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Chapter 1

1.1 Background

The Direction de la recherche forestiére (DRF) at
the Ministére des Ressources naturelles et de la
Faune du Québec (MRNF) tasked Ouranos with
producing an atlas of climate scenarios to
provide an overview of anticipated changes for a
number of variables and indices of interest to
Québec forests. These indices and variables,
which form the basis of the climate information
set out here, were deemed most relevant to the
growth and dynamics of Québec forests by DRF
researchers in collaboration with Ouranos.

1.2 Introduction

Climate scenarios are used by impact and
adaptation projects to analyze potential impacts
of climate change on forests. These scenarios
are constructed using climate models, which are
numerical representations of the climate system
based on equations governing the physical
processes of climate components. Climate
models are therefore unique tools enabling the
reproduction of a complex set of processes
responsible for climate evolution (Murphy et al.
2004). Until recently, climate projections largely
came from global models (GCM), which have a
spatial resolution of approximately 200 km to
300 km. This resolution is often insufficient for
climate change impact and adaptation
applications and the downscaling of global
projections toward a resolution better suited to
regional model applications has proven to be
useful, if not indispensable. Regional climate
simulation is one of the strengths of the Ouranos
consortium and its research partners, who have
helped develop the Canadian Regional Climate
Model (CRCM; Caya and Laprise 1999). This
model, like other regional climate models (RCM),
is based on the conservation of energy, mass,
and momentum to generate temporal series of
physically coherent climate variables. Regional
models therefore respect the same physical
principles as GCM, but are concentrated on a
reduced spatial domain, meaning that climate
simulations can be produced at a higher spatial
resolution (approximately 45 km for the current
CRCMY).

! CRCM resolution will be increased in the near
future.

Consequently, in order to compare variables from
global models with a coarser resolution to
variables from regional signals of a finer
resolution, the data presented in this atlas are
based both on an ensemble of global climate
simulations—made available by the Program for
Climate Model Diagnosis and Intercomparison
(PCMDI) project —as well as an ensemble of
regional simulations produced by Ouranos and its
partners.

Moreover, using both ensembles of simulations
allows the sources of uncertainty in the climate
projections to be better identified and evaluated.
Recent climate change impact and adaptation
studies show that analyses using results from an
ensemble of climate simulations have, to date,
provided the best estimate of a simulated climate
(Gleckler et al. 2008). More specifically, the
median or the mean of a large ensemble of GCM
or RCM simulations produces more consistent
results compared to reference data on a range of
climate variables in several parts of the world.
What's more, using an ensemble of simulations
means that climate projection uncertainty can be
evaluated and allows decision makers to gauge
the level of confidence that can be placed in
calculated median or mean changes.

This document first briefly describes the
methodology used to select the indices and
variables used for the atlas and to select climate
simulations. The seven chapters below set out in
turn the indices and variables of interest. Each
chapter contains the following information: 1) a
description of the index along with a definition, the
observed normals for the reference period (1971-
2000), and the projected change in the index over
time, 2) background information on the importance
of the index for forest ecosystems, 3) a description
and maps of changes and uncertainties projected
by regional simulations for the 2050 horizon and
by global simulations for the 2050 and 2090
horizons. The principal portion of the document
describes observed normals and projected
changes for the seasons deemed most relevant.
However, maps for all seasons have been
produced and are presented in three annexes.
Respectively, the annexes comprise: 1) maps of
observed climate normals for the reference period
for all seasons, 2) projected changes over time for
all seasons, and 3) Maps of average changes
projected by the complete RCM and GCM
ensemble datasets for all seasons. A fourth annex
is also included, which provides a detailed



methodology for the selection and evaluation of
the climate simulations.

Chapter 2. Methodology

2.1 Climate projection selection

2.1.1. Ensemble simulations from global climate
models (GCM)

An ensemble of 71 global simulations (Table 1)
was used to produce this atlas. Data for this
ensemble came from the Program for Climate
Model Diagnosis and Intercomparison (PCMDI,

Meehl et al. 2007) archive, which provides
researchers with a large number of GCM
simulations produced by different modelling
centres around the world. Simulated data are
available for three GHG scenarios stemming from
the Special Report on Emissions Scenarios
(SRES: Alb, A2, and B1; Nakicenovic et al. 2000).
Figure 2.1b shows the change in global average
temperature according to an ensemble of
simulations arising from a number of GHG
emissions scenarios. These emissions scenarios
were endorsed by the IPCC and formed the basis
of the last IPCC evaluation report published in
2007.
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Figure 2.1 a) Worldwide GHG emissions (CO,, CH,, N,O, and fluorinated gases) illustrating six
SRES scenarios (coloured lines) and b) Change in mean global temperature according to GCM
simulations grouped together by SRES GHG scenario (Source: IPCC 2007, WG1-AR4).



For global simulations, the 2050 and 2090
horizons of interest were selected according to
the availability of daily data in the PCMDI
simulations bank. In this case, daily data are
available for only three periods: the present
(1971-2000), the 2050 horizon (2046-2065),
and the 2090 horizon (2081-2100).

2.1.2 Ensemble simulations from regional
climate models (RCM)

An ensemble of 18 regional climate simulations
produced by Ouranos (Table 2) is currently
available for climate scenario construction.
Among these simulations, 14 were produced
from the Canadian Regional Climate Model
(CRCM; Caya and Laprise, 1999, Music and
Caya, 2007) and two were produced by Ouranos
using the ARPEGE-CLIMAT/Ouranos model.
Ouranos also has two simulations made
available as part of the NARCCAP (North
American Regional Climate Change Assessment
Program) project. IPCC's SRES A2 GHG
emissions scenario was used as to force all
RCM simulations (Nakicenovic et al. 2000).

For regional simulations, only the 2050 horizon
(2041-2070) is presented in the atlas. The
horizon was chosen according to data availability
for the set of regional simulations. It should be
noted that global simulations were calculated
over a 20-year period (2046-2065), while
regional simulations were calculated over a 30-
year period (2041-2070).

2.1.3 Cluster analysis

Of the 18 regional simulations available, a large
majority (14 of 18) came from a single RCM, the
CRCM (Canadian Regional Climate Model).
Cluster analysis was performed to avoid the
overrepresentation of this model in median and
percentile calculations. This analysis
reorganized the 18 simulations into eight groups

(Table 2). One simulation was then selected from
each of the groups to reduce redundancy. The
eight simulations selected were used to produce
climate change maps. The cluster analysis
process is outlined in detail in Annex 4.

GCM simulations were not chosen by cluster
analysis. Table 1 suggests there could be an
imbalance in the simulation set, with certain GCMs
being overrepresented. However, Logan et al.
(2010) have shown that reducing the number of
available GCM simulations by cluster analysis
changes neither the medians nor the percentiles of
projected change. Consequently, the imbalance in
the GCM ensemble appears to be minor and the
71 available simulations are used in the atlas.

2.2 Evaluating climate simulations for
the reference period (1971-2000)

Gleckler et al. (2008) have demonstrated that the
ensemble median or mean is the most dependable
way to estimate simulated climate. Their study, on
the other hand, was concerned with large regions
and the study’s conclusions have not been verified
for a smaller region such as Québec. It is therefore
desirable to evaluate the climate simulations
(using the method described by Gleckler et al.
2008) for the reference period over the Québec
region. The evaluation process is outlined in detalil
in Annex 4.



Table 1. Ensemble of 71 selected GCM simulations chosen for the atlas

Model Member SRES Model Member SRES
CCCMA _CGCM3_1 Runl SRESA1B MIROC3_2 HIRES Runl SRESA1B
CCCMA _CGCM3_1 Runl SRESA2 MIROC3_2 HIRES Runl SRESB1
CCCMA _CGCM3_1 Runl SRESB1 MIROC3 2 MEDRES Runl SRESA1B
CCCMA _CGCM3_1 Run2 SRESA1B | MIROC3 2 MEDRES Runl SRESA2
CCCMA CGCM3 1 Run2 SRESA2 MIROC3_2 MEDRES Runl SRESB1
CCCMA CGCM3_ 1 Run2 SRESB1 MIROC3_2 MEDRES Run2 SRESA1B
CCCMA _CGCM3 1 Run3 SRESA1B | MIROC3 2 MEDRES Run2 SRESA2
CCCMA _CGCM3 1 Run3 SRESA2 MIROC3_2 MEDRES Run2 SRESB1
CCCMA CGCM3_ 1 Run3 SRESB1 MIUB_ECHO_G Runl SRESA1B

