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ABSTRACT

Many studies have reported projected increases in the frequency and intensity of extreme precipitation events
in a warmer future climate. These results challenge the assumption of climate stationarity, a standard hypothesis
in the estimation of extreme precipitation quantiles (e.g., 100-yr return period) often used as key design criteria
for many infrastructures. In this work, changes in hourly to 5-day precipitation extremes occurring between the
1980-99 and 2080-99 periods are investigated using three large ensembles (LE) of climate simulations. The first
two are the global CanESM2 50-member ensemble at a 2.8° resolution and the global CESM1 40-member
ensemble at a 1° resolution. The third is the regional CRCMS 50-member ensemble at a 0.11° resolution, driven
at its boundaries by the 50-member CanESM2 ensemble over the northeastern North America (NNA) and
Europe (EU) domains. Results indicate increases in the frequency of future extreme events, and, accordingly, a
reduction of the return period of current extreme events for all tested spatial resolutions and temporal scales.
Agreement between the three ensembles suggests that extreme precipitations, corresponding to the 100-yr
return period over the reference period, become 4-5 (2-4) times more frequent on average for the NNA (EU)
domain for daily and 5-day annual maximum precipitation. Projections by CRCMS5-LE show even larger in-
creases for subdaily precipitation extremes. Considering the life-span of many public infrastructures, these
changes may have important implications on service levels and the design of many water infrastructures and for
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public safety, and should therefore be taken into consideration in establishing design criteria.

1. Introduction

Daily and subdaily extreme precipitation events are of
high importance when considering the design of public
water infrastructures with long life expectancy. Due to
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the relatively short observational records and rarity of
such events, methods based on the statistical theory of
extreme value have traditionally been used to estimate
high precipitation quantiles (e.g., the 100-yr return pe-
riod; Katz 2013; Schulz and Bernhardt 2016). However,
actual design criteria generally assume that the climate
is stationary, ignoring the scientific evidence pointing to
human-induced global warming (Katz 2013; Mailhot
and Duchesne 2010; Milly et al. 2008). It is expected that
projected increases in global temperature will lead to
an increase in the intensity of extreme rainfall events,
partly because a warmer atmosphere can hold more
moisture (IPCC 2013; Lenderink and Fowler 2017
Trenberth 1999; Trenberth et al. 2003). However, the
relationship between the increase in temperature and
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the projected change in extreme precipitation, espe-
cially at the subdaily scale, has been shown to be rather
complex (Lenderink and Fowler 2017; Lenderink et al.
2011; Prein et al. 2017; Westra et al. 2014; Zhang
et al. 2017).

Many studies, using various trend detection methods
(Min et al. 2011; Westra et al. 2013) and datasets
(Alexander et al. 2006; Donat et al. 2013b), have found
that about two-thirds of the data-covered global land
areas exhibit positive trends in annual daily pre-
cipitation extremes for the latter half of the twentieth
century. Significant increases of various precipitation
extremes indices have also been reported (Easterling
et al. 2000; Groisman et al. 2005; Madsen et al. 2014;
Seneviratne et al. 2012; Trenberth et al. 2007). In-
creasing trends in daily precipitation extremes were
observed for the eastern half of North America (Donat
et al. 2013b; Easterling et al. 2000; Groisman et al. 2005).
Similar increases over many regions of Europe, notably
over eastern and northern Europe, were also reported
while decreases were observed in southern Europe and
around the Mediterranean Basin (Donat et al. 2013b;
Easterling et al. 2000; Groisman et al. 2005; Madsen
et al. 2014; van den Besselaar et al. 2013; Zolina 2012).

There is also evidence, as highlighted in reviews by
Westra et al. (2014) and Madsen et al. (2014), that an-
thropogenic climate change is also likely leading to an
increase in recorded subdaily precipitation extremes.
For instance, studies showed increases for durations
ranging from multiple hours to days for North America
(Brommer et al. 2007; Burn et al. 2011; Kunkel et al.
2013; Muschinski and Katz 2013) and for Europe
(Arnone et al. 2013; Leahy and Kiely 2011; Madsen et al.
2009; Ntegeka and Willems 2008; Wang et al. 2011).

The Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (ARS5; IPCC 2013)
concluded with high confidence that, by the end of the
twenty-first century, the frequency of daily precipitation
extremes will likely increase for midlatitude land
and wet tropical regions due to global warming (see
also Kharin et al. 2007, 2013; Sillmann et al. 2013a,b;
Wuebbles et al. 2014).

