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Abstract
Short-duration precipitation extremes are widely used in the design of engineering infrastructure systems and they also 
lead to high impact flash flood events and landslides. Better understanding of these events in a changing climate is therefore 
critical. This study assesses characteristics of short-duration precipitation extremes of 1-, 3-, 6- and 12-h durations in terms 
of the precipitation-temperature (P–T) relationship in current and future climates for ten Canadian climatic regions using 
the limited area version of the global environment multiscale (GEM) model. The GEM simulations, driven by ERA-Interim 
reanalysis and two coupled global climate models (CanESM2 and MPI-ESM), reproduce the general observed regional P–T 
relationship characteristics in current climate (1981–2010), such as sub-CC (Clausius–Clapeyron) and CC scalings for the 
coastal and northern, and inland regions, respectively, albeit with some underestimation. Analysis of the transient climate 
change simulations suggests important shifts and/or extensions of the P–T curve to higher temperature bins in future cli-
mate (2071–2100) for RCP4.5 and 8.5 scenarios, particularly for 1-h duration. Analysis of the spatial patterns of dew point 
depression (temperature minus dew point temperature) and convective available potential energy (CAPE) corresponding to 
short-duration precipitation extremes for different temperature bins show their changing relative importance from low to 
high temperature bins. For the low-temperature bins, short-duration precipitation extremes are largely due to high relative 
humidity, while for high-temperature bins, strong convection due to atmospheric instability brought by surface warming is 
largely responsible. The analysis thus addresses some of the key knowledge gaps related to the behavior of P–T relationship 
and associated mechanisms for the Canadian regions.

Keywords  Short-duration precipitation extreme · P–T relationship · Climate change · Canada · Global environment 
multiscale (GEM) model

1  Introduction

In a warmer future climate, the intensity and frequency of 
extreme precipitation are expected to increase due to the 
increased water-holding capacity of the atmosphere (e.g., 
IPCC 2013). Such changes have been reported in various 
observational and climate modelling studies (e.g., IPCC 
2013; Berg et al. 2013), particularly for daily precipitation 

extremes. The projection of changes to short-duration such 
as sub-hourly or sub-daily precipitation extremes is highly 
desirable for many engineering applications such as storm 
water drainage and water resource systems. In particular, 
considering the rapid urbanization that is occurring and 
the fact that 68% of the population will be living in urban 
regions by 2050 (United Nations 2017), projected changes to 
short-duration precipitation extremes that can significantly 
affect urban infrastructure are essentially required. Regional 
climate models (RCMs) are useful tools to study projected 
changes to surface and subsurface climate and hydrological 
conditions. Indeed, in many socio-economic and engineering 
fields, RCM-based climate change information is being used 
to establish effective adaptations to the risks due to global 
warming. However, RCMs still have difficulty in simulat-
ing short-duration precipitation extremes as these extremes 
are generally mesoscale in nature and are associated with 
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processes such as deep convection, which are not resolved 
at RCM scales and are represented through various param-
eterizations. Thus, relatively low-resolution RCMs have 
substantial biases in simulating short-duration precipitation 
extremes (e.g., Teufel et al. 2017; Kim et al. 2018; Wood-
hams et al. 2018; Diro and Sushama 2019).

As an alternative, scaling of short-duration precipitation 
extremes with respect to temperature increases (P–T rela-
tionship, hereafter) is often used to obtain deeper insight 
on the evolution of extreme precipitation in a changing cli-
mate. Precipitation intensities are approximately expected 
to increase by ~ 7% per degree warming (°C) according to 
the Clausius–Clapeyron relationship (CC scaling, hereaf-
ter): de

s
∕dT = L

v(T)es∕Rv
T
2 where es, T, Lv, and Rv are the 

saturation vapor pressure, temperature, specific latent heat 
of evaporation of water, and gas constant of water vapor, 
respectively. This linear approximation for the saturation-
specific humidity is applicable when temperatures are higher 
than 0 °C and is based on the assumption of constant relative 
humidity, which would lead to an increase of moisture avail-
able to rainstorms at the CC scaling rate (e.g., Shuttleworth 
1993; Westra et al. 2014). Lenderink and van Meijgaard 
(2008), based on their analysis of observed hourly precipi-
tation for summer (JJA) over Netherlands, reported the P–T 
relationship to be roughly 2 times the CC scaling (super-CC 
scaling, hereafter) when daily temperature is higher than 
12 °C. Furthermore, they confirmed these relations with an 
RCM-based study for west Europe (Lenderink and van Mei-
jgaard 2010). Following this, studies were carried out for 
other regions of the world: Europe (Berg et al. 2013; Zhang 
et al. 2017; Schroeer and Kirchengast 2018), North America 
(Shaw et al. 2011; Panthou et al. 2014; Prein et al. 2016), 
and East Asia (Miao et al. 2016; Bao et al. 2017; Park and 
Min 2017). Most of these studies reported super-CC scaling 
rates that are substantially larger than 7%/°C for tempera-
tures in the 12–22 °C range, particularly for mid-latitude 
regions. These studies also noted decrease in precipitation 
intensities for higher temperatures because of moisture limi-
tation. It must be noted that these studies were conducted on 
the three assumptions that relative humidity in future climate 
remains approximately the same as in current climate, the 
actual precipitation is scaleable to the amount of precipitable 
water in the atmosphere, and that future atmospheric circula-
tion won’t be considerably changed.

