
Vol.:(0123456789)1 3

Climate Dynamics (2019) 52:4193–4206 
https://doi.org/10.1007/s00382-018-4375-0

Investigation of the mechanisms leading to the 2017 Montreal flood

Bernardo Teufel1  · L. Sushama1,2 · O. Huziy1 · G. T. Diro1 · D. I. Jeong3 · K. Winger2 · C. Garnaud3 · R. de Elia4 · 
F. W. Zwiers5,6 · H. D. Matthews7 · V.‑T.‑V. Nguyen1

Received: 27 December 2017 / Accepted: 30 July 2018 / Published online: 14 August 2018 
© The Author(s) 2018

Abstract
Significant flood damage occurred near Montreal in May 2017, as flow from the upstream Ottawa River basin (ORB) reached 
its highest levels in over 50 years. Analysis of observations and experiments performed with the fifth generation Canadian 
Regional Climate Model (CRCM5) show that much above average April precipitation over the ORB, a large fraction of which 
fell as rain on an existing snowpack, increased streamflow to near record-high levels. Subsequently, two heavy rainfall events 
affected the ORB in the first week of May, ultimately resulting in flooding. This heavy precipitation during April and May 
was linked to large-scale atmospheric features. Results from sensitivity experiments with CRCM5 suggest that the mass and 
distribution of the snowpack have a major influence on spring streamflow in the ORB. Furthermore, the importance of using 
an appropriate frozen soil parameterization when modelling spring streamflows in cold regions was confirmed. Event attribu-
tion using CRCM5 showed that events such as the heavy April 2017 precipitation accumulation over the ORB are between 
two and three times as likely to occur in the present-day climate as in the pre-industrial climate. This increase in the risk of 
heavy precipitation is linked to increased atmospheric moisture due to warmer temperatures in the present-day climate, a 
direct consequence of anthropogenic emissions, rather than changes in rain-generating mechanisms or circulation patterns. 
Warmer temperatures in the present-day climate also reduce early-spring snowpack in the ORB, offsetting the increase in 
rainfall and resulting in no discernible change to the likelihood of extreme surface runoff.

1 Introduction

Destructive springtime floods occurred in the Canadian 
provinces of Quebec and Ontario in 2017, causing insured 
damages exceeding 220 million CAD (Insurance Bureau of 
Canada 2017). In Quebec, 286 municipalities were affected 
by flooding that inundated at least 5300 residences and 
forced over 4000 people to evacuate their homes (Québec 
Government 2017). This includes significant damage due 
to widespread flooding near Montreal, at the confluence of 

the Saint Lawrence and Ottawa rivers (Fig. 1), during the 
first half of May.

The Saint Lawrence river flows from the Great Lakes 
to the Atlantic Ocean and is the largest river in the flood-
affected region. The flow in this river is heavily regulated, 
and while spring 2017 flows were well above-normal at 
Montreal, they were not record-breaking. One of the main 
factors that contributed to high flows in the Saint Lawrence 
river was the outflow from the Great Lakes, which was at the 
highest levels allowed by regulation.

The Ottawa River basin (ORB) covers 146,300 km2 of 
southern Quebec and eastern Ontario, making the Ottawa 
river one of the main tributaries to the Saint Lawrence. 
A few dozen reservoirs in the ORB provide partial flow 
regulation, primarily for the northern tributaries to the 
Ottawa river, while most of the southern tributaries remain 
unregulated. In May 2017, flow at the outlet of the ORB 
reached its highest levels in over 50 years of measure-
ments, exceeding the previous maximum from 1976 by 
around 8%. Water levels in the Lake of Two Mountains, 
which connects the Ottawa and Saint Lawrence riv-
ers, were also historically high, exceeding the previous 

 * Bernardo Teufel 
 bernardo.teufel@mail.mcgill.ca

1 McGill University, Montreal, Canada
2 University of Quebec at Montreal, Montreal, Canada
3 Environment and Climate Change Canada, Toronto, Canada
4 Servicio Meteorológico Nacional, Buenos Aires, Argentina
5 University of Victoria, Victoria, Canada
6 Pacific Climate Impacts Consortium, Victoria, Canada
7 Concordia University, Montreal, Canada

http://orcid.org/0000-0003-1331-2030
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-018-4375-0&domain=pdf


4194 B. Teufel et al.

1 3

maximum by over 20 cm. The record-breaking flow from 
the ORB was the main driver of the flooding reported near 
Montreal.