CCCMA _CGCMS3_1 t63 Runl SRESA1B MIUB_ECHO_G Runl SRESA2
CCCMA _CGCMS3_1 t63 Runl SRESB1 MIUB_ECHO_G Runl SRESB1
CNRM_CM3 Runl SRESA1B MIUB_ECHO_G Run2 SRESA1B
CNRM_CM3 Runl SRESA2 MIUB_ECHO_G Run2 SRESA2
CNRM_CM3 Runl SRESB1 MIUB_ECHO_G Run2 SRESB1
CSIRO_MK3 0 Runl SRESA1B MIUB_ECHO_G Run3 SRESA1B
CSIRO_MK3 0 Runl SRESA2 MIUB_ECHO_G Run3 SRESA2
CSIRO_MK3 0 Runl SRESB1 MIUB_ECHO_G Run3 SRESB1
CSIRO_MK3 5 Runl SRESA1B MPI_ECHAMS5 Runl SRESA2
CSIRO_MK3 5 Runl SRESA2 MPI_ECHAMS5 Runl SRESB1
CSIRO_MK3 5 Runl SRESB1 MPI_ECHAMS5 Run4 SRESA1B
GFDL_CM2_ 0 Runl SRESA1B MRI_CGCM2_3 2A Runl SRESA1B
GFDL_CM2_0 Runl SRESA2 MRI_CGCM2_3 2A Runl SRESA2
GFDL_CM2_0 Runl SRESB1 MRI_CGCM2_3 2A Runl SRESB1
GISS_AOM Runl SRESA1B MRI_CGCM2_3 2A Run2 SRESA1B
GISS_AOM Runl SRESB1 MRI_CGCM2_3 2A Run2 SRESA2
IAP_FGOALS1 0 G Runl SRESA1B MRI_CGCM2_3 2A Run2 SRESB1
IAP_FGOALS1 0 G Runl SRESB1 MRI_CGCM2_3 2A Run3 SRESA1B
IAP_FGOALS1 0 G Run2 SRESA1B MRI_CGCM2_3 2A Run3 SRESA2
IAP_FGOALS1 0 G Run2 SRESB1 MRI_CGCM2_3 2A Run3 SRESB1
IAP_FGOALS1 0 G Run3 SRESA1B MRI_CGCM2_3 2A Run4 SRESA1B
IAP_FGOALS1 0 G Run3 SRESB1 MRI_CGCM2_3 2A Run4 SRESA2
INGV_ECHAM4 Runl SRESA1B MRI_CGCM2_3 2A Run4 SRESB1
INGV_ECHAM4 Runl SRESA2 MRI_CGCM2_3 2A Run5 SRESA1B
IPSL_CM4 Runl SRESA1B MRI_CGCM2_3 2A Run5 SRESA2
IPSL_CM4 Runl SRESA2 MRI_CGCM2_3 2A Run5 SRESB1
IPSL CM4 Runl SRESB1




Table 2. Ensemble of selected RCM simulations chosen for the atlas

RCM Domain Pilot Member SRES Source
CRMC4.1.1 Qc CGCM3 4 A2 OURANOS
CRMC4.1.1 Qc CGCM3 5 A2 OURANOS
CRMC4.2.0 AMNO CGCM2 3 A2 OURANOS
CRMC4.2.0 AMNO CGCM3 4 A2 OURANOS
CRMC4.2.0 AMNO CGCM3 5 A2 OURANOS
CRMC4.2.3 AMNO CGCM3 1 A2
CRMC4.2.3 AMNO CGCM3 2 A2 OURANOS
CRMC4.2.3 AMNO CGCM3 3 A2 OURANOS
CRMC4.2.3 AMNO CGCM3 4 A2 OURANOS
CRMC4.2.3 AMNO CGCM3 5 A2 OURANOS
CRMC4.2.3 Qc CGCM3 4 A2 OURANOS
CRMC4.2.3 Qc CGCM3 5 A2 OURANOS
CRMC4.2.3 AMNO ECHAMS A2 OURANOS
CRMC4.2.3 Qc ECHAMS A2 OURANOS
ARPEGE- AMNO NA 1 A2 OURANOS

CLIMAT/Ouranos
ARPEGE- AMNO NA 2 A2 OURANOS

CLIMAT/Ouranos
HRM3 NARCCAP HADCM3 A2 NARCCAP
RCM3 NARCCAP CGCM3 A2 NARCCAP

Note: The eight simulations chosen after the cluster analysis are in blue (see Section 2.1.3).

2.3 Selection of variables of interest

A list of hydro-climatic variables and indices was
established (Table 3) in collabotation with MRNF
researchers. The variables were chosen both
because of their relevance to forest growth and
productivity and also with respect to data
availability necessary in calculating the variables
and indices of interest.

For variables where calculations were carried out
over a number of seasons—i.e., temperature,
precipitation, and freeze/thaw events—only the
seasons deemed most relevant to forest growth
are presented in the principal portion of the atlas.
Maps were produced for all seasons, however
and are available in the annexes at the end of the
document.
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Table 3. Summary of selected hydro-climatic variables and indices

Variable or Index

Description

Mean temperature

The mean temperature calculated on a daily basis

Minimum temperature1

The minimum daily temperature calculated on a daily basis

Maximum temperature®

The maximum daily temperature calculated on a daily basis

Total precipitation

Total daily precipitation in millimetres falling in liquid and snow form

Snowfall

Daily precipitation in millimetres falling as snow

Freeze/thaw events

Days with a freeze/thaw event are days when the temperature oscillates above
and below 0°C in 24 hours. Specifically, a daily freeze/thaw event is observed
when, within a 24-hour period, the minimum recorded temperature is below
0°C and the maximum recorded temperature is above 0°C.

Growing degree-days

The difference in degrees Celsius that separates the mean daily temperature
from a base value of 5°C. If the difference is equal to or less than 5°C, the day
has zero growing degree-days. Daily values for degree-days are accumulated
on an annual basis.

The base value of 5°C was established according to plant growth and
development relationships. The basic assumption is that plants will grow only if
the ambient temperature is greater than this minimum value. There is also
presumed to be a quasi-linear relationship between growth increases and
temperature increases or the accumulation of heat energy (Schenk 1996;
Loehle 1998; Bonhomme 2000).

Growing season length

The growing season starts when the mean daily temperature is equal to or
greater than 5°C for five consecutive days starting March 1. It ends when the
mean daily temperature is below -2°C starting August 1. This is the definition
used by Natural Resources Canada.

It is important to note that the growing season as defined here is a season of
potential growth based strictly on a temperature index. It represents a potential
increase in growth that does not necessarily correspond to the actual growing
season for a particular species.

Canadian drought code

The Canadian drought code is intended to be an empirical evaluation of the
mean water content of forest soil. It is calculated based on combined daily
temperatures and precipitation from April 1 to October 31, using the method
proposed by Turner (1972).

! Results for changes in

minimum and maximum temperatures are outlined in Annexes 1to 3.

11



2.4 Study area selection

Climate models all have different grids and
resolutions. It is therefore necessary to establish
a common study area and reference grid in order
to consistently evaluate the variables produced
by the models (Figure 2.2). For the GCMs, the
common grid chosen is the section of the
Canadian global model grid (CGCM3 T47) that
covers Québec (Figure 2.2a). Variables for all
GCMs were therefore interpolated (using the

“nearest neighbour” method) to this grid. For the
RCMs, the common grid chosen is the portion of
the Canadian regional model (AMNO domain) that
covers Québec (Figure 2.2b). Here too, variables
for all regional models were interpolated using the
“nearest neighbour” method to this grid. In both
cases, only tiles with more than 50% of land
according to the land-sea mask were included. To
map projected changes, the value at the grid point
nearest the reference grid centroid is chosen.

= |:| Grille de reférence (MREC)

a)

b)

Figure 2.2 Reference grid for (a) Global climate models (CGCM3 t47) and (b) Regional climate models
(RCMC4, AMNO domain) over Québec. Only points with more than 50% of land were used in the analysis.
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2.5 Maps of observed climate normals

The World Meteorological Organization (WMO)
standard for defining climate normals is the mean
climate state over a 30 year period. For the
reference period, the mean for 1971 to 2000 is
generally used. Observed normals (not coming
from a climate model) provide a comparison or
reference base by which changes projected by
various models can be evaluated (see Section
2.8.3).

Normals are calculated using daily temperature
and precipitation data. Data used in this atlas
come from the NLWIS (National Land and Water
Information Service) and are provided on a
regular grid with a spatial resolution of 10 km x
10 km covering Canada south of 60°N. Seasonal
values for each of the variables and indices of
interest were calculated for each grid point and
for each year. The mean 30-year value was then
mapped. An example of mean winter and
summer temperatures can be found in Figure 2.3.

2.6 Calculation of projected changes

Hiver

Changes or deltas (A) projected by each
simulation were calculated in one of the following
ways:

By the difference

Agy =Vvalue,, —value, (1)

or by the percentage

A, =100(value,, /value,, —1) (2)

prct

Valuey, is the mean of a variable for the future 30
year period for a given simulation and value is
the 30 year mean for the reference period for the
same simulation.

Changes in total precipitation and snowfall are
calculated using Equation 2 for the principal
portion of the atlas (changes in mm using
Equation 1 are available in Annex 3), while
changes for all other indices are calculated using
Equation 1.

Ete

Figure 2.3 Observed normals for mean temperature (in °C) for the reference period (1971-2000) for (a)

winter (DJF) and (b) summer (JJA) months.
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2.7 Evolution of anomalies
2.7.1 Calculating anomalies

Changes in variables over time are often
presented as anomalies. Annual or seasonal
anomalies for a variable (anom_diffi or
anom_prct) were calculated for each simulation:

By the difference
anom _ diff, =value, —value,, (3)

or by the percentage

value, —value
anom_ pret; =100 ————— | (4)
value,

Value; is the value of the variable for a year or
season and value is the mean of the value for
the 30 year reference period for the same
simulation. Values represent spatial means for
the entire Québec reference grid.