Most of the studies over Canada related to short-dura-
tion precipitation extremes have focused on trend analy-
sis using observed record (Adamowski et al. 2010; Hogg 
and Hogg 2010; Shephard et al. 2014) or assessment of 
future changes based on regional frequency analysis (RFA) 
approach using an ensemble of RCM simulations (Mladjic 
et al. 2011; Khaliq et al. 2014). An observation-based study 
of the P–T relationship was recently performed by Panthou 
et al. (2014) for seven climatic regions of Canada for the 

May–October period. They found that short-duration (5-, 
10-, 15-, and 30-min, 1-, and 2-h) precipitation extremes 
follow CC scaling for the coastal regions, while super-CC 
scaling was reported for inland regions. These scaling rates 
were strongly dependent on the precipitation duration and 
climatic region. The P–T relationship for the inland regions 
exhibited peak-like structure with precipitation intensities 
decreasing for higher temperature and reconfirmed that this 
is related to the change in relative humidity after the break-
ing point where the highest precipitation intensities occur. 
Recently, Cannon and Innocenti (2019) using convection-
permitting climate model simulations reported significant 
increases in return levels of short-duration precipitation 
extremes by late 21st century for North America. In addi-
tion, they noted that the rates of 10-year return levels for 
sub-hourly and sub-daily (1–6 h) durations follow super-CC 
and CC scalings, respectively. Very few studies have looked 
at projected changes to the P–T relationship over Canada, in 
particular focusing on different climatic regions of Canada. 
This study, therefore, using a state-of-the-art regional cli-
mate model, explores the P–T relationship of short-duration 
precipitation extremes and its projected changes in future 
climate, related mechanisms and uncertainty across Cana-
dian climatic regions.

The rest of the paper is organized as follows. Section 2 
describes the model and methods used in this study. Sec-
tion 3 evaluates observed and model simulated P–T relation-
ship characteristics for short-duration precipitation extremes 
for the different climatic regions of Canada, and projected 
changes to P–T relationship are presented in Sect. 4. Finally, 
conclusions of this study are presented in Sect. 5.

2 � Model and methods

2.1 � Model description, data, and study area

The regional climate model used in this study is the limited 
area version of the global environmental multiscale (GEM) 
model (Cote et al. 1998; Yeh et al. 2002), which is used 
for Numerical Weather Prediction by Environment and Cli-
mate Change Canada (ECCC). GEM has a non-hydrostatic 
dynamic core and uses Arakawa C grid staggering in the 
horizontal and a hybrid terrain-following vertical coordinate. 
The numerical scheme is a two-time-level, semi-Lagran-
gian, implicit scheme. The convection schemes of Kain 
and Fritsch (1992) and Bélair et al. (2005), for deep and 
shallow convections, respectively, are used. The resolvable 
large-scale precipitation is calculated following Sundqvist 
et al. (1989). Radiation is parameterized by the correlated-
K solar and terrestrial radiation of Li and Barker (2005). 
The planetary boundary layer follows Benoit et al. (1989) 
and Delage (1997), with some modifications as described 
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in Zadra et al. (2012). The Canadian land-surface scheme 
(CLASS, Verseghy 2009) version 3.5, allowing a flexible 
number of layers and depth, is used to represent land pro-
cesses and lakes are represented by Flake (Martynov et al. 
2013).