Factors that are likely to have contributed to extreme 
flows from the ORB include spring snowmelt, above-average 
precipitation during the month of April and heavy precipita-
tion during the first week of May. The goal of this paper is 
to investigate the mechanisms leading to the Montreal flood, 
through targeted experiments with the fifth generation Cana-
dian Regional Climate Model (CRCM5), complemented by 
the analysis of observational datasets. Using the ‘attributable 
risk’ approach to event attribution (e.g., Stott et al. 2004), 
the role that anthropogenic greenhouse gas emissions may 
have played in increasing or decreasing the probability of 
occurrence of the 2017 flood event is also assessed.

The rest of the paper is organized as follows. Section 2 
describes the model used in this study. Section 3 outlines 
the various experiments performed and Sect. 4 discusses the 
observed and modelled evolution of the event. Section 5 pre-
sents the results from sensitivity experiments, while Sect. 6 
presents the event attribution results, followed by a summary 
and conclusions in Sect. 7.

2  Model

The regional climate model used in this study is CRCM5 
(Martynov et  al. 2013), which is based on the Global 
Environment Multiscale (GEM) model used for numerical 
weather prediction at Environment and Climate Change 
Canada (Cote et al. 1998). It employs semi-Lagrangian 
transport and a (quasi) fully implicit time stepping scheme. 
In its fully elastic nonhydrostatic formulation (Yeh et al. 
2002), it uses a vertical coordinate based on hydrostatic 
pressure (Laprise 1992). In this study, the CRCM5 phys-
ics package includes: deep convection following Kain and 
Fritsch (1990), shallow convection based on a transient 
version of the Kuo (1965) scheme (Belair et al. 2005), 
large-scale condensation (Sundqvist et  al. 1989), cor-
related K solar and terrestrial radiation (Li and Barker 
2005), subgrid-scale orographic gravity wave drag (Mcfar-
lane 1987), low-level orographic blocking (Zadra et al. 
2003), and turbulent kinetic energy closure in the plan-
etary boundary layer and vertical diffusion (Benoit et al. 
1989; Delage and Girard 1992; Delage 1997).

Fig. 1  Locations in southern Quebec affected by the 2017 springtime flood event (black dots indicate locations where flooding was reported), 
with the Ottawa River basin outlined in red. The inset shows the location of the basin within Canada. The colours show the topography, in meters
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CRCM5 is generally used in a limited area (LAM) config-
uration, as adequate lateral boundary conditions are usually 
available. However, the model can also be used in a global 
variable-resolution (GVAR) mode, with high resolution over 
the region of interest. For example, Caron et al. (2011) used 
the GVAR configuration to study tropical cyclones, Marko-
vic et al. (2012) assessed the added value of GVAR in the 
context of seasonal forecasts and Teufel et al. (2017) made 
use of GVAR to quantify the influence of anthropogenic 
emissions on the 2013 Alberta flood event. This study uses 
the LAM configuration at 0.1° resolution for most experi-
ments, except for event attribution experiments, which use 
the GVAR configuration with 0.5° resolution over North 
America and 2° elsewhere. These resolution choices were 
driven by constraints in physical parameterizations and com-
puting resources. Previous studies (e.g. Teufel et al. 2017) 
have shown satisfactory performance of CRCM5 at these 
resolutions.

CRCM5 uses the CLASS v3.5 land surface scheme 
(Verseghy 2011) and the modified WATROUTE hydrologi-
cal routing scheme (Soulis et al. 2000; Poitras et al. 2011). 
The flow directions, river lengths and slopes required by the 
routing scheme are derived from the HydroSHEDS database 
(Lehner et al. 2008), available at 30-arcsecond spatial reso-
lution, following the upscaling method employed by Huziy 
et al. (2013). Sub-grid lakes are represented using FLake 
(Mironov 2008), a one-dimensional lake model, while the 
three-dimensional ocean model NEMO (Madec 2008) is 
used for the Great Lakes, in order to simulate the circula-
tion patterns that can impact lake temperature and lake ice 
in large lakes.