These results are further supported by high-resolution
regional climate models (RCMs), which brought sig-
nificant improvements in the representation in both
daily and subdaily precipitation extremes (Prein et al.
2013; Tripathi and Dominguez 2013) at the local and
regional scale (Maraun et al. 2010). RCMs with a spatial
resolution of ~10km using parameterized convection
have been shown to adequately capture the intensity of
daily precipitation extreme events (Ban et al. 2014).
However, a resolution on the order of a few kilometers is
required to adequately resolve the convective processes
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directly linked to subdaily summer extreme rainfall
which occurs at very small scales (Chan et al. 2014;
Kendon et al. 2017; Prein et al. 2015; Westra et al. 2014).
Convective permitting scales have also clearly improved
the model performance in terms of reproducing pre-
cipitation circulation with orography (Rasmussen et al.
2011). Convective precipitation may also be very sensi-
tive to the selection of the model physics (Mooney
et al. 2017).

Multimodel ensembles of RCM simulations, com-
bining various RCMs and GCMs, were recently pro-
duced to assess the impact of climate change over
specific regional domains and to assess the impact of
regional and global model uncertainties on projections.
Examples of such ensembles are the Coordinated Re-
gional Climate Downscaling Experiment (CORDEX)
for North America (NA-CORDEX; Mearns et al. 2017)
and the North American Regional Climate Change
Assessment Program (NARCCAP; Mearns et al. 2012)
ensembles for North America and the ENSEMBLES
(van der Linden and Mitchell 2009) and EURO-
CORDEX (Jacob et al. 2014) ensembles for Europe.
However, few studies have investigated changes in more
extreme precipitation events over North America (e.g.,
Mailhot et al. 2007, 2012; Mladjic et al. 2011; Wehner
2013; Zhu 2013) and Europe (e.g., Aalbers et al. 2018;
Hosseinzadehtalaei et al. 2018; Rajczak and Schir 2017).
In general, large projected changes (mostly increases)
have been reported by these studies.

An important issue, relevant to all studies using out-
put from climate models, is the impact of the spatio-
temporal resolution on simulated extreme precipitation
series. A coarser spatial resolution is expected to smooth
out extreme and provide an inaccurate representation
of the finescale processes involved in the generation
of extreme and spatially heterogeneous extreme pre-
cipitation (Chen and Knutson 2008; Volosciuk et al.
2015). These limitations should be kept in mind as it is
expected that short-duration extreme precipitation
should be more impacted by climate change (see, e.g.,
Mailhot et al. 2012; Prein et al. 2017; Westra et al. 2014).
These spatiotemporal scaling issues have been pre-
viously explored with both observational datasets
(Gehne et al. 2016; Westra et al. 2014; Zolina et al. 2014)
as well as climate model experiments (Chan et al. 2014;
Chen and Knutson 2008; Mailhot et al. 2012; Volosciuk
et al. 2015) but remain a limitation for most studies.

Large ensembles (LE) are generated by running a
climate model many times with slightly different initial
conditions, resulting in different simulations for the
same time period and forcing scenario after merely a few
weeks (Deser et al. 2012a; Martel et al. 2018). LE helps
disentangle intermodel variability from natural climate
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variability (Fischer et al. 2013; Kay et al. 2015; Martel
et al. 2018) and provide climatological series long enough
to robustly assess possible changes in very rare events
(such as the 100-yr return period event).

These ensembles have gained in popularity over the
past years (e.g., Aalbers et al. 2018; Deser et al.
2012a,b, 2014; Fischer et al. 2014; Kay et al. 2015;
Martel et al. 2018; Sanderson et al. 2018; Thompson
et al. 2015). However, due to their high computa-
tional costs, these ensembles are still relatively rare,
especially when it comes to high-resolution RCMs
(Aalbers et al. 2018; Leduc et al. 2019; Mizuta
et al. 2017).

The objectives of this study are twofold: 1) assess the
projected future changes in the frequency of large ex-
treme precipitation events (up to 100-yr return period
events) using three LE of climate simulations [two
global ensembles—Canadian Earth System Model,
version 2, Large Ensemble (CanESM2-LE) and
Community Earth System Model, version 1, large en-
semble (CESM1-LE)—and one regional ensemble—
Canadian Regional Climate Model, version 5
(CRCMS5-LE)], and 2) check the global consistency of
the projected changes in extreme precipitations and
evaluate the impact of both the spatial resolution and
temporal scale of LE models on the projected future
changes. The three LE of climate simulations and the
methods used in their production are presented in
section 2, while the analysis methods are described in
section 3. Results and discussion are shown in sec-
tion 4. Finally, concluding remarks are presented in
section 5.