The model domain used in this study covers North Amer-
ica and adjoining oceans, as shown in Fig. 1. It consists 
of 212 × 200 grid points (including the blending and halo 
zones), at 0.44° horizontal resolution and has 56 levels in 
the vertical. The atmospheric lateral boundary conditions 
are obtained from the European Centre for Medium-Range 
Weather Forecast (ECMWF) Re-Analysis (ERA)-Interim 
data (Dee et al. 2011), the second-generation Canadian 
Earth System Model (CanESM2, Arora et al. 2011), and 
the Max Planck Institute for Meteorology Earth System 
Model (MPI-ESM, Giorgetta et al. 2013). The GEM simu-
lation driven by ERA-Interim for the current 1981–2010 

period is used for model evaluation. Two GEM simulations 
driven by CanESM2 and MPI-ESM for the same 1981–2010 
period are also compared with ERA-driven simulation to 
quantify the uncertainty associated with boundary forcing 
data. Four GEM simulations driven by CanESM2 and MPI-
ESM for RCP4.5 and 8.5 scenarios, are used for the future 
2071–2100 period. Hereafter, the GEM simulations driven 
by ERA-Interim, CanESM2, and MPI-ESM will be referred 
to as GEM_ERA, GEM_Can, and GEM_MPI, respectively, 
as shown in Table 1.

The observed hourly precipitation, daily mean surface 
air temperature, and dew point temperature used to ana-
lyze P–T relationship for the current 1981–2010 period 
are obtained from the observation station networks oper-
ated by Environment Canada (Mekis et al. 2018). Peri-
ods during which gauging stations are operated vary from 
year to year and from station to station, but most of the 

Fig. 1   Model experimen-
tal domain and topography 
(m), with observation sta-
tions indicated by red filled 
squares. The region enclosed 
by the inner black box is the 
free domain. The ten climatic 
regions considered in this study 
are also shown: a, WCOAST; 
b, WCRDRA; c, NWFOR; 
d, NPLAINS; e, NEFOR; f, 
MRTMS; g, GRTLKS; h, 
YUKON; i, MACK; j, EARCT​

Table 1   The GEM simulations 
used in this study

The lateral boundary conditions (LBCs) and the analysis periods are also shown

Acronym LBCs Resolution (Grids: 
Lon. × Lat.)

Analysis

GEM_ERA ERA-Interim 0.44° (212 × 200) May–Oct. 1981–2010
GEM_Can CanESM2 0.44° (212 × 200) May–Oct. 1981–2010

May–Oct. 2071–2100 (RCP4.5, RCP8.5)
GEM_MPI MPI-ESM 0.44° (212 × 200) May–Oct. 1981–2010

May–Oct. 2071–2100 (RCP4.5, RCP8.5)
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stations are in operation during summer and some in 
autumn (very few have records during winter). Therefore, 
the May–October period is considered in this study. 195 
observation stations with continuous hourly data for the 
current 1981–2010 period are considered (Fig. 1). The P–T 
relationship is evaluated for ten Canadian climatic regions 
(Fig. 1) defined by Plummer et al. (Plummer 2006). These 
climatic regions are: West Coast (WCOAST), Western 
Cordillera (WCRDRA), Northwest Forest (NWFOR), 
and Northern Plains (NPLAINS), distributed along the 
western and prairie regions of Canada; Northeast For-
est (NEFOR), Canadian Maritimes (MRTMS), and Great 
Lakes (GRTLKS) in the eastern part of Canada; Yukon 
Territory (YUKON), Mackenzie Valley (MACK), and East 
Arctic (EARCT) in the north. For the convenience of anal-
ysis and presentation, we further combined these regions 
into coastal (WCOAST, MRTMS), inland (WCRDRA, 
NWFOR, NPLAINS, NEFOR, GRTLKS), and northern 
(YUKON, MACK, EARCT) regions. The observation 
stations are grouped based on these ten climatic regions 
(Fig. 1).

2.2 � Methods

For P–T relationship analysis, following Lenderink and 
van Meijgaard (2010), only precipitation intensities larger 
than 0.3 mm/h are used for the precipitation durations 
considered in this study, i.e., 1-, 3-, 6-, and 12-h dura-
tion. They are classified according to the corresponding 
daily mean air temperature (or dew point temperature) as 
follows. The temperature bins are defined by a moving 
2 °C window every 1 °C to avoid the choice of odd or 
even bin limits. For each bin, the reference temperature 
corresponds to the mean temperature. The distribution of 
precipitation intensities is then constructed within each 
temperature bin. The 90th, 95th, and 99th percentiles of 
precipitation intensities for each temperature bin are cal-
culated for temperature bins with more than 100 values. 
The model evaluation of P–T relationship is performed 
by comparing observations with model simulations for 
the representative grid cell. Climate-change signals are 
obtained from GEM_Can and GEM_MPI simulations 
by comparing the future 2071–2100 period with the cur-
rent 1981–2010 period, for the RCP4.5 and 8.5 scenarios. 
This study focuses on the climate change assessment for 
the latter three decades (2071–2100) as the differences 
between the two analysis periods, scenarios, and simu-
lations are expected to be more distinct in the late 21st 
century. In addition, it must be noted that the matching 
current 1981–2010 and future 2071–2100 periods in the 
GCM-driven simulations are indeed coming from one long 
simulation spanning the 1950–2100 period.