3  Methods

This study explores the mechanisms behind the Ottawa River 
basin (ORB) flood event through the analysis of observations 
and CRCM5 experiments. A five-member reference ensem-
ble of CRCM5 simulations is used to evaluate the model 
performance, including the role of internal variability. The 
ensemble members differ only in their initial conditions, 
being initialized 6 h apart between 0000 UTC 31 March 
and 0000 UTC 01 April 2017, continuing until 0000 UTC 
19 May 2017. Similar five-member ensembles are performed 
for each sensitivity test, described below, to help assess the 
significance of the various factors that may have contributed 
to the flood event.

Previous studies (e.g., Alexandru et al. 2009) have shown 
that regional climate models may develop a variety of solu-
tions compatible with a single set of surface and lateral 
boundary conditions. This effect is usually called internal 
variability. Some of these solutions may not necessarily be 
realistic and techniques have been developed to reduce this 

variability without hampering the abilities of regional mod-
els to create high-resolution fields (e.g., Storch et al. 2000). 
The CRCM5 reference ensemble described above allows 
for monitoring of internal variability. A large spread among 
simulations compared to the signal found in each experiment 
would indicate that the initial and boundary conditions do 
not provide sufficient guidance to the model to control the 
evolution of the simulated state. In contrast, a small spread 
indicates that model results are a direct effect of boundary 
conditions and that spurious solutions of stochastic origin 
are being avoided.

The simulations are performed in LAM mode with 0.1° 
resolution (Fig. 2a), being initialized and driven at the lat-
eral boundaries by the 6-h Canadian Meteorological Centre 
(CMC) analysis at 33 km horizontal resolution, chosen due 
to its immediate availability after the flood event. Spectral 
nudging is applied to the temperature field and the horizon-
tal wind components, with a half-response wavelength of 
410 km and a relaxation time of 24 h. Nudging strength is 
set to zero at the surface and increases with height, reach-
ing full strength above the lowest 15% of the atmospheric 
column’s mass. All fields describing the initial state of the 
land surface are taken from a continuous ERA-Interim (Dee 
et al. 2011) driven run of CRCM5 over the same domain, 
with the exception of snowpack mass, depth and temper-
ature, which are taken from the Snow Data Assimilation 
System (SNODAS; Barrett 2003). Preliminary simulations 
showed improved performance in simulating streamflows 
when SNODAS fields were used.

3.1  Reference simulations

The performance of the CRCM5 reference ensemble in 
representing several important characteristics of the event 
is assessed. To this end, the simulated precipitation is first 
compared to the 6-h Canadian Precipitation Analysis (CaPA; 
Mahfouf et al. 2007), available at 10 km spatial resolution. 
As CaPA does not include information on precipitation 
phase, SNODAS data is used to evaluate the magnitude of 
the rain-on-snow event. The 6-h ERA-Interim reanalysis is 
used to assess synoptic and dynamic features, such as geo-
potential heights, upper and lower level circulations. Finally, 
the hydrographs generated by CRCM5 are compared to 
those from monitoring stations in the areas of interest.

To put the flood into a climatic perspective, tempera-
ture data from the Global Historical Climatology Network 
(GHCN), precipitation data from the Global Precipitation 
Climatology Centre (GPCC) and snow data from CMC 
are used to classify the conditions of 2017 into quintiles: 
much above average, above average, near average, below 
average and much below average, with respect to the 
1981–2010 period. This classification is performed sep-
arately for each dataset. A similar analysis is performed 
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with the aid of a continuous CRCM5 simulation driven 
by ERA-Interim, in order to assess whether the model is 
able to capture the climatological anomalies.

3.2  Impact of snow mass and distribution 
on streamflow

Snow has an important influence on the magnitude and 
timing of streamflows, as snowmelt may directly contrib-
ute to surface runoff and the evolution of snow cover dur-
ing spring has a large influence on the thawing of the soil 
column, thus controlling hydraulic conductivity. To assess 
the role of snow mass and distribution in the ORB on 
the magnitude and timing of peak flow, experiments are 
performed where the initial spatial distribution of snow 
over the ORB is taken from a different year, making use 
of the SNODAS dataset.