2. Datasets

Three LE were considered in this study. Two of these
ensembles are global, and use two different ESMs, while
the third one is produced by an RCM driven by a GCM
over two distinct domains.

a. CanESM?2 and CESM1 large ensembles

The first ensemble is CanESM2-LE from the Cana-
dian Centre for Climate Modeling and Analysis
(CCCma), with a 2.8° spatial resolution (Arora et al.
2011; Sigmond and Fyfe 2016; von Salzen et al. 2013).
First, five simulations over the 1850-1950 period were
launched to obtain five different states of the oceans,
and these were then used as the initial conditions for
five simulation families. This step allowed accounting
for some of the oceanic variability, which is charac-
terized by a much longer response time than the at-
mosphere. These five initial conditions were each
randomly perturbed 10 times, and simulations ran

MARTEL ET AL.

1091

until 2006 using historical forcing, and then using the
representative concentration pathway (RCP) 8.5
forcing scenario (RCP8.5; Meinshausen et al. 2011)
until 2100. Fifty simulations (called members) cover-
ing the 1950-2100 period, for a total of 7500 (50
simulations X 150 years) simulated years were there-
fore produced.

CESMI1-LE consists of 40 climate simulations
(members) at a 1° resolution covering the 1920-2100
period (Kay et al. 2015). First, a multicentury control
simulation starting in 1850, and using constant pre-
industrial forcing, was run until 1920. In contrast to
CanESM2-LE, all 40 simulations were produced using
the same initial ocean state. From there, the air tem-
perature fields were randomly perturbed 40 times at
the round-off error level. The RCP8.5 forcing scenario
was also introduced from 2006 to the end of the
century.

The representation of interannual mean and vari-
ability within CanESM2-LE and CESM1-LE was in-
vestigated for both the total wet-day precipitation
(PRCPTOT; total precipitation on days with pre-
cipitation = 1 mm) and the annual maximum 1-day pre-
cipitation (RX1day) in a study by Martel et al. (2018).
Both precipitation indices were compared against the
observed Hadley Centre Global Climate Extremes Index
2 (HadEX2; Donat et al. 2013b; resolution of 2.5°
latitude X 3.75° longitude) and Global Historical Cli-
matology Network-Daily climate extremes (GHCNDEX;
Donat et al. 2013a; resolution of 2.5° latitude X 2.5° lon-
gitude) gridded datasets. The spatial patterns of interan-
nual mean and variability were found to be globally in
good agreement with those of HadEX2 and GHCNDEX
datasets for both PRCPTOT and RXlday, albeit to a
lesser extent for the latter.

b. CRCMS5 large ensemble

CRCMS (Martynov et al. 2013; Separovié et al. 2013)
was developed by the Université du Québec a Montréal
(UQAM) Centre for the Study of Climate Simulations
at the Regional Scale [pour I’Etude et la Simulation du
Climat 4 ’Echelle Régionale (ESCER)] in collabora-
tion with ECCC. The CRCMS was run at a resolution of
0.11° over two different regional domains: northeast-
ern North American (NNA) and European (EU)
(Fig. 1). The CRCMS5 50-member ensemble (CRCMS5-
LE; Leduc et al. 2019) was produced within the Climate
Change and Hydrological Extremes (ClimEx) project,
part of a long-term collaboration between Bavaria and
Quebec (http://www.climex-project.org/). The 50 mem-
bers were run using the 6-h atmospheric and daily oce-
anic field outputs from CanESM2-LE at the boundaries
of both domains covering the 1950-2100 period. ClimEx
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FIG. 1. Digital elevation model (DEM) used in CRCMS5-LE for the (a) northeastern North America (NNA) and
(b) Europe (EU) domains. Red dots appearing in the NN A domain represent, from left to right, Chicago, Montreal,
and Halifax. Red dots appearing in the EU domain correspond, from top to bottom, to London, Munich, and

Barcelona.

data will be available for public download in the near
future. Six grid points next to large metropolitan areas
(three per domain) that will be further analyzed in this
study are also shown in Fig. 1. These were selected as
results showed that they displayed distinctive pattern of
changes of future extreme precipitation.

Evaluation of CRCMS5-LE output was performed using
different observed gridded datasets for both domains
(Leduc et al. 2019). Regarding mean daily precipitation, a
wet bias was observed throughout the year for both the
NNA and EU domains with a strong dominant compo-
nent in winter for both domains. A dry bias was also
observed in summer for southwestern NNA and eastern
Europe. A comparison with a CRCMS run driven by the
ERA-Interim reanalysis (ERA-CRCMS5) showed that a
significant portion of the wet bias can be attributed to
CanESM2-LE (Leduc et al. 2019). The CRCMS5 perfor-
mance, notably in terms of extreme precipitation quan-
tiles and annual and daily cycles, has also been evaluated
in a study by Innocenti et al. (2019). A comparison of the
ERA-CRCMS simulation against station records for
NNA domain showed good agreement for 2-, 10-, and
25-yr short-duration extreme precipitation quantiles but
overestimations for daily and longer-duration extreme
precipitation in some regions. The ERA-CRCMS5 run
provided a good representation of both the annual and
diurnal cycles.