3 � Observed and simulated P–T relationship 
for the current 1981–2010 period

Figure 2 shows the observed and simulated scaling for 
the 95th percentile of precipitation intensity with respect 
to daily mean air temperature and dew point temperature 
for 1-, 3-, 6-, and 12-h durations for ten climatic regions 
for the current 1981–2010 period. The precipitation dura-
tion and climatic region have a strong influence on the 
observed P–T relationship. For short durations (1–3 h), the 
P–T relationship with a peak-like structure, i.e. decreas-
ing precipitation at higher temperatures, is found for the 
inland regions. The P–T slopes decrease with duration for 
all regions. The P–T relationship (slopes) for the 90th and 
99th percentiles of precipitation intensity are similar to 
that for the 95th percentile, which means that the P–T 
slopes are not very sensitive to the percentiles considered 
here (figure not shown). For the temperature bins between 
12 °C and 18 °C for short-durations (1–3 h), super-CC 
(NPLAINS), CC (WCRDRA, NWFOR, NEFOR, MRTMS, 
GRTLKS, YUKON, MACK, and EARCT), and sub-CC 
(WCOAST) scalings are found. This is similar to the find-
ings reported in Panthou et al. (2014). The general features 
of P–T relationship for all ten climatic regions of Canada 
are well captured by GEM_ERA simulation. Although the 
GEM_ERA simulation underestimates the precipitation 
intensities for all climatic regions, it captures well the CC 
(NEFOR, NPLAINS, NWFOR, and GRTLKS) and sub-
CC scaling (WCRDRA, MRTMS, YUKON, MACK, and 
EARCT) for short-durations (1–3 h). For the WCOAST, 
the simulated P–T slopes are close to zero between 0 and 
10 °C and show slightly decreasing pattern, as also noticed 
in observation. These features are similarly captured by 
the two GCM-driven simulations (see Figures S1 and S2 
in the supplementary material). However, relatively more 
extreme events in temperature bins above 15–20 °C are 
simulated by GEM_Can, and this is related to the higher 
rate of warming in GEM_Can compared to GEM_MPI 
(Diro and Sushama 2017).

Looking at the P–T relationship for the inland regions 
in detail, the GEM simulations show more distinct peak-
like structure than observations and tend to underestimate 
the breaking point by about 3–5 °C compared to observa-
tion. This means that the decrease of the simulated relative 
humidity starts at lower temperature bins than observed. 
On the other hand, extreme precipitation events for tem-
perature bins beyond 15 °C are noted in GEM simula-
tions for EARCT, unlike observations. It is related to the 
warm temperature bias and wet precipitation bias in the 
GEM simulations for this region during summer (Diro 
and Sushama 2017; Jeong and Sushama 2018). As shown 
in Fig. 2b, the observed relationship between extreme 
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precipitation intensities and daily dew point temperature 
is closer to CC scaling than with daily air temperature, 
which implies that the P–T slope is primarily linked to the 
increase in atmospheric moisture with temperature (Lend-
erink and van Meijgaard 2010), and the GEM simulations 
well reproduce this feature, regardless of lateral boundary 
conditions (see Figs. 2, S1, and S2).

Figure 3 shows the observed and simulated spatial pat-
tern of the precipitation scaling rate (%/°C) with respect to 
daily mean air temperature and dew point temperature for 
the current 1981–2010 period, which is estimated using a 

least squares linear fitting as the change in the 95th percen-
tile of precipitation intensity for 1 h duration up to the break-
ing point. Sub-CC or CC scaling rates of about 4–6%/°C 
are observed for inland regions. On the other hand, most of 
the observations near the coast have relatively low scaling 
rates of about 1.5–3%/°C (Fig. 3a). These observed scal-
ing rates reveal more robust relationship with dew point 
temperature and are closer to the CC scaling, in particular 
for inland regions (Fig. 3b), indicating that the precipita-
tion scaling appears to be primarily linked to the increase in 
atmospheric moisture with temperature. The general features 

Fig. 2   Observed (dashed lines) and GEM_ERA simulated (solid 
lines) relationship between the 95th percentile of precipitation inten-
sity and a daily mean air temperature (Ta) and b dew point tempera-

ture (Td) for 1-, 3-, 6-, and 12-h durations for the current 1981–2010 
period. Black and Red dotted lines correspond to 7%/°C and 14%/°C 
rates, respectively
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of precipitation scaling depending on the climatic region 
are also found for other durations considered in this study. 
For 12 h duration, lower precipitation scaling rates of about 
0.5–1.5/°C are observed and some stations within WCOAST 
suggest negative scaling rates (figure not shown).