In the first set of experiments, 2013 is chosen as a 
high-snow year, as average SWE over the ORB in late 
March was about twice the value of 2017. The year 2012 
is chosen as a low-snow year, with about half the SWE of 
2017. A second set of experiments uses the same spatial 
snow distributions for high and low-snow years, but initial 
snow mass is adjusted to be the same as in 2017. This 
highlights the impact of snow distribution on soil thaw-
ing, infiltration and streamflow, as the snow distribution 
derived from the high-snow year is more homogeneous 
than the distribution derived from the low-snow year, 
which features higher SWE over a smaller snow-covered 
area.

3.3  Impact of frozen soil parameterization 
on simulated streamflow

In cold regions, frozen soil processes exert a strong con-
trol on the infiltration rate and need to be parameterized 
accurately in order to obtain realistic spring streamflows. 
Ganji et al. (2017) modified the treatment of frozen water in 
CLASS to include fractional permeable area, supercooled 
liquid water and a new formulation for hydraulic conductiv-
ity. They found that the improved parameterization results 
in simulated spring streamflow peaks and timings that are 
in better agreement with those observed across a number 
of basins in Quebec. To assess the impact of the improved 
parameterization of frozen soils on the ORB flood, an exper-
iment without the described modifications is performed, and 
the magnitude and timing of peak streamflow are compared 
to those of the reference simulations.

3.4  Event attribution

The influence of anthropogenic GHG emissions on the prob-
ability of occurrence of the precursors to the ORB flood 
event is explored. This is accomplished by comparing large 
ensembles of CRCM5 simulations, in the GVAR configura-
tion (Fig. 2b), for present-day and pre-industrial cases. As 
in Kay et al. (2011), Christidis et al. (2013) and Teufel et al. 
(2017), the present-day and pre-industrial ensembles dif-
fer in their GHG concentrations, sea surface temperatures 
(SST), and sea-ice concentrations (SIC). In this study, the 
ensemble for the present-day case (called IR) uses GHG 
concentrations corresponding to the year 2017, while SST 

Fig. 2  a Experimental domain of CRCM5 simulations in the LAM 0.1° configuration, with every twentieth grid point shown. b Experimental 
domain of CRCM5 simulations in the GVAR configuration, with every fifth grid point shown
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and SIC evolution are taken from CMC analysis for 2017. 
Three ensembles for the pre-industrial case (called PIRa, 
PIRb and PIRc) are considered, where GHG concentrations 
correspond to their values for 1850, while SST and SIC cor-
respond to pre-industrial conditions.

Pre-industrial SST is obtained by subtracting the SST 
change attributable to anthropogenic forcing from the 2017 
CMC analysis SST. These attributable SST changes are cal-
culated on a monthly basis from the all-forcings and natu-
ral-forcings-only runs of three coupled Atmosphere–Ocean 
Global Climate Models from the fifth phase of the Cou-
pled Model Intercomparison Project (CMIP5): CanESM2 
for PIRa, GFDL-ESM2M (Geophysical Fluid Dynamics 
Laboratory) for PIRb and GISS-E2-H (Goddard Institute 
for Space Studies) for PIRc. Pre-industrial SIC is estimated 
using regression models relating SIC to SST (Pall et al. 
2011), derived from CMC analysis.

Each ensemble consists of 240 members, initialized 3 h 
apart between 0000 UTC 01 September and 2100 UTC 30 
September 2016, all continuing until 0000 UTC 19 May 
2017. Initial conditions are taken from respective spin-up 
simulations, which start in early 2012, one for the present-
day scenario and one for each pre-industrial scenario. The 
analysis focuses on comparing the present-day and pre-
industrial distributions of April precipitation, SWE, rain-on-
snow and surface runoff values over the flood-affected basin.

