution and projected spatial
patterns of CanRCM4_Raw and CanRCM4_Corr climate. Figure 3 shows the time series of daily
precipitation over the MRB and SRB as simulated by the 15-member CanRCM4 ensemble. Both the
individual simulations as well the ensemble mean of the 15 realizations are shown. Over the MRB,
compared to the historical period, mean precipitation may likely increase by the year 2100. Seasonally,
the relative change is 15% (DJF), 15% (MAM), 14% (JJA), and 25% (SON) by the year 2100 based on the
mean of 15 ensemble members. For the SRB, apart from a decrease in summer precipitation, the
projections indicate that mean precipitation may increase in the future. Seasonally, the relative change is
20% (DJF), 19% (MAM), -6% (JJA), and 11% (SON) by the year 2100. In terms of variability, precipitation
variability is higher over SRB compared to MRB as shown by the large inter-realization spread. Also, there
is no noticeable difference between CanRCM4_Raw and CanRCM4_Corr daily precipitation.

Projected changes in the spatial and seasonal patterns of mean precipitation are depicted in Fig.
4. It is evident that the changes are seasonally dependent. CanRCM4 projects a likely increase in mean
precipitation over most of the study area for all seasons. The increase may be greater in the 2080s
compared to the 2030s. In the JJA, a large belt of the Canadian Prairies may expect a decrease in mean
precipitation of about 15% by 2100 while eastern and northern regions may experience up to 80% increase
in precipitation during the same season. Summaries of possible changes in precipitation over the MRB
and SRB are presented in Table 2. Apart from a projected decrease (-1.5%) in mean precipitation during

the JJA over SRB in the 2080s, both basins may experience an increase in precipitation in the 2030s and

11
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2080s. Larger changes are projected for the SRB compared to the MRB, particularly in the MAM, DJF and
SON in the 2080s.
4.2.2 Projected changes in daily mean temperature

The temporal evolution of daily mean temperature averaged over the MRB and SRB as simulated
by the 15-member CanRCM4 ensemble is shown in Fig. 5. Both the individual simulations as well the
ensemble mean of the 15 realizations are shown. Over the MRB, compared to the historical period, mean
temperature may increase by the end of the 21° century. Seasonally, an increase in air temperature of
~2.5°C by the year 2100 based on the mean of 15 ensemble members is projected for all seasons and river
basins. The projections further indicate not only warming conditions, but air temperature in DJF and MAM
will likely be more variable compared to JJA and SON.

For mean air temperature (Fig. 6), relative to the 1990s, a projected increase on seasonal and
annual time scales over the study area is expected for the future periods. The warming will likely intensify
in the 2080s compared to the 2030s. Spatially, most of the warming will probably occur over the artic
region where mean temperature of ~10°C is projected by 2100. Seasonally, higher warming is simulated
for the DJF season both in the 2030s and 2080s. Although mean temperature is projected to increase for
the whole domain in JJA, most of the warming will likely concentrate on the Prairies, over the Rocky
Mountains, and most of southern British Columbia in the 2080s. Table 3 summarizes changes in mean
temperature for the MRB and SRB. The DJF season may experience the most warming of about 8.6°C over
the MRB during the 2080s. However, the case is different for the SRB where the most warming of 7.2°Ciis
projected in the JJA during the 2080s. In general, larger changes in temperature are projected for other
seasons (apart from JJA) over the MRB compared to the SRB. The MRB is a located north of the SRB, thus

the south-north spatial warming trend projected for the whole domain corroborates this finding.