The GEM simulations, in general, well reproduce the 
spatial pattern of the precipitation scaling rates similar to 
the observation, regardless of the lateral boundary condi-
tions. The precipitation scaling rates, however, are slightly 
underestimated depending on the observation point, given 

the relatively low model resolution and imperfections in the 
representation of dynamical processes in RCM (e.g., Muller 
et al. 2011; Romps 2011; Oh and Suh 2018). Robust scal-
ing rates with dew point temperature are reproduced in all 
GEM simulations, similar to the observations. However, P–T 
scalings based on the dew point temperature appear more 
sensitive to the climatic region. Furthermore, noticeable 
differences between the two GCM-driven simulations are 
found for the WCOAST, GRTLKS, MRTMS, and YUKON 
regions, due to the differences in simulated moisture. Given 
these larger differences in the dew point-based P–T relation-
ship, we focus on projected changes to the P–T relation-
ship based on daily mean air temperature and short-duration 
precipitation extremes simulated by the GCM-driven GEM 
simulations.

4 � Projected changes to the P–T relationship

The area-averaged scaling of the 95th percentile of precipita-
tion intensity for 1 h duration with respect to daily mean air 
temperature for the GCM-driven GEM simulations for the 
current 1981–2010 and future 2071–2100 periods is shown 
in Fig. 4, along with the change of dew point depression 
which is defined by the difference between the daily mean 
air temperature and dew point temperature. In general, two 
types of changes are noted for future climate; a shift in the 
P–T curve to the right as for MRTMS or an extension of 
the P–T curve to the right as for WCOAST, WCRDRA, 
NPLAINS, NWFOR, NEFOR, YUKON, MACK, and 
EARCT in both two GEM simulations. For GRTLKS, both 
changes are noted depending on the lateral boundary condi-
tion, i.e. driving GCM. The above discussed changes indi-
cate possible increase of extreme precipitation at higher tem-
peratures in future climate. This increase is more dominant 
for RCP8.5 than RCP4.5 scenario. The peak-like structure 
of the P–T relationship for the inland regions is also noted 
in future climate, but with the breaking point shifted to the 
right by about 2–3 °C compared to that for current climate. 
This shift in the breaking point indicates that constant rela-
tive humidity can be maintained up to a relatively high tem-
perature in the future.

Looking in detail at the projected changes to the P–T 
relationship, the future P–T slopes for GEM_MPI are 
closer to linear at CC or sub-CC scalings until the break-
ing point for WCRDRA, NPLAINS, and NEFOR regions, 
compared to GEM_Can. This suggests that GEM_MPI 
simulates relatively higher increases in moisture avail-
able to extreme precipitation at CC scaling rate for these 
regions. However, the projected changes to the simu-
lated P–T slope vary depending on the climatic region 
and simulation. For example, the opposite result is noted 
for WCOAST. The GEM_Can, in general, projects more 

Fig. 3   Precipitation scaling rate (%,°C) with respect to a daily mean 
air temperature and b dew point temperature for the current 1981–
2010 period, for the 95th percentile of precipitation intensity (mm/h) 
for 1 h duration
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Fig. 4   Model simulated 95th percentile of precipitation intensity—
daily mean air temperature relation for 1  h duration for the current 
1981–2010 and future 2071–2100 periods for RCP4.5 and 8.5 scenar-

ios, respectively. Bottom panel of each sub-plot shows the dew point 
depression which is defined by the difference between the tempera-
ture (Ta) and dew point temperature (Td)
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extreme precipitation events than the GEM_MPI after 
the breaking point, particularly for inland regions and the 
RCP8.5 scenario. This can be attributed to the higher tem-
perature increases in GEM_Can for this region compared 
to GEM_MPI.