4  Meteorological and hydrological 
evolution, from observations and CRCM5

As in most years, the land surface of the ORB was at least 
95% snow-covered in late March 2017, according to SNO-
DAS. In addition, a large fraction of the top 60 cm of soil 
beneath the snow is modelled to have been mostly frozen, 
implying very low hydraulic conductivities. The snow depth 
over the basin on the first day of April was slightly above 
average when compared to the 1981–2010 period in both 
observations and CRCM5 (Fig. 3, left column).

Observed and modelled precipitation was much above 
average over the ORB in April (Fig. 3, middle column). 
Most of this precipitation fell as rain and an important 
fraction of this rainfall occurred over snow-covered areas, 
resulting in an intense rain-on-snow event that exceeded 
100 mm over large areas of the basin (Fig. 4). Due to the 
low infiltration capacity of frozen soils, a large fraction of 
the snowmelt and heavy rainfall over the ORB during April 
is modelled to have entered the surface channels, resulting 
in a rapid increase of streamflow at the outlet during most 
of the month. This is consistent with observed water levels 
at the outlet of the Ottawa River, which increased from near 
normal at the beginning of April to near record-high towards 
the end of the month.

The heavy precipitation during April appears to have been 
controlled by large-scale features. Above-average tempera-
tures over the ORB during April (Fig. 3, right column) are 
consistent with the frequent advection of warm and moist 
air from southerly regions. Low-level (850 hPa) circulation 
anomalies from the ERA-Interim reanalysis (Fig. 5a) reveal 

Fig. 3  April 2017 snow depth, precipitation and near-surface temperature anomalies with respect to 1981–2010 averages, shown as quintiles. 
Top row shows estimates from observational datasets, bottom row is based on CRCM5. The black dot denotes the location of Montreal
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anticyclonic flow offshore the eastern coast of the United 
States, resulting in southerly anomalies over the ORB during 
April, conducive to supplying moisture. In the upper levels 
(200 hPa; Fig. 5b), an anomalous anticyclonic circulation 
centered near the east coast of the US results in a stronger-
than-usual jet stream and enhanced upper-level divergence 
over the ORB, conducive to generating precipitation due to 
the increase in upward vertical motion.

Two heavy rainfall events affected the ORB, during 30 
April to 2 May, and during 5–6 May (Fig. 6). Both the model 
and estimates from CaPA agree that the total precipitation 
accumulation during these events exceeds 100 mm over 

large parts of the basin, being comparable to an average 
month’s worth of precipitation. Both precipitation events are 
associated with low-level cyclones propagating into south-
ern Quebec (Fig. 7). During the first event, the low tracks 
northeastward from the central US to northern Quebec, and 
is associated with southwesterly low-level winds over the 
ORB. During the second event, the low tracks closer to the 
eastern seaboard and is associated with low-level southerly 
winds over the eastern part of the ORB. In both cases, a 
strong upper-level jet provides divergence resulting in 
upward vertical motion and thus enhancing the generation 
of precipitation. These features are very well captured by the 

Fig. 4  April 2017 rainfall and rain-on-snow, from SNODAS (top row) and CRCM5 reference ensemble (bottom row)

Fig. 5  Wind anomalies at 
850 hPa (left) and 200 hPa 
(right) during April 2017, with 
respect to the 1981–2010 aver-
age, from the ERA-Interim rea-
nalysis. Shading corresponds to 
anomalies in sea level pressure 
(left) and 500 hPa geopotential 
height (right). The black dot 
denotes the location of Montreal
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model, aided by the constraints imposed by spectral nudging 
(not shown).

On the hydrological side, while the snow had mostly 
melted by 30 April, the soil remained partly frozen for large 
parts of the ORB, resulting in low infiltration capacity. This 
allowed an important fraction of the rain that fell during the 
first week of May to reach surface channels that were already 
close to their maximum capacity, ultimately resulting in 
flooding. Figure 8 summarizes the modelled and observed 
evolution of snow cover in the ORB during April and early 
May, as well as the occurrence of precipitation and the gen-
eration of runoff in the basin. It can be seen that the model 
performs well with respect to the phase, timing and intensity 
of precipitation when compared to SNODAS and CaPA. The 

evolution of snow cover is also well represented when com-
pared to SNODAS, although the agreement decreases by 
late-April, once most of the snowpack has melted.