12
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4.3 Future projections of climate extremes
4.3.1 Precipitation extremes

Projected changes in selected precipitation indices (RX5day, R99p, and RX1day) are presented
here. Changes in the spatial patterns of maximum 5-day precipitation (RX5day) are illustrated in Fig. 7. As
expected, the spatial structure of changes in RX5day is similar to that of mean precipitation (Fig. 4).
Relative to the 1990s, CanRCM4 projects an increase (>100%) in RX5day over most of Canada in DJF, MAM,
JJA, and SON, with higher increases in the 2080s compared to the 2030s. Using the 2080s as an example,
increases in RX5day may be greater in DJF over most of the Prairies and the Arctic region. However, in JJA,
the spatial patterns of changes are different compared to DJF. Decreases in RX5day of about -30% are
projected for the Prairies in JJA in the 2080s. On a river basin scale, summaries of projected changes in
RX5day over the MRB and SRB are presented in Table 4 for all four seasons. Over the MRB (SRB), RX5day
is projected to increase by 30.6 (46.7) %, 45.5 (52.6) %, and 39.5 (32.3) % in DJF, MAM, and SON,
respectively, by the year 2100. However, in JJA, RX5day is projected to increase by 15.6% over the MRB
while a decrease of -1.7% is projected for the SRB in the 2080s.

Figure 8 displays changes in extremely wet days (R99p) during the 2030s and 2080s. Compared to
the historical period, R99p is projected to almost double (~180%) by the 2080s. Spatially, increases of up
to 140% are projected over the eastern and western parts of Canada by 2100. However, patches of small
(<15%) or no change (0%) in R99p are projected for the southern and central regions (e.g. the Prairies) of
the study domain. Furthermore, changes in the characteristics of precipitation extremes in a future
climate were examined by plotting the probability distributions (PDFs) of seasonal maximum 1-day
precipitation (RX1day) averaged over the MRB and SRB (Fig. 9). For the PDFs, across the MRB and SRB,
larger tails are projected for the JJA compared to other seasons, and more so for the 2080s. RX1day is
projected to shift (i.e. change in the mean) to the right with global warming (Table S1). In the MRB, relative

to the 1990s, changes in the mean of RX1day in the 2030s (2080s) are 14.3 (32.6%), 15.5 (42.2%), 7.4

13
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(12.8%), and 16.3 (43.0%) for DJF, MAM, JJA, and SON, respectively. Similarly, for the SRB, mean changes
for RX1day in the 2030s (2080s) are 16.9 (47.2%), 20.2 (48.9%), 2.4 (-5.4%), and 17.0 (34.0%) for DJF,
MAM, JJA, and SON, respectively.

4.3.2 Temperature extremes

Temperature extremes are examined here in terms of spatial and seasonal patterns of TNn, TXx
and DTR. The projected mean changes of TNn, TXx and DTR as simulated by the CanRCM4 15-member
ensemble are shown in Fig. 10 for the 2080s. Noticeably, TNn (Fig. 10a) increases more than TXx (Fig. 10b).
Also, TNn and TXx show dissimilar spatial and seasonal patterns. TNn shows clear distinct spatial and
seasonal patterns compared to TXx. Particularly, TNn amplifies in the northern regions than in the
southern latitudes. Seasonally, changes in TNn of more than 15°C are projected for the DJF season across
much of Canada. The least changes (<3°C) in TNn are projected for the warm season (JJA).

Apart from TNn and TXx, changes in the DTR were analyzed since DTR is a useful index of global
climate change. Using observational records, it has been found that DTR has decreased significantly since
the year 1950 because of differential changes in minimum and maximum temperatures. There is much
debate surrounding the evaluation of DTR in current observational datasets and the capabilities of ESMs
to represent its characteristics in a future climate (Thorne et al., 2016;You et al., 2017;Lewis and Karoly,
2013;Braganza et al., 2004). Figure 10c shows changes in DTR in the 2080s relative to the 1990s. There is
a projected decrease (up to -3°C) in DTR in the DJF and MAM seasons for most of Canada. In the JIA, DTR
is projected to increase (~2.5°C) over much of western Canada. In the SON and on an annual scale (ANN),
DTR is projected to decrease more uniformly over the study area.