2.7.2 Displaying anomalies

For the GCM simulations, the median anomaly
value of the ensemble of 71 simulations was

— Mediane MRC
— [Médiane MCG
Intervalle de confiance (MCG)

Anomalies (degrés C)
[=THN % T S = I < -]

L L L 1 L 1

calculated for each year. A confidence interval
around the median, representing the difference
between the 10th and 90th percentiles of the 71
values for each year was also calculated. Figure
2.4 shows an example of the evolution of
anomalies for mean winter and summer
temperatures for the period from 1971 to 2100.

For the RCM ensemble, the median anomaly
value for the eight regional simulations is shown in
the same figure (Figure 2.4). Given the lower
number of simulations available for the RCMs, the
interval around the median is not shown. It should
be noted that this smaller number of simulations is
responsible for fluctuations in the median curve for
RCM anomalies, which are greater compared to
the GCM anomalies. Moreover, given the different
number of simulations for the two types of models,
statistical comparison cannot be made between
their medians.

Nevertheless, for the vast majority of variables, the
trajectories of GCM and RCM curves are parallel
and the GCM envelope of variability encompasses
RCM fluctuations. Consequently, although this
document only presents projected RCM changes
for the 2050 horizon, the GCM curves allow us to
gauge the possible scale of mean changes for
regional models for the 2090 horizon.
Hiver
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Figure 2.4 Evolution of anomalies for mean temperature from 1971 to 2100 calculated the selected GCM

(neem=71) and RCM (nrcm=8) ensemble.
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2.8 Maps of future changes
2.8.1 GCM ensemble maps

For each simulation, climate indices and variables
were calculated for the reference period and
future horizons. These calculations were made
for each grid point and the mean seasonal deltas
for each simulation were then calculated using
equations 1 and 2. Calculated deltas were
transferred to the reference grid (Figure 2.2a) to
produce the maps.

For each GCM reference grid tile, the median
value of the ensemble of projected changes was
mapped for the 2050 and 2090 horizons. In order
to show the uncertainty surrounding climate
change projections, two additional maps showing
the 10th and 90th percentiles of the projected
changes were also produced.

2.8.2 RCM ensemble maps

As for the GCM ensemble, the median value of
projected changes was mapped for each RCM

Hiver

reference grid tile (Figure 2.2b) for the 2050
horizon. Maps showing the 10th and 90th
percentiles of the changes were also produced.

2.8.3 Interpretation of observed normals and
projected changes

Figure 2.5 presents an example of observed
normals for total winter precipitation for the
reference period and median changes in total
winter precipitation projected for the 2050 horizon
by the RCMs. Note that observed normals are
given in millimetres, while changes are presented
as a percentage (calculated using Equation 2).
Consequently, in order to interpret the extent of
median projected changes, percentages must be
converted to millimetres. For example, for the
extreme south of Québec, observed normals
range from 200 mm (in yellow) to 250 mm (in light
blue). For the same area, median projected
changes are close to 20%. The maps therefore
project increases in total precipitation between 40
mm to 50 mm for the 2050 horizon for the area.

Hiver

Figure 2.5 a) Observed normals of total winter precipitation (in mm) for the reference period (1971-2000) and
(b) projected median change in winter total precipitation (as a percentage) by the regional climate models for

the 2050 horizon.
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Chapter 3. Mean Temperature
3.1 Description

DEFINITION

Daily mean temperature

FORMULA
Nsea
2. Tmeg;

Tmeasea = !

Nsea

Tmeasea: Seasonal mean temperature (sea)
Tmea;: daily mean temperature (i)

i: a given day

Nsea: the total number of days in a season

Hiver

IMPACT ON FOREST ECOSYSTEMS
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» Biogeochemical cycles

Hiver
10

— Meédiane MRC
81 —— Médiane MCG
Intervalle de confiance (MCG)

Anomalies (degrés C)
.

_4 1 1 1 1 1 1 1 1 1 1 1 ]
1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Eté
10
——— Médiane MRC
5 B[ —— Médiane MCG
% 6H Intervalle de confiance (MCG)
g 4
8 of
[+
E of
c
<
-2}

_4 1 1 1 1 1 1 1 1 1 1 1 ]
1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Années

Figure 3.2 Evolution of anomalies (see Section 2.7) in mean temperature
from 1971 to 2100 calculated for the selected GCM (ngcm=71) and RCM
(nrcm=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 3.1 Observed normals of mean temperature (°C) for the reference period (1971-2000) for winter (DJF) and
summer (JJA). Values were calculated using NLWIS data.
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3.2 Impact on forest ecosystems

Temperature is the climate variable most often
used to describe future changes to the
environment. A number of studies have shown
that a global increase in temperatures will have
an impact on a large number of terrestrial
ecosystems (e.g., Walther et al. 2002, Parmesan
and Yohe 2003; Woodward et al. 2004; Hamann
and Wang 2006, Parmesan 2006; Millar et al.
2007; Canadell and Raupach 2008; Allen et al.
2010).

Various reasons explain why temperature is often
used. First, temperature is one of the most
intuitive variables. Second, temperature data is
relatively easy to obtain, and often for long
periods. Third, temperature is often directly
correlated to other climate indices that can be
more difficult to quantify and conceptualize (such
as growing degree-days and the drought index).

Temperature has a direct influence on a number
of biological processes, notably species
metabolism and growth (Myneni et al. 1997,
Coulombe et al. 2009; Leblanc and Terrell 2009;
Deslauriers et al. 2008; Huang et al. 2010). For
instance, studies on boreal forest conifers show a
significant correlation between temperature and
precipitation and a number of growth indices: cell
production, annual growth, and forest productivity
(Bonan and Shugart 1989; Brooks et al. 1998;
Wang et al. 2002; Wilmking et al. 2004; Danby
and Hik 2007; Briffa et al. 2008; Kurtz et al.
2008).

Temperature has a definite impact on phenology,
influencing the moment of budding and the date
and duration of flowering (Menzel et al. 2003;
Root et al. 2003; Parmesan 2006). Temperature
mainly has an impact on the accumulation of
growing degree-days, setting a threshold for
certain phenological events.

The direct influence of temperature on species
growth and phenology has an impact on
competition mechanisms. This could influence
plant distribution and migration (Lescop-Sinclair
and Payette 1995; Kullman 2001; Shafer et al.
2001; Root et al. 2003; Woodward et al. 2004,
Thuiller et al. 2005; Parmesan 2006; Boisvenue
and Running 2006; Harsch et al. 2009). For
example, at the southern limit of the distribution
areas, forest distribution and composition might
undergo certain changes since species migrating
northward should be better adapted to the new

temperatures and could replace certain species
there. On the other hand, these changes are not
a given: there are a number of factors involved,
including dispersal distance and rate, the
frequency of natural disturbances, and soil
characteristics (Loehle 1998; Goldblum and Rigg
2005).

The influence of temperature is clearer at the
northern limit of the distribution areas. A number
of dendrochronological studies show that at the
northern limit of the distributions, tree growth is
significantly correlated to the mean temperature
of the growing season (Garfinkel and Brubaker
1980; Briffa et al. 2008; McDonald et al. 2008).
This correlation between tree growth and
temperature suggests that the northern tree line
of the boreal forest is limited by temperature and
that a temperature increase would result in better
individual growth and survival and even a
migration of trees to the north (MacDonald et al.
2000; Kullman 2001; MacDonald et al. 2008;
Harsch et al. 2009). Recent studies based on
future climate scenarios also project a general
shift to the north in the distribution of a number of
species in North America (Sturm et al. 2001;
Haman and Wang 2006; McKenney et al. 2007).

On the other hand, although mean temperature
has increased globally over the past decade, a
shift in the tree line to the north has not been
observed everywhere (Wilmking et al. 2004;
Harsch et al. 2009). Certain communities may
have migrated, but others have not shifted or
have even moved slightly to the south (Harsch et
al. 2009). This is due in part to the fact that local
temperature changes may be different to mean
temperature changes, since temperature can vary
on a regional spatial scale. Moreover, although
temperature is partly responsible for species
migration, a number of other factors, such as
precipitation, geology, and natural disturbances
can also influence tree response and migration
(Larsen and MacDonald 1995; Lescop-Sinclair
and Payette 1995; Brooks et al. 1998; Lloyd
2005; Wang et al. 2006). Population shifts to the
south are, for example, often associated with
disturbances such as forest fires and insect
outbreaks (Harsch et al. 2009). This is true for
white spruce in Québec, where the tree line on
the Labrador coast moved north due to a
temperature increase, while the tree line close to
the centre of the province, where forest fires were
frequent, shifted south (Payette 2007).
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Temperature changes also have an impact on the
frequency and intensity of natural disturbances
such as insects and fires (Stocks et al. 1998,
Logan et al. 2003; Battisti et al. 2005; Flannigan
et al. 2005, Woods et al. 2005; Hamann and
Wang 2006; Westerling et al. 2006; Kurtz et al.
2008; Lindner et al. 2010). An increase in
temperatures partly explains a number of recent
insect outbreaks. This is the case, for example,
with the mountain pine beetle in British Columbia,
where an increase in mean temperature is
helping favour the development and dispersion of
the species, while the absence of very cold winter
temperatures is helping larvae to survive
(Hamann and Wang 2006).