3. Methods

Cumulative annual maximum precipitation (AMP)
series (AMPS) for various temporal scales (from 1 h to
5 day) were extracted and used to estimate long return
periods (i.e., 100-yr return period). Daily and 5-day
annual precipitation extremes were first extracted for
all grid points of all CanESM?2 and CESM1 members

for both the 20-yr reference (1980-99) and future
(2080-99) periods. With only hourly outputs being
available for CRCMS5-LE, moving windows were in-
stead used to extract the AMP (e.g., a 24-h moving
window was used instead of the daily value to create
the 24-h AMPS). CRCM5-LE 1-120-h (5-day) AMPS
were thus similarly constructed for all grid points over
both domains. AMPS from the different members
were then pooled for each period, leading to a 1000-yr
AMPS for CanESM2-LE and CRCM5-LE (20 years X
50 members) and an 800-yr AMPS for CESM1 (20
years X 40 members). The framework used in this
study is built on the assumption of an ergodic process
(Nikiéma et al. 2018), given that the human-induced
climate change signal (external forcing) will be domi-
nated by natural variability when investing a short
time window (i.e., the time series are stationary over
this time window).

Pooling the AMPS from the different members is
based on the hypothesis that these series can be con-
sidered stationary over the given 20-yr period. The ex-
istence of local trends at each grid point for the three LE
was therefore assessed using the nonparametric Mann—
Kendall test (Kendall 1975) at a 95% confidence level.
The distribution of the number of grid points with a
given number of members with significant trends was
compared to the binomial distributions, and differences
between these distributions were assessed through the
Kolmogorov-Smirnov test (95% confidence level). The
binomial distribution was considered as it represents
the distribution of the number of members that would
randomly display a significant trend (5% probability to
randomly generate significant trends) over 50 trials
(members). The null hypothesis was accepted in all cases
for both the 1980-99 and 2080-99 periods. Thus, the
reference and future 20-yr time series can be considered
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FI1G. 2. Maps of the projected return period over the 2080-99 period of the (top) 1- and (bottom) 5-day AMP with
same intensity as the 100-yr AMP over the 1980-99 period for (a),(c) CanESM2-LE and (b),(d) CESM1-LE.

stationary. A similar analysis was conducted for 30-yr
durations (1980-2009 and 2070-99) and time series for
many grid points were found to be not stationary.

The pooled time series were then sorted and used to
estimate the empirical quantiles based on the Cunnane
plotting position (Cunnane 1978; Meylan et al. 2008).
Empirical estimates were used considering the length of
available series (1000 years for CanESM2-LE and
CRCMS5-LE and 800 years for CESM1-LE). The 100-yr
return period AMP was first estimated for the reference
period at each grid point. The 2080-99 return period
corresponding to the 1980-99 100-yr precipitation in-
tensity was then estimated, therefore providing the
projected change in the frequency of this extreme event
(hereafter, future 1-day-T and 5-day-T for CanESM2-
LE and CESM1-LE and future 1-h-T, 24-h-T, and 120-
h-T for CRCMS-LE, depending on the temporal scale).
A reference 100-yr 24-h rainfall AMP of 100 mm in-
creasing to 130 mm over the future period, and where a
100-mm rainfall now corresponds to a 20-yr AMP can be
used as an example. In this case, the future changes in
the reference 100-yr AMP could be expressed as a 30%
relative increase, or by becoming a 20-yr AMP (an event
5 times as frequent). Expressing the future change in
terms of changes in future return period of the reference
100-yr AMP was considered as it gives potential users a
sense of the actual severity of the event they may have

experienced in the past (and for which they may have an
idea of the impact).

4. Results and discussion
a. Projected changes at the global scale

Projected future changes for 1- and 5-day AMPs at the
global scale using CanESM2-LE and CESM1-LE were
first analyzed. Figure 2 presents the projected return
period over the 2080-99 period of 1- and 5-day AMPs
(1-day-T and 5-day-T) having the same intensity as the
100-yr event over the 1980-99 reference period. Cumu-
lative distributions of land gridpoint projected return
periods of the reference 100-yr AMP are shown in Fig. 3.