5  Results from sensitivity experiments

This section discusses the contribution of snow distribu-
tion and frozen soils to the hydrological flood. This is 
accomplished by comparing each sensitivity experiment 
ensemble (described in Sect. 3) to the CRCM5 reference 
ensemble. For each ensemble, the small spread between 
members confirms that model results are a direct effect of 

Fig. 6  Daily precipitation for 30 April–7 May, from a CaPA and b the CRCM5 reference ensemble
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boundary conditions and that spurious solutions of sto-
chastic origin are being avoided, i.e., the magnitude of 
CRCM5 generated internal variability is small. The Wil-
coxon–Mann–Whitney test is used to assess the statisti-
cal significance of the differences, with a 5% significance 
level.

5.1  Impact of snow mass and distribution 
on streamflow

The comparison of streamflow at the outlet of the ORB 
between simulations prescribing initial SWE from a high-
snow and a low-snow year, reveals that snow mass exerts a 
first order control on the magnitude of the peak flow, with 

Fig. 7  Circulation at 850 hPa 
(left column) and 200 hPa 
(right column) during 01 May 
(top row) and 06 May (bottom 
row), from the ERA-Interim 
reanalysis. Shading corresponds 
to anomalies in sea level pres-
sure (left column) and 500 hPa 
geopotential height (right 
column). The black dot denotes 
the location of Montreal

Fig. 8  Daily rainfall (dark green), water equivalent snowfall (dark 
blue), surface runoff (red) and drainage (orange) over the Ottawa 
River basin from CRCM5 reference ensemble. Also shown are daily 
rainfall (light green) and snowfall (light blue) from SNODAS and 

daily precipitation from CaPA (magenta lines). Full and dashed lines 
show the snow cover evolution from CRCM5 and SNODAS, respec-
tively



4201Investigation of the mechanisms leading to the 2017 Montreal flood  

1 3

the high-snow year reaching a peak flow of more than twice 
the magnitude of the peak flow in the low-snow year (Fig. 9). 
This result is not unexpected, as the high-snow year starts 
with around four times as much snow as the low-snow year, 
highlighting the large interannual variability of snow accu-
mulation in this basin.

Even when conserving the same snow mass as the refer-
ence ensemble, prescribing a more heterogeneous snow dis-
tribution at the beginning of April results in a clear reduction 
of the streamflow at the outlet of the ORB during April. This 
is explained by the reduced snow cover leading to a smaller 
area of the basin contributing runoff from snowmelt during 
the first few weeks. However, as the snowpack is deeper, 
snow cover is maintained for longer and results in a contin-
ued increase of streamflow during early May. The opposite 
signal is seen when prescribing a more homogeneous snow 
cover, which leads to an increase in the rate of early melting 
and a higher peak flow, followed by a faster decline in flow, 
as the snowmelt contribution becomes small.

These results reflect the land use of the basin. Over an 
open landscape, the simulation with homogeneous snow 
would have significantly larger albedo, potentially leading to 
lower near-surface temperatures and slower snowmelt with 
respect to the simulation with heterogeneous snow. Over the 
mostly forested ORB, the albedo difference between homo-
geneous and heterogenous snow cover is small, leading to 
the modelled dominance of snow area over snow-albedo 
feedback.

5.2  Impact of frozen soil parameterization 
on simulated streamflow

There is a large impact of the improved parameterization 
of frozen soils on the evolution of modelled streamflow at 
the outlet of the ORB (Fig. 10). Only the reference ensem-
ble with the improved parameterization is able to capture 
the reported rise of streamflow to near-record levels dur-
ing April. In the ensemble without this improvement, sur-
face runoff over the ORB is modelled to be significantly 
smaller, while drainage at the interface of the soil column 
with the bedrock is modelled to be much larger during the 
second half of April and early May. The lower surface runoff 
explains the slower rise in streamflow during April, while 
the higher drainage explains the continued rise in streamflow 
during May, as the water stored in the underground reservoir 
is released over the course of a few weeks. These results are 
consistent with those of Ganji et al. (2017) and confirm the 
importance of using an appropriate frozen soil parameteri-
zation when modelling spring streamflows in cold regions.