Basin-scale summaries of changes in TNn, TXx and DTR over the MRB and SRB for the 2080s are
shown in Table 5. In the MRB, relative to the 1990s, the largest (smallest) projected increase in TNn of
9.4°C (6.1°C) is in DJF (JJA). For TXx, the largest (smallest) increase 6.2°C (3.3°C) is in JJA (MAM). For DTR,

decreases are projected for DJF (-1.2°C), MAM (-1.4°C) and SON (-0.8°C), while an increase is projected for
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the JJA (0.1°C). Similarly, In the SRB, relative to the 1990s, the largest (smallest) projected increase in TNn
of 9.3°C (6.1°C) is in DJF (MAM). For TXx, the largest (smallest) increase 7.2°C (2.7 °C) is in JJA (DJF). And
for DTR, decreases are projected for DJF (-1.9°C), MAM (-1.1°C) and SON (-0.5°C), while an increase is
projected for the JJA (0.4°C). In both basins, the change in TNn (TXx) is greater in DJF (JJA) compared to
other seasons. This in turn explains the projected decrease (increase) in DTR during these seasons.
4.4 Impact of bias correction on the simulated climate change signals

This section discusses the impact that bias correction has on the CanRCM4_Raw outputs. Whether
bias correction should be applied to climate model outputs remains a contentious issue in the climate
change impacts community for many reasons (Ehret et al., 2012). Also, raw climate model outputs include
systematic biases that affect the climate change signals of high-impact meteorological fields such as
precipitation and temperature. Throughout the paper, we have shown results for both CanRCM4_Raw
and CanRCM4_Corr. Here, we investigate whether the simulated climate change signal was preserved
after applying MBCn to the CanRCM4_Raw outputs. The temporal plots in Figs. 3 and 5 clearly indicate
that MBCn can preserve precisely the inter-annual variability of precipitation and temperature as
simulated by the CanRCMA4. Fig. 11 shows the impact of bias correction on the seasonal cycle of daily mean
precipitation and temperature over the MRB and SRB. Firstly, there is a large wet bias in CanRCM4_Raw
precipitation particularly in MAM, JJA and SON, and a warm bias in temperature, particularly during winter
(DJF) relative to WFDEI averaged over the MRB and SRB. This also necessitated the application of MBCn
on the raw CanRCM4 outputs. By comparing the CanRCM4 historical (1990s) simulations against WFDEI,
it is clear that MBCn removes satisfactorily the bias in the CanRCM4_Raw outputs.

On the projected climate signal, there is both a projected change in the amplitude of precipitation
as well as a shift in the phase of the cycle over the MRB with global warming. In the 1990s and 2030s,
peak precipitation occurs in July, however, by the 2080s, the precipitation peak is projected to occur in

June. Although CanRCM4 projects wetter conditions in a warmer climate for the SRB, no noticeable
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change in the phase of the cycle with global warming is anticipated. This is also true for the annual cycle
of mean temperature over MRB and SRB where warmer air temperatures are projected throughout the
year by 2100. These climate change signals are very well preserved after applying MBCn to the
CanRCM4_Raw outputs. It is worth stating that future research needs are on developing process-based
bias correction methods that depend on simulated intensities rather than preserving the raw climate
change signal from climate models (lvanov et al., 2018;Maraun et al., 2017).

5 Discussion

The foregoing analyses have indicated that mean precipitation and temperature will likely
increase over Canada, especially by the end of the 21 century. Nevertheless, the projected changes are
seasonally and regionally dependent. For example, over the SRB (MRB), a decrease (increase) in mean
precipitation is projected in the JJA by the year 2100. Regarding spatial patterns of warming, there is a
general south-north heating trend with the polar (arctic) regions projected to warm the most under
RCP8.5. With regard to wet and warm extremes, the derived climate indices will probably increase more
than the mean. Another interesting dynamic is that regions affected by smaller changes in the mean also
tend to have the smallest projected changes in the magnitude of extremes, and vice versa. The SRB is
projected to get drier in the JJA, accompanied with a decrease in wet extremes. However, mean and
extreme temperature are projected to likely increase over this basin. This points to a possible
intensification of meteorological drought over this river basin in a warmer climate.