Figure 2 shows that the frequency of future 1-day-T
and 5-day-T increase for almost all grid points, with the
exception of some subtropical and tropical regions, no-
tably for CanESM2-LE. Previous studies based on the
CMIP5 ensemble have shown that these regions have
strong natural variability and a relatively low intermodel
agreement in the projected changes in precipitation
extremes (IPCC 2013; Kharin et al. 2007; Kharin et al.
2013). For instance, both ensembles display opposite
signs in the projected changes over the Amazon basin,
but CESM1-LE tends to be closer to the results from
the CMIP5 intermodel mean obtained in previous
studies. Aside from these discrepancies, there is global
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FIG. 3. CDFs of the projected return period over the 2080-99 period of the (a) 1- and (b) 5-day AMP with the
same intensity as the 100-yr AMP over the 1980-99 period. Distributions are shown for all land grid points from
CanESM2-LE (red curve) and CESM1-LE (blue curve). The dashed vertical line corresponds to the 100-yr return
period. Values on the x-axis longer than 100 years are not displayed.

agreement between both large ensembles in the pro-
jected global change in precipitation extremes. Global
patterns of changes for 1-day-T and 5-day-T for both LE
are also very similar (Fig. 2a vs Fig. 2¢ and Fig. 2b vs
Fig. 2d).

Figure 3 shows that there is an overall strong agree-
ment between the distributions of projected changes
by CanESM2-LE and CESM1-LE for both 1-day-T and
5-day-T. Approximately 94% (98%) of land grid points
for CanESM2-LE and 92% (98%) for CESM1-LE ex-
perience more frequent 1-day (5-day) precipitation ex-
tremes in the future. The median value of the future
1-day-T (5-day-T) is 18 (22) years for land grid points
(without Antarctica) for CanESM2-LE and 19 (22) years
for CESM1-LE, meaning that a 100-yr return period over
the 1980-99 reference period is about 4-5 times more
frequent in 2080-99 for half of the land grid points.

Similar results were obtained for the reference 20-yr
AMP both in terms of the sign and the magnitude of the
projected changes (Figs. S1 and S2 in the online sup-
plemental material). The median value over land grid
points of the future 1-day-T (5-day-T) is 6 (6) years for
CanESM2-LE and 6 (7) years CESM1-LE, or between 3
and 4 times more frequent. It should be noted that these
results corroborate those obtained in the studies of
Kharin et al. (2007, 2013), where the multimodel aver-
age (29 CMIP5 models) global median value for all land
grid points of the projected return period of the 20-yr
daily AMP by 2100 with the same intensity as the 20-yr
return period over 1986-2005 was also found to be
6 years.

b. Projected changes over the North American and
European domains

The projected return period with the same intensity
as the 100-yr AMP over the 1980-99 period simulated
by CRCMS-LE over the NNA and EU domains are
displayed in Fig. 4. Cumulative distributions of land

gridpoint values at various durations over CRCMS-LE
are presented in Fig. 5.

For the NNA domain, an overall increase in frequency
of extreme precipitation events is projected (Figs. 4a—c
and 5a). A west-to-east gradient toward a greater re-
duction in the future return period can be seen for all
durations, especially for the 1-h AMP. Some orographic
effects can be observed for the 1-h AMP as greater re-
ductions in the return period are observed above the
Appalachian Mountains (see the topography in Fig. 1a).
The shortest projected return periods would be reached
over the east coast, with return periods shorter than 10
years for the future 1-h-T, corresponding to more than a
tenfold increases in frequency of the reference 100-yr
AMP events. Approximately 30% of NNA land grid
points experience more than a tenfold increase in the 1-h
AMP. This fraction quickly decreases as the duration
increases since fewer than 5% of land grid points
experience a tenfold increase or greater for the 24-h
AMP. For the future 24-h-T, the lower projected return
period values would range between 10 and 20 years,
representing a five- to tenfold increase in frequency. As
shown in Fig. 5a, the median future 1-h-T is 14 years,
while for the future 24-h-T and 120-h-T, median values
over land grid points are 18 and 20 years, respectively.

Significant increases in precipitation extremes over
most of the EU domain were also observed, although
these increases are not as high as those seen over the
NNA domain (Figs. 4d-f and 5b). For the 1-h AMP
(future 1-h-T), the median future return period is 26, as
years compared to 35 and 42 years respectively for the
24-h and 120-h AMP. The greatest reductions in return
period are observed in high-altitude regions (e.g., the
European Alps; also see Giorgi et al. 2016), the Scan-
dinavian countries and Ireland (with values ranging
between 5 and 10-yr return periods for the 1-h AMP). It
should be noted that the European Alps can easily be
seen in Figs. 4d-f, especially for the 1-h duration. Other
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FIG. 4. Projected return period over the 2080-99 future period of the (a),(d) 1-, (b),(e) 24-, and (c),(f) 120-h AMP with same intensity as the
100-yr AMP over the 1980-99 period as simulated by CRCMS5-LE for the (top) NNA and (bottom) EU domains.

high-altitude regions also stand out, such as the Pyr-
enees, the Dinaric Alps, the Balkan Mountains, and the
Carpathian Mountains (see Figs. 4d and 1b for high-
altitude regions). Figures Sc and 5d also show that pro-
jected increases in extreme precipitation at the hourly
and subdaily scales are greater than for daily and mul-
tiday extremes over both regions.