6  Event attribution

The ‘attributable risk’ approach to event attribution is used 
when comparing the present-day and pre-industrial dis-
tributions of April precipitation, SWE, rain-on-snow and 
runoff values over the flood-affected basin. Risk ratios cor-
responding to an event of certain magnitude are calculated 
by dividing the probability of exceedance of the event in 
present-day climate by the probability of exceedance of 
the same event in each of the pre-industrial ensembles. It 
follows that a risk ratio above unity corresponds to events 

Fig. 9  Streamflow at the outlet of the ORB from the CRCM5 refer-
ence ensemble (black), from simulations initialized with high snow 
(red) and low snow (blue), and from simulations initialized with 

homogeneous (magenta) and heterogeneous (green) snowpacks, while 
conserving the same snow mass as the reference ensemble
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that are more likely to occur in present-day climate, while 
a risk ratio below unity is obtained for events less likely 
to occur in present-day climate than in the pre-industrial 
climate.

Significant influence of anthropogenic emissions on total 
precipitation over the ORB during the month of April is 
detected, with the best estimate being that events such as 
the April 2017 precipitation accumulation are between two 
and three times as likely to occur in present-day climate, 
when compared to the pre-industrial climate (Fig. 11a). 
The anthropogenic signal is even stronger for April rainfall 
(Fig. 11b), as higher temperatures in the present-day ensem-
ble favor the liquid phase of precipitation. These higher tem-
peratures are also associated with a significant reduction in 
the mass of the snowpack at the beginning of April, with 
snowpacks similar to that of 2017 being around half as likely 

to occur in the present-day climate than in the pre-industrial 
climate (Fig. 11c).

Due to the counterbalancing effects of increased rain-
fall and reduced snowpack, no significant differences can 
be detected in April rain-on-snow accumulation, nor total 
runoff (Fig. 11d, f). As the reduction in snowpack mass also 
favors earlier thawing of the soil column, increasing infiltra-
tion rates, small reductions in surface runoff can be detected 
for many events, but there is no change detected for events 
above the 90th percentile (10-year return time), which can 
be interpreted as no change in spring flood risk (Fig. 11e).

The present-day and pre-industrial ensembles also present 
an opportunity to study the mechanisms favoring heavy pre-
cipitation over the ORB in April and early May, which are 
likely to have played a role in the 2017 flood. This analysis 
focuses on the inter-member variability in the present-day 

Fig. 10  a Daily surface runoff (red) and drainage at the soil/bedrock 
interface (yellow) over the Ottawa River basin from the CRCM5 
reference ensemble (dark colors) and from an ensemble without 
improved frozen soil parameterization (light colors). b Streamflow at 

the outlet of the ORB from the CRCM5 reference ensemble (black) 
and from an ensemble without improved frozen soil parameterization 
(red)
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and each of the pre-industrial ensembles and attempts to 
tease out the features associated with heavy precipitation 
over the ORB during the snowmelt season.

Precipitation over the ORB in April exhibits a strong 
positive correlation with vertically integrated water vapour 
above the ORB and regions to the southeast (Fig. 12), imply-
ing that atmospheric moisture over these regions may have 
contributed to precipitation over the basin. Precipitation 

over the ORB also is positively correlated with sea level 
pressure (SLP) off the east coast of the United States, and 
negatively correlated to SLP over the Great Lakes, which 
both favor low-level southerly flow into the ORB, conducive 
to high precipitation. Finally, precipitation over the ORB is 
also positively correlated with 200-hPa divergence over the 
basin, which favors upward motion in the troposphere. When 
combined, these patterns explain most of the inter-member 

Fig. 11  Return times of April a total precipitation, b rainfall, c snow 
water equivalent at the beginning of the month, d rain-on-snow, e sur-
face runoff and f total runoff in present-day (red) and pre-industrial 
ensembles (blue), over the Ottawa River basin. Black dashed lines 
correspond to the mean of the CRCM5 reference ensemble for April 

2017. Risk ratios calculated from each of the pre-industrial ensem-
bles are shown as black solid lines, along with their 95% confidence 
intervals (CI). Red shading is used when the lower bound of the CI 
exceeds one, blue shading is used when the upper bound of the CI is 
less than one, and grey shading is used otherwise



4204 B. Teufel et al.

1 3

variability of April precipitation, supporting the conclusion 
that large scale features have a strong control on precipita-
tion over the ORB, as they did in 2017.