By comparing the bias-corrected (CanRCM4_Corr) climate signals against the raw outputs
(CanRCM4_Raw), CanRCM4_Raw overestimates the amplitude of the seasonal cycle of projected
precipitation and temperature (Fig. 11) although temperature well reproduced compared to precipitation.
The comparison does not only aid in assessing the skill of the CanRCM4 in reproducing observed historical
climate but also illustrates the need for bias-correcting CanRCM4 outputs against WFDEI. Whether or not

bias correction algorithms should be applied to ESM outputs is a subject of much debate. However,
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systematic biases (as highlighted above) and fitness for purpose, such as the need to drive cold regions
hydrologic models which require high resolution inputs (Willkofer et al., 2018;Wood et al., 2004)
necessitated the current exercise. As mentioned previously, the results discussed here are based on
outputs from one RCM. However, the CMIP5 ensemble has a large spread and conclusions based on one
climate model should be interpreted with caution.

The results discussed in this study are certainly in line with existing literature. For projected
changes in mean climate, the IPCC AR5 findings indicate that “high latitudes are very likely to experience
greater amounts of precipitation due to the increased specific humidity of the warmer troposphere as
well as increased transport of water vapor from the tropics by the end of this century under the RCP8.5
scenario.” Kharin et al. (2007) and Sillmann et al. (2013a) found a probable increase in precipitation and
temperature extremes over North America using a multi-model ensemble approach. Nevertheless, the
above studies were done on annual scales. But, our findings using downscaled CanESM2 outputs agree
(regarding the direction of change) with such previous analyses which investigated future changes in
precipitation and temperature characteristics at coarse scale.

At the regional scale, several studies have been carried out using RCMs which still operate at
horizontal resolutions larger than 20 km to investigate future changes in climate over Canada. For
example, Wang et al. (2015) used the PRECIS RCM to generate a large ensemble climate simulations over
Ontario, Canada, between1950 to 2099, forced at the boundary by perturbed physics from the HadCM3
ensemble under the SRES A1B emissions scenario. They found a tendency towards a warming trend over
the study region in the range of 2.6-2.7°C in the 2030s, and 5.9-7.4°C in the 2080s. Similarly, they found
an increase in annual total precipitation of 4.5-7.1% during the 2030s and 3.2- 17.5% for the 2080s. In
terms of temperature extremes, Jeong et al. (2016) analyzed future changes in hot events over Canada by
analyzing eleven RCM outputs from the North American Regional Climate Change Assessment Program

(NARCCAP), under the A2 emission scenario. Their results suggested a likely intensification in the
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frequency of hot days. Nevertheless, the projected changes showed high spatial variability and were
highly dependent on the RCM and parent GCM combination. For precipitation extremes, Monette et al.
(2012) investigated changes in single- and multi-day events as simulated by six RCMs from the NARCCAP
ensemble. They found a projected increase to various return levels for multiple Northeast Canadian
watersheds during the future (2041-2070) period relative to the historical (1971-2000) period.

An analysis of changes in precipitation and temperature characteristics have also been carried out
based upon high-resolution RCM projections at the 10 km scale. Erler et al. (2015) and Erler and Peltier
(2016) analyzed changes in climate extremes in western Canada based upon an ensemble of high-
resolution regional climate projections dynamically downscaled to 10 km resolution with the aid of the
Weather Research and Forecasting (WRF) model in two different configurations with convection
parameterized in the model. The simulations were performed for three 15-yr periods: a historical period
from 1979 — 1994, a midcentury period from 2045 — 2060, and an end-century period from 2085 — 2100
under RCP 8.5. They found that changes in wet extremes generally followed projected changes in the
mean, although the likely changes in mean and extreme precipitation differed strongly across seasons and
regions. Furthermore, the projections showed an increase in DJF precipitation during the 2050s, whereas
net precipitation in summer is projected to decrease as a result of increased evapotranspiration.