Results from CRCMS-LE, CanESM2-LE, and CESM1-
LE were then compared to assess the consistency of
projected changes for 1- and 5-day (24 and 120h for
CRCMS-LE) AMP over the NNA and EU domains. A
total of 81 (100) land grid points of CanESM2-LE and
525 (662) for CESM1-LE were therefore considered for
the NNA (EU) domains. The CDF of land gridpoint
projected return periods over the 2080-99 period for the
three LE for both domains are presented in Fig. 6. Maps
of the projected changes are shown in Figs. S3 and S4.

Figures 6a—c show that all land grid points of the NNA
domain experience increases in AMP (corresponding to
decreases in the projected return period) according to
the three LE for both 1-day (24h) and 5-day (120h)
AMP. A very large fraction of land grid points similarly
displays large increases in extreme precipitation for the

EU domain [100%, 94%, and 94% for 1-day (24h) AMP
and 95%, 91%, and 86 % for 5-day (120 h) AMP according
to CanESM2-LE, CESMI1-LE, and CRCMS5-LE, re-
spectively]. Also, for the NNA domain, all ensembles
point to large increases in AMP, with more than four-
to fivefold increases in frequency for half of the land
grid points. With respect to the EU domain, half of the
land grid points display more than two- to threefold
increases in frequency of the reference 100-yr AMP.
In general, other studies based on different method-
ologies and on various extreme precipitation metrics
have also reported significant increases over the NNA
(Mailhot et al. 2007, 2012; Mladjic et al. 2011; Wehner
2013; Wuebbles et al. 2014) and EU (Aalbers et al.
2018; Rajczak and Schér 2017) domains, but in terms
of relative changes for the different return periods
investigated.

Figure 6 also shows that, on both domains, projected
future return periods associated with 1-day (24h) and
S5-day (120h) 100-yr AMP in the reference climate as
simulated by CanESM2-LE are shorter than correspond-
ing values simulated by CESM1-LE and CRCMS5-LE.
It should be noted that despite large differences in terms of
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FIG. 5. CDFs of the projected return period over the 2080-99 period of AMP with the same intensity as the 100-yr
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point 120-h-T values and corresponding 1-h-T (pink), 6-h-T (blue), and 24-h-T (orange) values. Only land grid
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to the 100-yr return period. Values on the x axis longer than 100 years are not displayed in (a) and (b) and those

smaller than 50 years are not displayed in (c) and (d).

spatial resolution and model structures, projected changes
are consistent across all three climate models on both
domains for the 100-yr return period AMP. It is also in-
teresting to note that, when projected changes are ex-
pressed in terms of changes in return period, the greatest
changes in future 100-yr return period AMP are estimated
by CanESM2-LE, which has the coarsest spatial scale.

Figure 7 presents the CDF of the land gridpoint rel-
ative changes (1 day/24h and 5 day/120h) occurring
between the 1980-99 and 2080-99 periods for 20- and
100-yr AMP over both domains. This figure provides a
complementary perspective to Fig. 6. It shows the pro-
jected future increases in terms of AMP intensity of the
reference 100-yr AMP, while Fig. 6 shows changes in
terms of frequency. Complementary maps of relative
changes in the 20- and 100-yr AMP for Fig. 7 are shown
in Figs. S5-S8.

Figure 7 shows consistent results over the NNA do-
main with all ensembles projecting similar increases for
both 20- and 100-yr as well as 1-day (24 h) and 5-day
(120h) AMP. For instance, all three ensembles project
that a larger proportion of land grid points experience
greater increases for 100-yr AMP than for 20-yr AMP,
and greater increases for 1-day (24h) AMP than for
5-day (120h) AMP. These are important results, as
they suggest that climate change impact more extreme
events (associated with long return periods), more

severely, and have a more severe impact on daily
AMP than on multiday AMP [result also reported by
Pendergrass (2018)]. Similar results can also be observed
over the EU domain (Figs. 7b—d). Increases in that case
are lower (with up to a quarter of the land grid points
experiencing relative decreases), but still greater for
longer return periods and daily AMP (see also Figs. S5
and S6 for the 20-yr AMP, Figs. S7 and S8 for the 100-yr
AMP). The picture over both domains is remarkably
consistent for all three LE and for both durations (1 day/
24h and 5 day/120h).