The spatial pattern of the precipitation scaling rates 
(%/°C) for 1 h duration for the future 2071–2100 period 
and the relative change (%) of P–T slopes between future 
and current 1981–2010 periods are analyzed in Fig. 5 at 
the observation points shown in Fig. 1. Higher precipitation 
scaling rates continue to be the case for inland regions com-
pared to coastal regions in future climate. However, the rela-
tive changes to the P–T slope do not exhibit any clear pat-
tern. For example, the P–T slopes for most of the locations 
in the northern part of WCOAST are projected to decrease 
by up to 40%, regardless of the scenario and lateral boundary 
condition. The southern area of WCOAST, however, shows 
the opposite result, except for the GEM_MPI for the RCP4.5 
scenario. As a result, the change of the area-averaged P–T 
slope for the WCOAST is not clear due to the offsetting 
effect induced by opposite changes depending on the sub-
region, as shown in Fig. 4. NPLANS and GRTLKS show 
relatively higher P–T slopes in future climate, with slight 
variation in magnitude between the GEM_Can and GEM_
MPI simulations, in particular for the RCP8.5 scenario. For 
the other regions, both increases and decreases in the P–T 
slope are noted at observation points, but the changes are 
not statistically significant (see Fig. 5). Precipitation-dew 
point temperature relationship is mostly similar to that of 
precipitation-daily air temperature. Some climatic regions, 
such as NWFOR, project opposite trends, unlike daily air 
temperature, but they are not statistically significant.

Figure 6 shows the spatial distribution of the 95th per-
centile of precipitation intensity for 1 h duration for dif-
ferent temperature bins. As expected, for the temperature 
bins from 5 to 20 °C for the current 1981–2010 period, 
the precipitation intensities generally increase with tem-
perature though the precipitation area shrinks. The maxi-
mum precipitation intensities for the NWFOR, NPLAINS, 
MRTMS, GRTLKS, and some parts of NEFOR and EARCT 
(WCOAST, WCRDRA, YUKON, and MACK) occur in the 
15–20 °C (10–15 °C) temperature bins. For temperature bins 
higher than 20 °C, some differences can be noted between 
GEM_Can and GEM_MPI simulations. GEM_Can has a 
relatively larger precipitation area with 3–5 mm/h from the 
NWFOR to MRTMS, while the GEM_MPI precipitation 
area is confined to smaller parts of NEFOR and GRTLKS. 
This pattern can be partly explained by the different tem-
perature biases inherited from the driving data (Diro and 
Sushama 2017). GEM_Can and GEM_MPI simulations have 
warm and cold biases, respectively, of about 1–4 °C over 
Canada, compared to observations. Therefore, the opposite 
temperature biases may induce the difference in precipitation 

simulation and this discrepancy seems to be dominant at 
high-temperature bins.

For the future 2071–2100 period, the precipitation inten-
sity and area increase for all bins, particularly over south-
eastern Canada for the high-temperature bins. The precip-
itation areas expand to the north for all temperature bins 
compared to the current 1981–2010 period and these exten-
sions are more dominant for RCP8.5 scenario. In addition, 
the precipitation increases for the 15–25 °C temperature bins 
are more significant around the southeastern area and the 
shifts in the breaking points from the 15–20 °C to 20–25 °C 
temperature bins are found in this region. For the tempera-
ture bins above 25 °C, significant expansion of precipitation 
area is found for the NWFOR to MRTMS, in particular for 
GEM_Can simulation for RCP8.5 scenario. The GEM_MPI 
simulations also project some increases in the precipitation 
area for the temperature bins above 25 °C. However, this 
is relatively small compared to GEM_Can simulations. 
This can be explained by the relatively lower temperature 
increases in GEM_MPI in the late 21st century compared to 
GEM_Can simulation (Diro and Sushama 2017).

The spatial patterns of convective precipitation contribu-
tion to total 3 hourly extreme precipitation is analyzed in 
Fig. 7. Considering the model configuration where convec-
tive precipitation is set to be output every 3 h, the convective 
precipitation contribution is estimated from 3 hourly total 
and convective precipitations. Generally, the spatial pat-
terns of the 95th percentile of total precipitation intensities 
for various temperature bins for 3 h duration are similar to 
those for 1 h duration in current and future periods (Fig. S3 
in the supplementary material). The contribution of con-
vective precipitation to total precipitation is larger for the 
high-temperature bins. However, the mountainous regions 
show large contributions of convective precipitation due 
to the orographic effect even in the low-temperature bins. 
In future climate, the contribution of convective precipita-
tion in the low-temperature bins is generally expected to 
decrease. This is related to the relatively lower frequency 
of extreme precipitation events in the low-temperature bins 
due to the overall mean temperature increase in the future. 
For temperature bins higher than 15 °C, the extended pre-
cipitation areas in future climate see up to 80% convective 
precipitation contribution. This contribution is more distinct 
in GEM_Can, which projects relatively higher temperature 
increases in future climate, compared to GEM_MPI.