Generally, irrespective of horizontal resolution, previous studies agree in terms of the trend in air
temperature with global warming. Although coarse resolution models (e.g. GCMs) project an increase in
seasonal precipitation over Canada, the 10 km WRF simulations discussed above indicate a potential
decrease in JJA precipitation over western Canada. However, wet extremes are projected to intensity at
the same time albeit the CanRCM4 ensemble investigated here indicate a likely decrease in maximum 5-

day precipitation (RX5day) in JJA over the Canadian Prairies.
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6 Summary and conclusions

Future changes in daily precipitation and temperature characteristics over Canada are

documented in this study as part of the Changing Cold Regions Network (CCRN) future scenarios of change
initiative. For this purpose, relevant climate variables were obtained from CCCma. Outputs from CanESM?2
have been downscaled dynamically by using the CCCma Regional Climate Model (CanRCM4) at 0.44° (50
km) horizontal resolution under RCP8.5. After evaluating the CanRCM4 data against observations,
substantial biases were found. Therefore, a multivariate bias correction algorithm was applied to the
climate model outputs to adjust the data against a gridded climate product (WFDEI). Subsequently, we
investigated whether the raw climate change signals were preserved after applying bias correction to the
original data. Changes in mean climate and extremes are computed for two 30-year non-overlapping
future periods: 2021-2050 (2030s) and 2071-2100 (2080s) relative to 1979-2008 (1990s), and for four
seasons: DJF, MAM, JJA and SON as well as on an annual (ANN) basis. Based on these analyses, the most
important findings of our study include:

(1) Interms of the temporal evolution, mean precipitation may increase over the MRB by the end of the
21% century. On a seasonal basis, higher increases are projected for the SON, DJF, MAM, and JJA,
respectively. Over the SRB, apart from a likely decrease in JIA precipitation, increases in mean
precipitation are projected for DJF, MAM and SON, respectively by the year 2100. Spatially, the
projections indicate an increase in precipitation over most of Canada, with larger increases expected
in the 2080s. However, decreases are projected for the southwestern parts of the United States in the
DJF and MAM. In the JJA, a large belt of the Canadian Prairies may expect a decrease in mean
precipitation by the end of the 21 century. Apart from a projected decrease in precipitation for the
JJA over the SRB, both basins may experience an increase in precipitation in the 2030s and 2080s.

(2) Relative to the historical period, mean air temperature over Canada is projected to intensify with

increasing radiative forcing in the future. Temporally, the areal averaged time series over MRB and
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SRB indicate that air temperature in DJF and MAM will likely be more variable compared to JJA and
SON. The spatial patterns of changes in mean temperature show strong increases in the northern high
latitude regions, particularly in the DJF season. On a river basin scale, the DJF season may experience
the most warming of about 8.6°C over the MRB during the 2080s. However, the case is different for
the SRB where the most warming of 7.2°C is projected in the JJA during the 2080s.

Regarding wet and warm extremes, the examined climate indices are projected to increase more than
the mean over the study area by the end of the 21° century. In terms of the probability distribution
of extremes, across the MRB and SRB, larger tails are projected for the JJA compared to other seasons,
and more so for the 2080s. For temperature extremes, TNn is projected to warm faster than TXx,
particularly in the DJF and towards the poles. This in turn results in a projected decrease in DTR,
implying that warmer air temperatures may prevail throughout the year in a warmer climate. Also,
regions affected by smaller changes in the mean also tend to experience the smallest projected
changes in the magnitude of extremes, and vice versa. The SRB is projected to get drier in the JIA,
accompanied with a decrease in wet extremes. However, mean and extreme temperature are
projected to likely increase over this basin.