A comparison of gridpoint values from the three
ensembles over the reference period (1980-99; Figs. S9-S14)
shows that AMP values as simulated by CRCM5-LE
are much greater than corresponding values estimated
from CESM1-LE or CanESM2-LE for all durations,
return periods, and domains. Considering that the
output from the different climate models are in-
terpreted as spatial average over each grid point, the
spatial resolution can partly explain these differences
in AMP values (Chen and Knutson 2008; Sunyer et al.
2013), especially for 100-yr return period AMP. In-
creasing the spatial resolution enables a better repre-
sentation of local precipitation extremes, notably for
summer convective storms (Maraun et al. 2010; Prein
et al. 2013; Tripathi and Dominguez 2013). It is,
however, interesting to note that, despite these large
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FIG. 6. CDFs of the projected return period over the 2080-99 period for (a),(b) 1-day (24 h) and (c),(d) 5-day
(120 h) AMP for CanESM2-LE and CESM1-LE (CRCMS5-LE) with the same intensity as the 100-yr AMP over the
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the (left) NNA and (right) EU domains were considered. The dashed vertical lines correspond to the 100-yr return
period. Values on the x-axis longer than 100 years are not shown.

differences in terms of simulated AMP quantiles in the
reference climate, the three ensembles provide quite
consistent changes in terms of daily and multiday AMP
increases over both domains.

c. Projected changes for specific grid points close to
large urbanized areas

Considering the importance of assessing the impact of
climate changes on subdaily extreme precipitation in
urban areas, grid points corresponding to six cities, three
located in the NNA (Chicago, Illinois; Halifax, Nova
Scotia, Canada; Montreal, Quebec, Canada) and three
in the EU (Barcelona, Spain; London, United Kingdom;
Munich, Germany) domains were selected (Fig. 1).
Projected relative changes occurring between the 1980-
99 and 2080-99 periods for AMP durations from 1 to
120h and return periods equal to 2, 20, and 100 years
were assessed using CRCMS-LE (Fig. 8). Bootstrapping
with resampling (10000 samples) was used to estimate
the 95% confidence interval. This was done by com-
puting the relative change between both periods (1980-
99 and 2080-99) confidence intervals.

Relative changes curves shown in Fig. 8 point to large
increases for all city grid points, durations, and fre-
quencies (except for the Barcelona grid point for the
short return period and long-duration AMP and for
London grid point where relative changes are almost

identical for the three return periods), reaching up to a
71% increase for Halifax grid point. However, while large
relative increases are observed, they differ strongly for
each duration and frequency analyzed. In general, the
relative increases tend to be larger as the return period
increases or as the duration decreases. Furthermore, there
are strong local variations among the city grid points.

It should be noted that increases in AMP relative changes
as durations decrease are not as smooth for the 100-yr return
period (e.g., for the Chicago grid point, relative increases for
the 6-h 100-yr AMP are less than for 3- and 1-h AMP in-
creases). This may be due to larger uncertainties (sampling
errors) on empirical AMP quantile estimates in this case.
These can be significant, even when 1000-yr series are used
to empirically estimate the 100-yr AMP.

Although these projected relative changes are based
on a single land gridpoint series (some regional ana-
lyses could provide a more regional picture and reduce
sampling uncertainties for the 100-yr AMP), they show
that large increases in AMP can be expected at local
scales and should be accounted for, even if these esti-
mates remain uncertain.

5. Concluding remarks

The three large ensembles (LE) of climate simula-
tions, two global (the 40-member CESM1-LE and the
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50-member CanESM2-LE), and one based on a regional
model (the 50-member CRCMS5-LE), were considered
in this study. CRCMS5-LE simulations are available over
two domains, covering northeastern North America
(NNA) and the other one covering Europe (EU). The
CRCMS5-LE regional ensemble was generated by dy-
namically downscaling the CanESM2-LE over the
1950-2100 period. The RCP8.5 forcing scenario was
considered for all three ensembles.

The three ensembles point to a significant reduction in
the projected return period (corresponding to an in-
crease in intensity) over the 2080-99 period of the 100-yr
AMP over the 1980-2000 period at both global and re-
gional scales. The 100-yr annual maximum precipita-
tion (AMP) is more frequent in future climates for most
land grid points, with up to a tenfold frequency increase
for some grid points. Over a given state or country,
this means that larger populations and more cities,
towns, and municipalities will face larger extreme rain-
fall events.