Temperature could also influence fires in a
number of ways. First, studies show that across
Canada an increase in temperatures is
associated with an increase in the annual area
burned (Gillett et al. 2004; Flannigan et al. 2005;
Girardin et al. 2006b). These studies suggest
that, over the long term, temperature is the best
predictor of the annual area burned. Moreover, a
general increase in temperatures could be
correlated with a longer fire season, particularly if
the increase is correlated with a decrease in
winter precipitation and increased soil drought
(Wotton and Flannigan 1993; Wotton et al. 2003).
On the other hand, fires are also greatly
influenced by precipitation and the interaction
between the two variables can be complex. For
instance, in Québec, studies show that increased
precipitation over the past 150 years appears to
have countered the effect of a simultaneous
temperature increase, resulting in less frequent
fires (Bergeron and Archambault 1993; Bergeron
et al. 2001; Flannigan et al. 2005).

Lastly, a temperature rise will have an influence
on the carbon cycle even if the actual impact is
hard to predict. On the one hand, increased tree
growth and more productive forest ecosystems
combined with tree migration to the north
(replacing the tundra) would increase worldwide
carbon sequestration (Koerner 2000; Kurtz et al.
2008; MacDonald et al. 2008). However an
increase in forest fires resulting in the loss of
forest ecosystems would reduce carbon
sequestration (Kurtz et al. 2008). It is also
interesting to note that the various processes can
have opposing effects on global warming. On the
one hand, increased tree growth and increased
carbon sequestration should slow global
warming, but a loss of forest surfaces and a

decrease in carbon sequestration could
accelerate it (Foley et al. 2003).

3.3. Mean temperature results
3.3.1 Normals and anomalies

Figure 3.1 shows the observed normals of mean
temperature (°C) for the reference period (1971-
2000) for winter (DJF) and summer (JJA). Figure
3.2 shows the evolution of anomalies (see
Section 2.7) for mean temperature from 1971 to
2100 calculated for the selected GCM (ngcm=71)
and RCM (nrcy=8) ensembles.

3.3.2 Projected changes

Winter (DJF)

Figure 3.3 shows the changes in mean
temperature projected by the global and regional
ensembles for the 2050 and 2090 horizons.
Warming is greatest in the centre and north of the
province for both horizons for both the regional
and global ensembles.

More specifically, the median change in mean
temperatures projected for the 2050 horizon by
RCM and GCM ensembles varies between 3°C
and 5°C (Figure 3.3a, b). Warming is slightly
higher around Hudson Bay. The values for the
10™ and 90™ GCM percentiles are higher than for
the RCMs.

For the 2090 horizon (Figure 3.3c), the GCMs
project a median change in mean temperature of
5°C to 9°C. Warming follows a south—north
gradient, with higher values for the north of
Québec.

Summer (JJA)

Median summer temperature changes for the
2050 horizon are more uniform and range from
1.8°C to 2.7°C according to regional models
(Figure 3.4a) and from 1.7°C to 2.2°C according
to global models (Figure 3.4b). The temperature
gradient is the inverse of the gradient projected
for the winter season, with higher values in the
south of Québec for both horizons.

For the 2090 horizon (Figure 3.4c), the projected
median change in temperature for the GCMs is
2°C to 3.5°C. There is also a north—south
gradient, with higher values in the south.
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a) RCM 2050 Winter (DJF)

Figure 3.3 Projected change in mean daily winter temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10th and 90th percentiles.
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a) RCM 2050 Summer (JJA)

Figure 3.4 Projected change in mean daily summer temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10th and 90th percentiles.
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Chapter 4. Total Precipitation

4.1 Description

DEFINITION

Accumulation of total daily precipitation in
millimetres that falls in liquid or snow form.

FORMULA

Nsea
Ptotalsea = 2 Ptl
i

Ptotalsea: total precipitation in mm that falls in rain or snow form
during a season

Pt;: total daily precipitation in mm that falls in rain or snow form
i: a given day

Nsea: the total number of days in a season
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Figure 4.2 Evolution of anomalies (see Section 2.7) in total precipitation
from 1971 to 2100 calculated for the selected GCM (ngcm=71) and RCM
(nrcm=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 4.1 Observed normals of total precipitation (in mm) for the reference period (1971-2000) for winter (DJF) and
summer (JJA). Values were calculated using NLWIS data.
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4.2 Impact on forest ecosystems

As with temperature, precipitation has an
influence on plant distribution and growth.
Consequently these two variables are often used
together in climate change impact studies
(Bakkenes et al. 2002; Woodward et al. 2004).

The seasonality of precipitation is crucial. In a
temperate climate, with a relatively short growing
season, adequate precipitation over the summer
will have a positive influence on plant growth and
survival. The impact of precipitation is particularly
clear on plant growth at the start of the season,
when a shortage of liquid precipitation will slow or
even stop growth (Hoffer and Tardif 2009;
Leblanc and Terrell 2009). This close correlation
is relatively easy to study by looking at the
breadth and density of annual growth rings. Using
this information, researchers can infer historical
precipitation sequences and, in particular, track
drought episodes (Fritz 2001; Tardif and
Bergeron 1997; Hoffer and Tardif 2009; Girardin
et al. 20044, b, 2006b).

Conversely, during the winter season, too much
liquid precipitation, which tends to be correlated
with milder temperatures, can have a negative
impact on plant survival. This impact is related to
the fact that rain increases the amount of water in
the soil, thereby making the soil more likely to
freeze, especially if there is little thermal
insulation provided by the snow cover (Henry
2008; Zhang et al. 2008; Morgner et al. 2010).
Soil freezing can damage plant roots, particularly
roots of young seedlings and species with
shallow roots (Tierney et al. 2001; Cleavitt et al.
2008, Auclair et al. 2010).

The spatial distribution of species is partly
correlated to precipitation, although temperature
also plays an important role in the spread of
distribution areas (Dang and Lieffers 1989;
Flannigan and Woodward 1994; Briffa et al.
2008). The relative importance of precipitation
and temperature can be difficult to estimate and
can vary according to the environment or the
species. For example, a study looking at the
Douglas fir (Pseudotsuga menziesii) in British
Columbia shows that climate response varies
within the same species according to the local
conditions in which individuals belonging to a
population find themselves. In this case,
populations growing in a relatively warm, dry
climate have growth patterns correlated with
annual precipitation. Conversely, populations

growing at high altitudes in more humid, colder
climates have growth patterns correlated with
snow precipitation and with winter and annual
temperatures (Greisbauer and Green 2010).
Moreover, in the same environment, the same
species can have a different response to changes
in temperature and precipitation. In the boreal
forest, for instance, the radial growth of the black
spruce is, in certain environments, particularly
well correlated with total precipitation (Dang and
Lieffers 1989; Brooks et al. 1998) and, in other
environments, more correlated with temperature
(Hoffer and Tardif 2009).

Precipitation also has an influence on the
frequency and duration of forest fires. In Western
Canada, a number of studies show that a
decrease in precipitation and an increase in
temperature cause an increase in the length of
the fire season and an important increase in the
annual area burned in the boreal forest (Stocks et
al. 1998, Gillett et al. 2004, Flannigan et al.
2005). In Eastern Canada, notably in Québec,
since the Little Ice Age (~1850) an increase in
precipitation appears to have been responsible
for a decrease in forest fire frequency and a
diminution in annual area burned (Bergeron and
Archambault 1993; Bergeron et al. 2001;
Bergeron et al. 2006). Although fire frequency
patterns vary by region, all studies show a direct
link between fires and precipitation.

Changes to forest fire patterns could have major
consequences for boreal forest ecosystems,
including a reduction in old-growth forests, a loss
of late-successional species, and an increase in
habitat fragmentation. All these impacts are
thought to have negative consequences on the
assemblage and biodiversity of plant communities
(Weber and Flannigan 1997; Flannigan et al.
2001). Flannigan et al. (2001) even suggest that
changes in fire frequency and intensity could be
more important than the direct impacts of a
change in climate on the distribution, migration,
and extinction of boreal forest species. For
example, at the southern limit of the boreal forest
in Eastern Canada, an increase in temperatures
could lead to the northerly migration of species in
the mixed-wood forest of the St. Lawrence Valley.
An increase in fire frequency would increase the
number of disturbed sites and could facilitate this
migration and the replacement of boreal forest
species by these new arrivals (Flannigan et al.
2001).
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An increase in the frequency of fires and area
burned could also significantly diminish the
potential of boreal forest carbon sequestration
(Stocks et al. 1998). Studies suggest that
changes in the frequency of fires and area burned
are such that Canada’s boreal forest might lose
part of its carbon reserve and become a carbon
source until a new balance is struck (Stocks et al.
1998; Stocks et al. 2003).