The strength of these correlations involving precipita-
tion over the ORB does not change significantly between 
the present-day and pre-industrial ensembles, suggest-
ing that the rain-generating mechanisms in April remain 
very similar. A comparison of the present-day and pre-
industrial vertically integrated water vapour over the 

region where the correlation with ORB precipitation is 
strongest, reveals an increase in available moisture for 
the present-day ensemble (Fig. 13). In contrast, a simi-
lar analysis involving 200-hPa divergence suggests little 
difference between present-day and pre-industrial ensem-
bles. From this analysis, it appears that the increase in 
the risk of heavy precipitation events over the ORB is 
linked to increased atmospheric moisture due to warmer 

Fig. 12  Linear correlation between April precipitation over the ORB and vertically integrated water vapour (top row), sea level pressure (middle 
row) and 200 hPa divergence (bottom row), calculated for each grid cell in the present-day (IR) and pre-industrial (PIRa, PIRb, PIRc) ensembles

Fig. 13  Probability distributions of vertically integrated water vapour 
(left) and 200  hPa divergence (right) in the present-day ensemble 
(black line) and each of the pre-industrial ensembles (coloured lines). 

The insets show the regions for which the probability distributions are 
obtained, and correspond to the regions of maximum correlation for 
each variable from Fig. 12
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temperatures in the present-day ensemble, rather than 
changes in rain-generating mechanisms or circulation 
patterns.

7  Summary and conclusions

This study has explored the mechanisms behind the extreme 
discharge from the Ottawa River basin that caused destruc-
tive flooding near Montreal during the first half of May 
2017. This was accomplished through the analysis of obser-
vations and CRCM5 experiments. The model realistically 
represents most of the factors leading to the flood, including 
the much above average April precipitation and the associ-
ated heavy rain-on-snow event, which increased streamflow 
to near record-high levels. The two heavy rainfall events 
affecting the ORB in the first week of May, which ultimately 
resulted in flooding, are also well represented.

Sensitivity experiments with CRCM5 confirmed the 
importance of using an appropriate frozen soil parameteri-
zation when modelling spring streamflows in cold regions. 
In addition, results from experiments altering the snow mass 
and distribution at the beginning of the snowmelt season 
suggest that the state of the snowpack has a strong control 
on spring streamflow in the ORB and similar basins.

Event attribution using CRCM5 showed that events such 
as the observed April 2017 precipitation accumulation 
over the ORB are between two and three times as likely 
to occur in present-day climate than in the pre-industrial 
climate. This increase in the risk of heavy precipitation is 
linked to increased atmospheric moisture due to warmer 
temperatures that are a direct consequence of anthropo-
genic emissions. Warmer temperatures are also associated 
with a significant reduction in the mass of the snowpack at 
the beginning of April in the present-day climate, which 
offsets the increase in rainfall and results in no change to 
the likelihood of extreme surface runoff, a proxy for flood 
risk. It can be speculated that in a future (warmer) climate, 
further decrease in the mass of the snowpack, along with 
increases in infiltration rate due to soils thawing earlier, may 
outpace possible increases in rainfall, thus reducing the risk 
of spring flooding (e.g., Musselman et al. 2017), although 
previous studies over the ORB (e.g., Clavet-Gaumont et al. 
2013; Huziy et al. 2013) did not project significant changes 
to peak streamflow.

To realistically simulate flooding extent, hydraulic model-
ling is required, which would also allow the quantification 
of other factors that may have played a role in the flood and 
which are not considered in the present study, such as the 
high discharge from the Great Lakes. In addition, the uncer-
tainties in snow mass/distribution and soil water/ice content 
could be taken into account. Another interesting avenue of 
future research involves the influence of SST patterns on the 

flood, which is speculated to be at least discernible, given 
the spread among the pre-industrial ensembles observed in 
this study.
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