Compared to observations, the raw CanRCM4 outputs contained systematic biases which
necessitated bias correction towards WFDEI. Throughout the paper, the impact of the climate change
signal based on the uncorrected and corrected data have been discussed. We found a large difference
between the climate indices computed from both data sets. For example, in Fig. 11, the climatological
daily mean temperature over the MRB in July for CanRCM4_Raw in the 1990s is 18°C while the
corrected one is ~13 °C. This results in a 5°C warm bias which can have various consequences for
hydrology and water resources management. Therefore, it was of paramount importance to evaluate

CanRCM4 outputs for the presence of biases and correcting these outputs towards WFDEI prior to
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deriving the projected climate change signals shown here. Nonetheless, the WFDEI product is not
perfect and caution should be exercised when interpreting these results.

(5) Finally, it is worth mentioning that the results presented in this study are in line with findings from
the IPCC ARS5. Furthermore, the analyses utilized outputs from only one global climate model
(CanESM2) and one RCM (CanRCM4), however, there exist a large spread in the CMIP5 multi-model
ensemble. This limitation can be overcome in future studies by evaluating additional RCM outputs
from the CORDEX-NA larger ensemble. It is hoped that such efforts will strengthen further the findings
of this study. While we did not explain the physical basis for the projected changes of precipitation
and temperature documented here, it is recommended that future changes in temperature and
precipitation characteristics be evaluated in relation to changes in atmospheric circulation patterns,
and feedback mechanisms such as snow cover changes, soil moisture, and vegetation dynamics.
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520 List of Tables

521  Table 1: List of seven variables used for multivariate bias correction. The heights and units for each
522  variable are shown

WEFDEI CanRCM4
Variable Height Unit Height Unit
Precipitation Surface  kgm?st Surface  kgm?s?
Air Temperature 2m K 2m K
Specific Humidity 2m kg kg 2m kg kg?
Wind Speed 10m mst 10 m ms?
Surface Pressure Surface Pa Surface Pa
Surface Downwel!lng Surface W m? Surface W m?
Shortwave Radiation
surface Downwelling Surface ~ Wm? Surface W m?

Longwave Radiation

523

524  Table 2: Summary of projected changes (%) in daily mean precipitation for DJF, MAM, JJA, SON, and annual
525 (ANN) scales during the 2021-2050 (2030s) and 2071-2100 (2080s) relative to 1979—-2008 (1990s) over

526  the Mackenzie (MRB) and Saskatchewan (SRB) River basins

MRB SRB
2030s ‘ 2080s 2030s 2080s
raw corr raw corr raw corr raw corr
DJF 12.4 120 28.8 26.7 157 154 48.0 46.6
MAM 17.1 175 49.8 479 199 232 51.2 56.7
JA 94 97 181 188 19 25 -18 -15
SON 17.0 18.1 419 429 18.2 20.7 38.8 429
ANN 129 13.7 305 317 103 128 225 279

527

528

529

530

531

532

533
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534  Table 3: Summary of projected changes (°C) in daily mean temperature. Other information is the same as

535 in Table 2.

MRB SRB
2030s 2080s 2030s 2080s
raw corr raw corr raw corr raw corr
DJF 33 33 85 86 26 26 64 64
MAM 19 19 51 52 15 15 42 42
JJIA 24 24 61 61 28 27 72 72
SON 24 24 63 64 21 20 57 538
ANN 25 25 66 66 22 22 58 59

536

537  Table 4: Summary of projected changes (%) in maximum 5-day precipitation (RX5day) for DJF, MAM, JJA,
538 and SON during the 2021-2050 (2030s) and 2071-2100 (2080s) relative to 1979-2008 (1990s) over the