4.3 Total precipitation results

4.3.1 Normals and anomalies

Figure 4.1 shows the observed normals of total
precipitation (in mm) for the reference period
(1971-2000) for winter (DJF) and summer (JJA).
Figure 4.2 shows the evolution of anomalies (see
Section 2.7) for total precipitation from 1971 to
2100 calculated for the selected GCM (hgcy=71)
and RCM (nrcy=8) ensembles.

4.3.2 Projected changes

Note that projected changes are shown here as a
percentage. Changes in mm can be consulted in
Annex 3.

Winter

Figure 4.3 shows the changes in total
precipitation projected by the global and regional
ensembles for the 2050 and 2090 horizons. The
median projected change by the RCMs for the
2050 horizon is a 10% to 20% increase in
southern and central Québec and a 25% to 45%
increase for the north, specifically around Hudson
Bay (Figure 4.3a). GCM projected values are
more or less the same as RCM projected values
for this horizon (Figure 4.3b). However, RCM

results, with their greater spatial resolutions,
accentuate change gradients, particularly around
Hudson Bay (Figure 4.3a). There are large
differences between the 10" and 90" percentiles
for projected changes for both models. The 10"
percentiles project reduced precipitation, while
the 90" percentiles  project increased
precipitation.

For the 2090 horizon, GCMs project higher total
precipitation in the north and centre portion of
Québec (Figure 4.3c), namely a 30% to 45%
increase in the north versus a 25% increase in
the south. Here, too, there are important
differences between the 10™ and 90™ percentiles
for projected changes.

Summer

Projected summer change patterns show smaller
values than those projected for winter, but the
direction of the precipitation gradient is the same
as for winter, with greater values for the north
than for the south of Québec (Figure 4.4). For the
2050 horizon, the RCMs (Figure 4.4a) project a
median increase of -5% to 10% in the south,
while the GCMs (Figure 4.4b) project a median of
0% to 5%. For the centre and north, the projected
median value is 10% to 20% for RCMs and 0% to
5% for GCMs. The 10" percentiles for RCMs and
GCMs are between -10% and 0% across the
whole area, while the 90" percentiles project
increases of up to 30%.

Projected GCM changes for the 2090 horizon are
only slightly higher than for the 2050 horizon
(Figure 4.4c). The projected increase in total
precipitation for the south of Québec is between
0% to 5%, while values for central and northern
Québec show an increase between 5% and 15%.
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a) RCM 2050 Winter (DJF)

Figure 4.3 Projected change in total daily winter precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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a) RCM 2050 Summer (JJA)

b) GCM 2050

Figure 4.4 Projected change in total daily summer precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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Chapter 5. Snowfall Precipitation
5.1 Description

DEFINITION

The accumulation of total daily precipitation in
millimetres that falls as snow.

FORMULA

Nsea
Psnowsea= 2 Pn;
i

Psnowse,: total precipitation in mm that falls as snow during a
season

Pn;: total daily precipitation in mm that falls as snow

i: a given day

Nsea: the total number of days in a season
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Figure 5.2 Evolution of anomalies (see Section 2.7) in snowfall precipitation
from 1971 to 2100 calculated for the selected GCM (nccm=71) and RCM
(nrcm=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 5.1 Observed normals of snowfall (in mm) for the reference period (1971-2000) for winter (DJF) and spring

(MAM). Values were calculated using NLWIS data.
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5.2 Impact on forest ecosystems

Just as precipitation in liquid form is important
during the growing season, snowfall precipitation
is equally important for ecosystems in temperate
and nordic climates.

First, snow cover can have an important indirect
impact on tree growth. Snow cover acts as an
insulator, which controls soil temperatures and
reduces soil freezing events (Decker et al. 2003;
Campbell et al. 2005; Zhang et al. 2008; Auclair
et al. 2010). This insulating effect is important for
tree survival. Experimental studies have shown
that removing snow throughout the winter season
increases soil freezing, which causes major root
damage (Robitaille et al. 1995; Weih and
Karlsson 2002), partial canopy mortality (Boutin
and Robitaille 1995; Robitaille et al. 1995), and a
reduction in micro-organism communities in the
ground (Sulkava and Huhta 2003). The survival of
insect larvae in the soil may also be compromised
by slight snow cover, which leads to lower
temperatures and an increase in freeze/thaw
events (Bale and Hayward 2010).

Snowfall precipitation rates may also have a
negative impact on soil water content in the
spring, a crucial time for the start of plant growth.
Snowfall precipitation can also be an important
water source for the soil during the spring thaw. A
lack of water during this period can slow the start
of the growing season or reduce growth (Hoffer
and Tardif 2009; Leblanc and Terrell 2009).
What's more, water content in the soil in the
spring has an impact on the soil drought code
index and, consequently, influences the risk of
forest fires. A reduced snow cover can mean an

earlier start to the fire season and a longer
season (Girardin et al 2006a, b).

Snow cover and, in particular, its insulating power
can also have a major impact on biogeochemical
cycles, such as those of nitrogen and carbon.
Impacts are complex and mixed, however. One
direct impact of increased snow cover is better
soil insulation, which leads to an increase in soil
temperature (Monson et al. 2006; Morgner et al.
2010). This increase in soil temperature causes
an increase in the respiration of the organisms
living in the soil and therefore an increase in the
carbon released by the system. Some studies
show that a loss of snow cover in nordic
environments, like the tundra, could transform
these ecosystems into important sources of CO,
(Morgner et al. 2010). On the other hand, more
clement temperatures can also transform snow
into an ice cover, particularly if there has also
been a buildup of liquid precipitation. In the short
term, this ice can prevent carbon from leaving
ecosystems (Morgner et al. 2010). Furthermore,
reduced snow cover and increased soil freezing
are also associated with disturbances in the
nitrogen cycle, including losses through leaching
in the form of nitrate (NO3) outside of the root
zone (Boutin and Robitaille 1995; Robitaille et al.
1995; Brooks et al. 1998; Tierney et al. 2001).
This leaching is partly explained by the fact that
the melting snow cover increases the amount of
water in the soil, which carries nitrates out of the
root zone (Groffman et al. 2001; Joseph and
Henry 2008). Moreover, root mortality, which is
linked to soil freezing, reduces the amount of
nitrate consumed by plants and increases the
rate of nitrate lost from the root zone (Boutin and
Robitaille 1995; Tierney et al. 2001).
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5.3 Snowfall precipitation results
5.3.1 Normals and anomalies

Figure 5.1 shows the observed normals for
snowfall precipitation (in mm) for the reference
period (1971-2000) for winter (DJF) and spring
(MAM). Figure 5.2 shows the evolution of
anomalies (see Section 2.7) for snowfall
precipitation from 1971 to 2100 calculated for the
selected GCM (ngecm=71) and RCM (ngcm=8)
ensembles.

5.3.2 Projected changes

Note that projected changes are shown here as a
percentage. Changes in mm can be consulted in
Annex 3.

Winter

Figure 5.3 shows the changes of winter snowfall
projected by the global and regional ensembles
for the 2050 and 2090 horizons. For this season,
both types of climate models project greater
increases in snowfall in the centre and north of
the province, with a very weak signal in the south.
The RCM median varies from -10% to 10% in the
south and from 15% to 50% in the north (Figure
5.3a). GCM and RCM values for the 2050 horizon
are similar (Figure 5.3b). However, given the
greater RCM resolution, maps produced with
these models better display certain snowfall

precipitation gradients, such as the gradient
around Hudson Bay, for example, which can arise
from convection on Hudson Bay whenever the ice
cover is incomplete. Differences between the 10"
and 90™ percentiles (inter-model variability) for
the GCMs (for the 2050 and 2090 horizons) are
greater than for the RCMs, particularly for
southern Québec. Across the south of Québec,
the GCM 10" percentiles project important
reductions in snowfall precipitation.

Spring

Figure 5.4 shows a decrease in snowfall
precipitation in the spring for central and southern
Québec, while in the north, models project only
very slight increases. For the 2050 horizon, the
median projected by the RCMs and GCMs
ranges from 0% to -25% for the centre of Québec
(Figure 5.4 a, b). For the St. Lawrence Valley,
further south, reductions reach -40%, while in the
north increases range from 0% to 5%.

For the 2090 horizon (Figure 5.4c), projected
reductions for southern Québec are greater than
those projected for 2050 by RCMs and GCMs,
with a projected median of -25% to -50%.
However, projected values for central and
northern Québec in 2090 are more or less the
same as the projected values for 2050 for these
regions. Differences between the 10" and 90"
percentiles are greater, however.
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a) RCM 2050 Winter  (DJF)

Figure 5.3 Projected change in daily winter snowfall precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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a) RCM 2050 (MAM)

b) GCM 2050

Figure 5.4 Projected change in daily spring snowfall precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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Chapter 6. Freeze/Thaw Events
6.1 Description

DEFINITION

Days with a freeze/thaw event are days when the
temperature oscillates above and below ‘€ in 24
hours. Specifically, a daily freeze/thaw event is
observed when, within a 24-hour period, the
minimum recorded temperature is below’0 and
the maximum recorded temperature is above 0°C.