Future return periods of 100-yr 1-day and 5-day AMP
estimated from CanESM2-LE and CESMI1-LE are
consistent over most of the land grid points, aside from
some discrepancies over subtropical and tropical re-
gions. At the regional level, on the northeastern North
America and Europe domains, CRCMS5-LE also showed
similar changes in future return periods for durations
ranging from 1 to 120 h.

More specifically, at the global scale using both
CanESM2-LE and CESM1-LE, 100-yr 1-day and 5-day
AMP over the reference period become 4-5 times more
frequent by the end of this century for half of the world’s
land grid points. At the regional scale, all three LE project
major increase in the 100-yr 1- and 5-day (24 and 120 h for
CRCMS5-LE) AMP, with more than half of land NNA
(EU) grid points experiencing a four- to fivefold (two- to
threefold) increase in frequency. Despite having different
model structures and resolutions, all three ensembles point
to a strong reduction in the projected return period of the
reference 100-yr AMP for the 1- and 5-day durations.

Results suggest that complex orography plays an im-
portant role in the projected changes. Greater reductions
in return periods for high-altitude regions are observed
within the regional model (e.g., the Appalachian Moun-
tains in the NNA domain and the Alps in the Europe
domain), notably for the 1-h AMP. Similar results, show-
ing that complex topography has an impact on future ex-
treme precipitations, have also been reported by Ban et al.
(2015) and Prein et al. (2017). This shows the “added
value” of higher spatial resolution when assessing regional
changes in extreme precipitation. The impact of complex
topography on the projected changes in precipitation ex-
tremes should be further investigated in future work.

Looking more specifically at the impact of AMP dura-
tions on projected changes for the regional CRCMS5-LE,
it was shown that short-duration 100-yr AMP experiences
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longer return period reductions. Therefore, the model re-
sults imply that the impact of climate changes are greater
on short-duration AMP.

Looking at the relative changes curves at some spe-
cific sites, it was shown that higher relative increases can
be expected for shorter durations and longer return
periods with strong local variations (from city to city).
For example, projected increases in intensity/frequency
of the 1-h 100-yr rainfall are greater than for the 6-h
20-yr rainfall. These results suggest that, in order to take
into consideration the projected changes in extreme
precipitation in actual design of hydraulic infrastructure,
different increases should be considered depending on
duration, return periods, and regions.

These large increases in the frequency of extreme
precipitation events have important implications since
the design of many types of infrastructure relies on es-
timations of extreme precipitation for various durations
and return periods. Based on the results highlighted in
this work (which corroborate those from other recent
studies), climate change adaptation strategies and de-
sign criteria must be revised to account for these ex-
pected large reductions in the projected future return
periods for precipitation extremes.

Several limitations of this study should be investigated
in future work. A single regional model was used to
explore the subdaily time scale. There are, however,
very few examples of such large ensembles run at the
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regional scale (Aalbers et al. 2018; Mizuta et al. 2017).
Analyses combining many LE generated from various
RCM-GCM combinations should help in assessing the
impact of climate model structure and resolution on
projected subdaily extreme precipitation. Multimodel
analysis is important since it is expected that intermodel
variability is likely one of the main sources of un-
certainties for long-term projections of extreme pre-
cipitation. Initiatives such as the High Resolution Model
Intercomparison Project (HighResMIP; Haarsma et al.
2016) could provide the necessary datasets to further
investigate this source of uncertainty.

Despite CRCM5’s relatively high spatial resolution
(0.11°), many processes, such as deep convection, occur
at spatial scales too small to be resolved explicitly at
the model grid scale, and are therefore parameterized.
While synoptic weather patterns are generally well
simulated at this resolution, a finer resolution is required
to comprehensively simulate small scale convective
events (Chan et al. 2014; Kendon et al. 2017; Prein et al.
2017, 2015). Convective-permitting models (CPM)
are therefore needed to resolve subdaily convective
extreme precipitation events, and confirm the results
obtained from convection-parameterized regional
models for subdaily extreme precipitation (Prein et al.
2015). It should be noted that there are new efforts to
generate multimodel ensembles at the convective-
permitting scales (Coppola et al. 2019; Prein et al. 2015).

Only the RCP8.5 forcing scenario, which is a high-end
emission scenario (IPCC 2013; Meinshausen et al. 2011),
was considered in this study. Clearly, other forcing scenarios
(e.g., RCP2.6 or RCP4.5) should be considered in order to
assess the sensitivity of the projected changes to anthropo-
genic forcing. This is even more important as emission
scenarios play an important role for the more distant future
periods, as considered in this work. Some authors suggest
that the most likely future emission scenario is probably
closer to the middle range of forcing scenarios currently
proposed, such as RCP4.5 or RCP6.0 (Raftery et al. 2017).
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