539 Mackenzie (MRB) and Saskatchewan (SRB) River basins

MRB SRB
2030s ‘ 2080s 2030s 2080s
raw corr raw corr raw corr raw corr
DJF 11.2 126 311 30.6 17.5 16.2 51.7 46.7
MAM 16.1 16.5 414 455 242 214 517 526
JA 100 81 164 156 36 3.2 -01 -1.7
SON 15.1 16.0 39.8 39.5 143 16.7 27.1 323
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548  Table 5: Summary of projected changes (°C) in monthly minimum of daily minimum temperature (TNn),
549 monthly maximum of daily maximum temperature (TXx), and diurnal temperature range (DTR) for DJF,
550 MAM, JJA, and SON during the 2071-2100 (2080s) relative to 1979-2008 (1990s) over the Mackenzie

551 (MRB) and Saskatchewan (SRB) River basins.

MRB SRB
TXx ‘ TNn DTR TXx TNn DTR
raw corr raw corr raw corr raw corr raw corr raw corr
DJF 45 44 94 94 -12 -12 28 27 93 93 -17 -19
MAM 34 33 73 74 -10 -14 32 30 59 61 -09 -11
JA 62 62 61 61 01 01 72 72 67 68 04 04
SON 50 49 81 82 -07 -08 52 51 66 67 -04 -05

552
553
554
555
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560  are testbeds for the Changing Cold Regions Network large-scale hydrological modelling strategy.
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Figure 2: Quantile-quantile plots for days with >1 mm daily precipitation (R1Imm) before (a) and after bias

correction (b). All grid points over the domain are used. The color scale indicates the fifteen ensemble
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Figure 3: Temporal evolution (1950 — 2100) of basin-averaged mean daily precipitation for DJF, MAM, JJA,
and SON. The anomalies are displayed relative to the reference period 1979-2008. Solid lines indicate the
15-member ensemble mean while the shading denotes the spread across ensemble members. Time series
are shown for WFDEI (black), CanRCM4_Raw (red), and CanRCM4_Corr (blue) over the Mackenzie (left)

and Saskatchewan (right) River basins.
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Figure 4: The multi-ensemble mean of climatologically averaged changes in daily mean precipitation (%)
for DJF, MAM, JJA, SON, and annual (ANN) during the 2021-2050 (b) and 2071-2100 (c) future periods
relative to 1979-2008. The spatial pattern of the observed WFDEI (a) product is also shown to aid in
understanding future changes in the spatial variation of precipitation. The results are displayed both for

the uncorrected (CanRCM4_Raw) and bias-corrected (CanRCM4_Corr) outputs.
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Figure 5: Temporal evolution (1950 — 2100) of basin-averaged daily mean temperature for DJF, MAM, JJA,
and SON. The anomalies are displayed relative to the reference period 1979-2008. Solid lines indicate the
15-member ensemble mean while the shading denotes the spread across ensemble members. Time series
are shown for WFDEI (black), CanRCM4_Raw (red), and CanRCM4_Corr (blue) over the Mackenzie (left)

and Saskatchewan (right) River basins.
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599 Figure 6: The ensemble mean of temporally averaged projected changes in daily mean temperature (°C)
600 for DJF, MAM, JJA, SON, and annual (ANN) during the 2021-2050 (b) and 2071-2100 (c) future periods as
601  differences from the historical period (1979-2008). The spatial pattern of the observed WFDEI (a) product
602 is also shown to aid in understanding future changes in the spatial structure of temperature. Other
603 information is the same as in Fig. 4.
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608  Figure 7: The ensemble mean of temporally averaged projected changes in maximum 5-day precipitation
609  (RX5day) for DJF, MAM, JJA, SON, and annual (ANN) during the 2021-2050 (a) and 2071-2100 (b) future
610 periods relative to 1979-2008. Other information is the same as in Fig. 4.
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616  Figure 8: The ensemble mean of temporally averaged projected changes in extremely wet days (R99p)
617  during the 2021-2050 (a) and 2071-2100 (b) future periods relative to 1979-2008). Other information is
618  the same as in Fig. 4.
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