FORMULA

Nsea
Freeze/Thaw = _Zl (Tx; > 0°C)and (Tn; < 0°C)
1=

Freeze/Thaw: the number of days with a freeze/thaw event
during a season

Tx: maximum daily temperature for a 24-hour period

Tn;: minimum daily temperature for a 24-hour period

i: a given day

Nsea: the total number of days in a season
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Figure 6.2 Evolution of anomalies (see Section 2.7) in the number of
freeze/thaw events from 1971 to 2100 calculated for the selected GCM
(neem=71) and RCM (nrcvw=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 6.1 Observed normals of the number of freeze/thaw events (in days) for the reference period (1971-2000), for
winter (DJF) and spring (MAM). Values were calculated using NLWIS data.
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6.2 Impact on forest ecosystems

The impact of freeze/thaw events—defined here
as when the air temperature is below and above
0°C on the same day—are no doubt the most
complex and difficult to quantify. This is for a
number of reasons: First, the impact of
freeze/thaw events on plants is largely influenced
by snow cover. Second, their impact on trees
depends on the time of year (when trees are
dormant or at the start of the growing season, for
example). Third, the length of time the
temperature spends above or below zero and the
absolute temperature deviation with zero also
have an effect. It is sometimes difficult to break
down each of these factors in the literature.

Freeze/thaw events have an important effect on
tree robustness and mortality, even though this
relationship can be difficult to quantify since
freezing thresholds vary from one species to
another. Nevertheless, the ability of trees to
obtain and maintain an adequate level of
resistance to freezing in late fall, winter, and
spring is clearly vital. Moreover, a change in the
frequency of freeze/thaw events seems to be the
primary cause of a loss of resistance to cold
temperatures for a number of species. For
example, for black spruce, an increase in the
frequency and intensity of freezing events is
correlated to a decrease in photosynthesis
(Gaumont-Guay et al. 2003).

A number of studies carried out in Québec have
shown the importance of freeze/thaw events and
of a loss of tolerance to the cold for two species
particularly susceptible to these phenomena: red
spruce and yellow birch (Schaberg et al. 2000;
Zhu et al. 2000, 2001, 2002; Lazarus et al. 2004;
Bourque et al. 2005; Dumais and Prévost 2007).
In fact, an increase in the frequency of winter
thaw episodes and an increase in thaw length are
closely correlated with a reduction in freezing
tolerance for both red spruce and yellow birch
(Lund and Livingston 1998; Schaberg et al. 2000;
Zhu et al. 2000, 2002). Moreover, loss of cold
resistance seems to be positively influenced by
an increase in acid deposition from the
atmosphere (Hamburg and Cogbill 1988;
Schaberg et al. 2000; Zhu et al. 2002; Hawley et
al. 2006). This phenomenon is so marked for red
spruce that it is held largely responsible for the
species’ population decline in northeastern
America (Hamburg and Cogbill 1988; Schaberg
et al. 2000; Hawley et al. 2006).

For red spruce, the loss of resistance to the cold
is correlated with cell damage, needle mortality,
and crown decline (Lazarus et al. 2004; Hawley
et al. 2006; Dumais and Prévost 2007). A canopy
loss then manifests itself through a reduction in
carbon assimilation and reduced growth
(Schaberg et al. 2000; Lazarus et al. 2004). For
yellow birch, a loss of resistance to the cold leads
to root and branch damage (Zhu et al. 2000,
2002). This damage then results in decreased
growth and a significant loss in moisture
absorption and root pressure. Given that root
pressure in the spring must be sufficient to fill the
embolisms caused by vessel cavitation over the
winter, a loss of root pressure caused by freezing
increases the mortality risk for the crown (Zhu et
al. 2001, 2002).

Finally, for red spruce and yellow birch, the timing
of the freezelthaw episodes also plays a
determining role. The tolerance of red spruce to
freezing develops slowly over the cold season,
reaching its peak in the middle of winter (Dumais
and Prévost 2007). An increase in freeze/thaw
episodes before this period could therefore
adversely affect the survival of red spruce.
Moreover, red spruce is not profoundly dormant
over winter compared to other conifers (Major et
al. 2003). A shift in freeze/thaw events over the
winter period could therefore also have an impact
on red spruce’s survival. The species’ sensitivity
to the cold and freezing seems to severely restrict
its spatial distribution (Arris and Eagleson 1989).
Yellow birch also loses its resistance to the cold
very quickly with rising spring temperatures and
the species would be particularly affected by an
increase in freeze/thaw episodes in late winter
and spring (Braathe 1995; Zhu et al. 2002). The
resistance of yellow birch to the cold seems to be
enough to maintain its spatial distribution in the
current climate, but any loss of resistance due to
changes in freeze/thaw events could mean
reduced competitiveness (Zhu et al. 2002).

Damage associated with freeze/thaw events is
considerable for a number of other species.
Sugar maple in particular, a very important
commercial species in Québec, is strongly
influenced by the intensity and timing of
freezelthaw events. First, damage due to soil
freezing in winter can have negative impacts on
tree health, sap run-off, total sap production, and
the amount of sugar produced per tree in the
spring (Robitaille et al. 1995). A recent study
shows that Québec maple syrup production by
tap tended to decrease between 1985 and 2006
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(Duchesne et al. 2009). Annual production
variations were largely explained by a climate
prediction model. Using future climate scenarios,
researchers forecast a reduction in maple syrup
production of 15% to 20%. It has long been
known that the maximum run-off for sugar maples
in the spring is in sync with periods characterized
by daytime temperature fluctuations around 0°C
(Pothier 1995). Therefore, the expected reduction
in syrup production by tap could be prevented if
the sap run shifts in line with freeze/thaw events
earlier in the spring and possibly in winter.

As well as influencing vegetation directly,
freeze/thaw cycles can have an indirect impact on
the soil and on plants by influencing snow cover
melt. First, a sufficiently long thaw period can be
associated with longer melting events. These
episodes are important since they increase the
amount of water in the soil, which may then in
turn bring about a bigger, faster transfer of
nutrients like nitrate and other base cations
(Lehrsch et al. 1991; Wang and Bettany 1993;
Ferrick and Gatto 2005; Henry 2008). If these
nutrients are not absorbed by the plants, they are
leached out of the trees’ root zone (Robitaille et
al. 1995; Weih and Karlsonn 2002; Campbell et
al. 2005; Henry 2008). This phenomenon occurs
in winter when trees are dormant and is often
associated with an increase in nitrification and H"
cation production. These factors can significantly
acidify the ground (Boutin and Robitaille 1995).
Furthermore, this increased winter leaching,
during a dormant period, implies that available
nutrient concentrations will be weaker in the
spring, a crucial growing period for trees (Lehrsch
et al. 1991).

Second, a partial melting of the snow due to
above-zero temperatures can cause ice to form at
the soil level (Fortin 2010). This ice can increase
the thermal conductivity of the snow cover, which
increases the risk of the soil freezing (Andrews
1996; Fortin 2010), changing the show's
ecological role, and impacting gas and water
exchanges between the soil, the snow, and the
atmosphere (Tranter and Jones 2001; Larsen et
al. 2002; Mikan et al. 2002; Campbell et al. 2005).
For instance, although thawing and melting snow
periods are often associated with an increase in
the amount of water in the soil (e.g., Joseph and
Henry 2008), ice formation may in fact have the
opposite effect and reduce water infiltration into
the soil (Zheng and Flerchinger 2001; Henry
2008). Finally, a total loss of snow in winter can
bring about an increase in the number of freezing

events and lengthen the time the soil freezes.
These increases can have important impacts on
root survival and nutrient absorption, which in turn
lead to losses in crown survival (Robitaille et al.
1995; Tierney et al. 2001; Auclair et al. 2010).
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6.3 Freeze/thaw event results
6.3.1 Normals and anomalies

Figure 6.1 shows the observed normals for the
number of freeze/thaw events (in days) for the
reference period (1971-2000), for winter (DJF)
and spring (MAM). Figure 6.2 shows the evolution
of anomalies (see Section 2.7) for the number of
freeze/thaw events from 1971 to 2100 calculated
for the selected GCM (ngcy=71) and RCM
(Nrcm=8) ensembles.

6.3.2. Projected changes

Winter

Figure 6.3 shows changes of the number of
freeze/thaw events projected by the global and
regional ensembles for the 2050 and 2090
horizons. All simulations project a slight increase
in the number of freeze/thaw events for southern
Québec, with no change for northern Québec. For
the 2050 horizon, GCMs and RCMs project
similar changes for central and northern Québec,
with a median of 0 to 2 days. For southern
Québec, however, RCMs (Figure 6.3a) project an
increase of 5 to 13 days, slightly more than the
projected GCM values (Figure 6.3b) of 5 to 8
days.

GCM results for the 2090 horizon (Figure 6.3c)
also show a north—south gradient with a 10-15
day increase in the number of events for southern
Québec and a median of around 0 days for
northern Québec.