The spatial distribution of the dew point depression (°C) 
and Convective Available Potential Energy (CAPE, J/kg) 
corresponding to short-duration precipitation extremes for 
the current 1981–2010 and future 2071–2100 periods are 
shown in Figs. 8 and 9, respectively. The CAPE was calcu-
lated from the simulated daily values at all pressure levels in 
order to compare the dew point depression. The dew point 
depression for temperature bins up to 15 °C has lower values, 
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Fig. 5   Same as Fig. 3 but for GEM simulations for the future 2071–
2100 period for RCP4.5 and 8.5 scenarios. Relative change (%) of the 
P–T slopes in the future period with respect to the current 1981–2010 

period is also shown in the second row of a and b. The dots within 
the black circle indicate points with statistically significant changes at 
the 5% significance level of t test
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Fig. 6   Spatial distribution of GEM simulated 95th percentile of precipitation intensity of 1 h duration for different daily mean air temperature 
bins for the current 1981–2010 and future 2071–2100 periods for RCP4.5 and 8.5 scenarios
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suggesting near saturation condition. Relatively lower CAPE 
values also appear in these temperature bins. Therefore, pre-
cipitation in the low-temperature bins is largely due to high 

relative humidity. However, the precipitation intensity is 
relatively low than in the high-temperature bins due to the 
limitation of atmosphere water-holding capacity (Fig. 6). 

Fig. 7   Same as Fig. 6 but for convective precipitation contribution to the 95th percentile of precipitation intensity for 3 h duration. The grey 
shading indicates regions with precipitation for the various bins
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The future dew point depressions in temperature bins lower 
than 15 °C projected by GEM_Can are relatively lower than 
those by GEM_MPI, particularly for northern Canada and 
the RCP8.5 scenario. This indicates that GEM_Can projects 

a moister atmosphere in future climate than current climate, 
compared to GEM_MPI. This can be partly explained by 
the fact that the relatively higher temperature increase pro-
jected by GEM_Can in future climate leads to increased 

Fig. 8   Same as Fig. 6 but for dew point depression (°C) for the day when the 95th percentile of precipitation intensity for 3 h duration occurs
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evaporation, and consequently increases in near-surface 
moisture. Both the dew point depression and CAPE increase 
for the temperature bins above 15 °C, implying decreasing 

relative humidity near surface, but strong convection due 
to the atmospheric instability brought by surface warming. 
These general features are also found in the result based on 

Fig. 9   Same as Fig. 6 but for convective available potential energy (CAPE, J/kg) for the day when the 95th percentile of precipitation intensity 
for 3 h duration occurs
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the 99th percentile (figure not shown). This confirms again 
that the relative humidity gradually decreases with tempera-
ture increase beyond the breaking point (e.g., Lenderink and 
van Meijgaard 2010; Prein et al. 2016). An increase of P–T 
scaling is generally noted for the southeastern regions of 
Canada where CAPE increases are relatively pronounced 
(Fig. 5). This implies that both the statistical effect, which 
involves the transition of precipitation types from large-scale 
to convective rainfall events (e.g., Haerter and Berg 2009; 
Westra et al. 2014), and the physical effect, by which the 
convective process itself can overcome the thermodynamic 
limitation (Panthou et al. 2014; Park and Min 2017), are 
more robust in the precipitation-temperature relationship for 
future climate.

The relationship between CAPE and dew point depres-
sion for each climatic region is investigated in Fig. 10. In 
general, despite the differences depending on the climatic 
region and simulation, non-linear positive relationships are 
found. The GEM_Can generally show a logarithmic relation-
ship for in the 2–8 °C dew point depression range, followed 
by an exponential relationship above 8 °C for most climatic 
regions. The GEM_MPI also simulates a somewhat similar 
relationship in the NWFOR, NEFOR, and NPLAINS. How-
ever, exponential relationships are noted for the WCOAST, 
WCRDRA, MRTMS, and EARCT for all dew point depres-
sions. Therefore, the complex dewpoint depression-CAPE 
relationships vary with climatic region and driving data, and 
further studies are needed to analyze them more thoroughly. 
In this study, as indicated in Fig. 10, these positive relation-
ships in future climate are expected to have a similar struc-
ture to that in current climate but will be strengthened, in 
particular for the RCP8.5 scenario. This robust relationship 
between CAPE and dew point depression in future climate 
can be partly explained by the shift in breaking point towards 
higher temperatures due to the increase in both the surface 
air temperature and dew point temperature compared to the 
current climate.