Spring

All models project slight increases in the number
of freeze/thaw events in the north, an almost
constant number in the centre, and a decrease in
the number of events in the south (Figure 6.4).
Median changes for the 2050 horizon, projected
by the RCMs and GCMs, are 3 to 5 days in the
north, -1 to 3 days in the centre, and -5 to -10
days in the south (Figure 6.4 a, b). The 10"
percentiles project important reductions in

southern Québec, while the 90" percentiles
project a south—north gradient similar to those for
the median values.

Projected GCM values for the 2090 horizon
(Figure 6.4c) are more or less the same as the
values projected by RCMs and GCMs for the
2050 horizon, with fewer events in the south and
a slight increase in the number of events in the
north. There is, however, a greater difference
between the 10" and 90" percentiles for the 2090
horizon.

Annual

Figure 6.5 shows the projected changes in the
annual number of freeze/thaw events by the RCM
and GCM ensembles for the 2050 and 2090
horizons. Projected changes for the number of
freeze/thaw events are low: the projected RCM
and GCM median for both horizons is -5 to -10
days. The 10" percentiles project a reduction in
the number of events of approximately -10 days,
while the 90" percentiles project no change (0
days).

Changes shown on an annual basis provide
better context for the projected winter increase
(Figure 6.3) and the projected decrease in the
number of spring events (Figure 6.4) in southern
Québec. The increase in the number of winter
events is due to a shift in the timing of events in
the spring and fall in the current climate (Annex
3). This shift in the timing of events will be just as
important, if not more, for vegetation as the
change in the total number of freeze/thaw events.
Atlas projections show that expected changes for
freeze/thaw events are complex and deserve
further exploration.
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a) RCM 2050 Winter (DJF)
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Figure 6.3 Projected change in the number of winter freeze/thaw events (in days) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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a) RCM 2050 Spring (MAM)
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Figure 6.4 Projected change in the number of spring freeze/thaw events (in days) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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a) RCM 2050 Annual

Figure 6.5 Projected change in the number of annual freeze/thaw events between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10th and 90th percentiles.
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Chapter 7. Growing Degree-Days
7.1 Description

DEFINITION

The difference in degrees Celsius that separates
the mean daily temperature from a base value of
5°C. If the difference is equal to or less than 5°C,
the day has zero growing degree-days. Daily
values for degree-days are accumulated on an
annual basis.

The base value of 5°C was established according

FORMULA

365

GDD = _ZlMax(Tmeai —Thase,0)
i=

GDD: total number of growing degree-days per year
Tmea;: mean temperature of day i
Tbase: base temperature of 5°C

to plant growth and development. The basic i a given day
assumption is that plants will grow only if the
ambient temperature is greater than this minimum
value. There is also presumed to be a quasi-linear
relationship between growth increases and
temperature increases or the accumulation of heat
energy (Schenk 1996; Loehle 1998; Bonhomme
2000).
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Figure 7.2 Evolution of anomalies (see Section 2.7) in the annual number
of growing degree-days from 1971 to 2100 calculated for the selected
GCM (neem=71) and RCM (nrcm=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 7.1 Observed normals of the annual number of growing degree-days for the reference period (1971-2000).

Values were calculated using NLWIS data.
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7.2 Impact on forest ecosystems

The greatest impact of a change in growing
degree-days (GDD) is on species phenology. An
accumulation of GDD beyond a certain threshold
will advance the start of phenological events such
as budbreak, leafing, and the flowering start or
end date (Aber et al. 1995; Arora and Boer 2005).
In agriculture, this correlation between GDD and
plant development is particularly important since
it means the steps in a harvest season can be
estimated.

Given that a GDD increase allows leaves to
appear earlier on some deciduous species, it also
means an earlier and a longer growing season
(Bradley et al. 1999; Parmesan 2006). This
earlier start can be significant for forest
productivity. For example, Myneni et al. (1997)
estimated that a difference of only a few days in
the appearance of the canopy could cause a 20%
increase in photosynthesis rates in a forest in
northeastern North America.

An individual species response to earlier
phenological events could lead to changes in the
composition of certain plant communities
(Goldblum and Rigg 2005; Williams et al. 2007)
and could disrupt a number of interactions
between species (Parmesan 2006). These
disturbances could, for instance, put the life
cycles of herbivorous insects out of sync with the
life cycles of their host plants or put the life cycles
of certain plants out of sync with the life cycles of
their pollinators (Harrington et al. 1999; Pearson
and Dawson 2003; Visser and Both 2005). The
importance of this synchrony between the
springtime budding of broad-leaved trees and the
hatching  of  herbivorous insects (e.g.,
Lepidoptera) has been shown in a number of
species, such as poplars and oaks (Hunter and
Elkinton 2000; Tikkanen and Julkunen-Tiitto
2003).

The influence of degree-days on species
distribution and migration is complex. The
northern limit of species distribution can be
restricted by a low number of GDD when, for
example, the number of GDD is too small for
certain basic biological functions to be completed,
which also makes the species less competitive
(Shafer et al. 2001). Northern migration and the
appearance of a new species are therefore
possible, provided GDD changes meet this
species’ biological criteria and give it a
competitive advantage over species already in

place that would be less well adapted to the new
GDD (Shafer et al. 2001). On the other hand,
GDD tend not to influence species distribution at
the southern limit of distribution.

7.3 Growing degree-day results
7.3.1 Normals and anomalies

Figure 7.1 shows the observed normals for the
number of annual growing degree-days for the
reference period (1971-2000). Figure 7.2 shows
the evolution of anomalies (see Section 2.7) for
the annual number of growing degree-days from
1971 to 2100 calculated for the selected GCM
(ngem=71) and RCM (nrcy=8) ensembles.

7.3.2 Projected changes

Figure 7.3 shows the changes of the annual
number of growing degree-days projected by the
global and regional ensembles for the 2050 and
2090 horizons. There is a north—south latitudinal
gradient with large increases in the south and no
projected changes for central and northern
Québec. In 2050, according to the RCMs, the
median increase will vary by more than 600
degree-days in the south, while the projected
change for the centre and the north is O degree-
days (Figure 7.4a). Projected GCM median
values (Figure 7.4b) are more or less the same,
with the exception of Québec’'s extreme south,
where GCMs project a smaller increase in
growing degree-days than the RCMs (400 versus
600 degree-days).

Projected GCM values for the 2090 horizon
(Figure 7.3c) are higher than for the 2050 horizon
and range from 125 degree-days in the north to
600 degree-days in the south. The 90" percentile
values for this horizon are also much higher than
for the 2050 horizon.
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Figure 7.3 Projected change in the number of growing degree-days between the reference period (1971—
2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons (b) 2050
and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the median
change, while the first and last columns show the 10th and 90th percentiles.
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Chapter 8. Growing Season length
8.1 Description

DEFINITION

The growing season starts when the mean daily
temperature is equal to or greater than 5C for five
consecutive days starting March 1. It ends when
the mean daily temperature is below -2°C starting
August 1. This is the definition used by Natural
Resources Canada.

It is important to note that the growing season as
defined here is a season of potential growth based
strictly on a temperature index. It represents a
potential increase in growth that does not
necessarily correspond to the actual growing
season for a particular species.

FORMULA

k
GsL= >1
j=i
(Tj, j=i, i+5 > 5°C)
(i > 60)
(k2 213)
(Tc < -2°C)

GSL: growing season length
Tj: mean temperature of day j
Ti:mean temperature of day k
i: Julian day 60

k: Julian day 213
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Figure 8.2 Evolution of anomalies (see Section 2.7) in the growing season
length from 1971 to 2100 calculated for the selected GCM (ngecm=71) and
RCM (nrcm=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 8.1 Observed normals of the growing season length (in days) for the reference period (1971-2000). Values

were calculated using NLWIS data.
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8.2 Impact on forest ecosystems

A number of recent studies report an increase in
springtime air temperatures leading to an earlier
start to the growing season and a longer growing
season across North America (Keeling et al.
1996; Myneni et al. 1997; Keyser 2000; McCarthy
2001; Walther et al. 2002; Root et al. 2003;
Christidis et al. 2007).

This increase in growing season length is well
correlated with increases in plant growth and
biomass rates since cell production begins earlier
in the season (Myneni et al. 1997; Menzel and
Fabian 1999; Bachelet et al. 2001; Kaufmann et
al. 2004; Deslauriers et al. 2008). This
phenomenon can have positive consequences for
ecosystems, particularly for forest productivity
(Deslauriers et al. 2003; Deslauriers et al. 2008).

A lengthening of the growing season is mainly
observed in the spring and is correlated with the
advancement of phenological events such as the
appearance of leaves (Bradley et al. 1999;
Menzel and Fabian 1999; Beaubien and Freeland
2000; Keyser et al. 2000; Menzel 2000; Walther
et al. 2002; Menzel 2003; Parmesan and Yohe
2003; Chmielweski et al. 2004; Wolfe et al. 2005;
Yang and Rudolf 2010). In the fall, changes in
phenology are less pronounced and more
variable (Bradley et al. 1999; Walther et al. 2002;
Menzel et al. 2003; Linderholm 2006; Yang and
Rudolf 2010).