5 � Summary and conclusion

This study assesses characteristics of short-duration precip-
itation extremes in terms of the precipitation-temperature 
relationship in current and future climates for ten climatic 
regions of Canada. To achieve these goals, GCM-driven 
GEM simulations (GEM_Can, GEM_MPI) for the 120-
year (1981–2100) period based on RCP4.5 and 8.5 scenar-
ios are used. To evaluate the GEM simulations for the cur-
rent 1981–2010 period, the observed and simulated hourly 
precipitation and temperature from the gauging stations of 
Environment Canada and GEM simulation driven by ERA-
Interim reanalysis (GEM_ERA) are used. Climate change 
signals are obtained from the GEM_Can and GEM_MPI 

simulations by comparing the future 2071–2100 period with 
the current 1981–2010 period.

In general, the observed P–T relationship is strongly 
influenced by precipitation duration and climatic region. For 
short durations (1–3 h), the P–T relationship with a peak-like 
structure is found for the inland regions. The P–T slopes 
decrease with duration for all regions. The P–T relation-
ship (slopes) is not very sensitive to the percentiles (90th, 
95th, and 99th) considered in this study. For the temperature 
bins between 12 °C and 18 °C for short-durations (1–3 h), 
super-CC (NPLAINS), CC (WCRDRA, NWFOR, NEFOR, 
MRTMS, GRTLKS, YUKON, MACK, and EARCT), and 
sub-CC (WCOAST) scalings are found. The GEM simula-
tions capture the general regional features of P–T relation-
ship over Canada where the sub-CC and CC scaling with 
peak-like structure are observed for the coastal and inland 
regions, respectively. However, they tend to underestimate 
the breaking point of temperature by about 3–5 °C compared 
to observations. This means that the decrease of relative 
humidity simulated by GEM starts at a lower temperature 
than observation. However, GEM simulations can repro-
duce more robust relation between short-duration precipi-
tation extremes and dew point temperature, similar to the 
observation.

Two types of changes to the P–T relationship are noted 
for future climate depending on the climatic region. The P–T 
curve gets shifted to the right as for MRTMS or the P–T 
curve gets extended to the right as for WCOAST, WCRDRA, 
NPLAINS, YUKON, MACK, and EARCT. For NWFOR, 
NEFOR, and GRTLKS, both changes are noted depending 
on the lateral boundary condition. The changes are more 
clear for RCP8.5 than RCP4.5 scenario. The breaking point 
generally is shifted to the right by about 2–3 °C compared 
to that for current climate and is collocated with the tem-
perature at which dew point depression start to increase, 
indicating that constant relative humidity can be maintained 
up to a relatively higher temperature in the future.

Detailed analysis of short-duration precipitation extremes 
at bin-level demonstrates clearly the changing relative 
importance of relative humidity and CAPE for low to high 
temperature bins. Short-duration precipitation extremes in 
the low-temperature bins are largely due to high relative 
humidity, while strong convection due to the atmospheric 
instability brought by surface warming is largely responsible 
for short-duration precipitation extremes in the high temper-
ature bins. The convective precipitation contribution to total 
precipitation is therefore higher for high temperature bins 
and lower for low temperature bins. In addition, increases in 
convective precipitation can lead to increases in soil mois-
ture, which increases atmospheric moisture by evaporation, 
partly explaining why constant relative humidity is main-
tained up to higher temperatures. However, further studies 
should be conducted to understand this mechanism in detail.
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This study provides useful insights regarding short-dura-
tion precipitation extremes for different climatic regions of 
Canada. However, regional climate model simulations used 
in this study are run at spatial resolutions of 50 km and 
rely on a convection parameterization scheme to compute 
the estimated average effects of convection over model grid 

squares. Recent studies have proven that high-resolution 
convection-permitting simulations can further improve 
the magnitude and scaling rate of short-duration precipita-
tion extremes due to better representation of the mesoscale 
dynamics and orographic effects (e.g., Prein et al. 2015, 
2017; Kendon et al. 2017; Cannon and Innocenti 2019; Diro 

Fig. 10   Relationship between convective available potential energy 
(CAPE, J/kg) and dew point depression (°C) for the climatic regions 
of Canada for the current 1981–2010 and future 2071–2100 periods 
for RCP4.5 and 8.5 scenarios. The y-axis scales for CAPE are differ-

ent depending on the climatic regions. Third and fourth-degree poly-
nomial curve regression fittings are used to estimate R2 depending on 
the climatic region
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and Sushama 2019). Thus, to utilize more realistic infor-
mation in the fields such as civil engineering, convection-
permitting simulations will be required to develop projected 
changes to short-duration precipitation extremes. In addi-
tion, an ensemble study using various regional and global 
climate models can help quantify uncertainties and thus 
provide more objective information for various applications.
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