Temperature increases and longer growing
seasons influence the competitiveness of trees
and their adaptability and could therefore have
consequences for species distribution, for
community composition and organization, as well
as for species migration (lverson and Prasad
2001; Walther et al. 2002; Kimball et al. 2004;
Parmesan 2006; Gienapp et al. 2008).

Finally, variations in the length of the growing
season are also associated with variations in the
amplitude of CO, cycles (Keeling et al. 1996;

Keyser et al. 2000). By increasing the yield of
plant photosynthesis, growth, and biomass, a
longer growing season will have the power to
increase an ecosystem’s carbon sequestration
capacity (Myneni et al. 1997; Bradley et al. 1999;
Menzel and Fabian 1999; Hughes 2000; Bachelet
et al. 2001; Sturm et al. 2001; Kaufmann et al.
2004; Kimball et al. 2004).

8.3 Growing season length results
8.3.1 Normals and anomalies

Figure 8.1 shows the observed normals for
growing season lengths (in days) for the
reference period (1971-2000). Figure 8.2 shows
the evolution of anomalies (see Section 2.7) for
the length of the growing season from 1971 to
2100 calculated for the selected GCM (ngcm=71)
and RCM (nrcy=8) ensembles.

8.3.2 Projected changes

Figure 8.3 shows the changes in growing season
length projected by the global and regional
ensembles for the 2050 and 2090 horizons.
Contrary to certain other climate indices, there
are no major change gradients for the province of
Québec. For the 2050 horizon, the RCMs and
GCMs (Figure 8.3a, b) project a median change
in the length of the growing season of +20 to +27
days.

Global climate models show higher median
changes in 2090 than those expected in 2050
(Figure 8.3c): +22 to +35 days.

For both horizons, the 10™ and 90" percentiles of
all climate models project increases in the
growing season length. Moreover, median values
and differences between the 10" and 90"
percentiles are markedly higher around James
Bay.
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a) RCM 2050

Figure 8.3 Projected change in the length of the growing season (in days) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10th and 90th percentiles.
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Chapter 9. Canadian Drought Code
9.1 Description

DEFINITION FORMULA
RP= (800/exp(CDC.1/400) +3.937ER

The Canadian drought code is intended to be an ER =0.83P -1.27

empirical evaluation of the mean water content of D= 400In (800/RP)

PET=0.36T + L

forest soil. It is calculated based on combined daily CDC= D +0.5PET

temperatures and precipitation from April 1 to
October 31, using the method proposed by Turner | ~pc: canadian drought code

(1972). RP: water equivalent after rain

d: a given day

ER: effective precipitation

P: daily precipitation above 2.80 mm
D: current dryness

PET: potential evapotranspiration

L: length of day seasonal adjustment
(See Turner 1972 for more information)

IMPACT ON FOREST ECOSYSTEMS
» Metabolism and growth
 Frequency of natural disturbances
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Figure 9.2 Evolution of anomalies (see Section 2.7) in the drought from
1971 to 2100 calculated for the selected GCM (ngcm=71) and RCM
(Nrcm=8) ensembles.

Note that the small number of RCM simulations is responsible for the larger fluctuations in their
median curve. Also, given the different number of RCM and GCM simulations, no statistical
comparison between the medians can be performed.

Figure 9.1 Observed normals of the Canadian Drought Code for the reference period (1971-2000) from April to
October. Values were calculated using NLWIS data.
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9.2 Impact on forest ecosystems

The drought index is a key component of the
Forest Fire Weather Index (FWI). In Canada the
FWI is used to estimate fire risks and behaviour.
The index is based on a number of climate and
non-climate variables: temperature, precipitation,
humidity, solar radiation, burning agent, and
wind (Van Wagner 1987; Flannigan and
Harrington 1988).

The FWI is made up of six components or
indices, three of which are related to the water
content of combustibles. Of the three indices
related to the water content of combustibles, the
drought code is probably the most often used to
study the influence of climate on fires since it is
good at estimating the impact of a change in
evapotranspiration and precipitation on the
reduction of water content in the ground. It is
therefore correlated with a number of fire
statistics, such as fire frequency and annual area
burned variations (Larsen and MacDonald 1995;
Girardin et al. 2004a, b; Ronnie et al. 2008;
Girardin and Wotton 2009; Girardin et al. 2009).
There are more fires and they spread more
quickly when the climate is warm and dry and
the drought code index is high (Johnson and
Larsen 1991; Johnson 1992; Bessie and
Johnson 1995; Skinner et al. 1999; Westerling et
al. 2003).

Moreover, a number of studies have shown a
good correlation between the drought code and
annual tree growth variations; this correlation is
often used to reconstruct the past frequency of
drought events (Bergeron and Archambault
1993; Tardif and Bergeron 1997; Girardin et al.
2006 a, b; Tardif and Conciatori 2006; Giradin
and Mudalsee 2008). Growth rates of trees often
decrease during periods when the drought code
is high.

9.3 Canadian drought code results
9.3.1 Normals and anomalies

Figure 9.1 shows the observed normals for the
Canadian drought code for the reference period
(1971-2000) from April to October. Figure 9.2
shows the evolution of anomalies (see Section
2.7) for the CDC from 1971 to 2100 calculated for
the selected GCM (ngcy=71) and RCM (Ngcy=8)
ensembles.

9.3.2 Projected changes

Figure 9.3 shows the changes in the Canadian
drought code projected by the global and regional
ensembles for the 2050 and 2090 horizons. The
results show the mean change during the fire
season, from April 1 to October 31. RCMs (Figure
9.3a) project a north—south gradient with a slight
reduction in the drought code for the centre and
the north, where the median is between -20 and 0
units, and a slight increase in the south with a
projected median of 15 units. GCMs project a
more uniform change across the province with a
slight increase of 0 to 12 units for all of Québec
(Figure 9.3b). For both models, the 10"
percentiles project a reduction in the CDC for all of
Québec. On the other hand, 90" percentile
projections are more divided, with increases for all
of Québec according to GCMs, but increases in
the south and decreases in the north according to
RCMs.

Global climate model results for the 2090 horizon
(Figure 9.3c) show changes comparable to GCM
values for the 2050 horizon for central and
northern Québec: an increase of 5 to 15 units. For
the south, however, the median change is slightly
greater, with a median of 10 to 22 units.

Observed values for the CDC during the fire
season can range from 0 (very low) to 400 or
higher (extremely dry conditions). In Québec, the
mean observed value for the fire season (April to
October) was approximately 80 to 160 units
(Figure 9.1), which gives Québec some of the
lowest values in Canada. It should be noted that
the change is not distributed equally within the fire
season. The maximum projected changes by
regional and global models are on the order of 25
units across Québec, which seems to indicate that
changes will not be significant.
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Figure 9.3 Projected change in the Canadian drought index for April to October between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10th and 90th percentiles.
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Conclusions

The atlas provides an overview of the changes
that can be expected for a number of climate
variables and indices of interest for Québec’s
forests. These changes are based on a large set
of global climate simulations obtained from the
PCMDI and a set of regional simulations
produced by Ouranos available at the time of
writing (fall 2010). Access to both information
sources meant, on the one hand, that sources of
uncertainty over climate projections could be
better explored, and, on the one hand, that the
spatial structure of regional change signals could
be better represented. Atlas maps can be used to
plan ecosystem projects in Québec forests and,
more generally, in terrestrial ecosystems, notably
concerning climate change adaptation.

The main conclusions in terms of expected
changes for the chosen variables for the 2050
and 2090 horizons are as follows:

Mean temperature

Models project a higher increase in mean
temperature in northern Québec in winter, while
in summer, the projected increase in mean
temperature is greater in the south.

Total precipitation

In winter, models project a north-south gradient
for Québec, with greater increases in total
precipitation for the north. More precisely, the
most marked increase is around Hudson Bay. In
summer, projected increases in total precipitation
in the north are low and models project no
change in precipitation for southern Québec.

Snowfall precipitation

In winter, climate models project greater
increases in snowfall for northern Québec over
the south, where few changes are projected. In
the spring, models project marked decreases in
snowfall precipitation in the south and little
change in the north.

Freeze/thaw events

In winter, models project a small increase in the
number of freeze/thaw events in southern
Québec, while the number of events in the centre
and the north will remain stable. In the spring, the
gradient is inversed, with a small increase in the
number of freeze/thaw events in the north and a
decrease in the number of events in the south.
The projected change in the annual number of

events is very small. Closer analysis of this
variable is required, in particular to determine the
extent to which cycle intensities shift over time.

Growing degree-days

A change in the annual number of growing
degree-days is projected only for southern
Québec, with an increase in the number of
degree-days. Models project no change for
northern Québec.

Growing season length

Models project a longer growing season length
across all of Québec. Unlike with certain other
climate indices, there are no major change
gradients across the province.

Canadian Drought Code

Models project very small increases in the
drought code across Québec. Given that the
observed mean values for Québec for the fire
season (April to October) are among the lowest in
Canada, the small projected increases appear to
indicate that changes will not be significant.
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ANNEX 1-Climate normals

Annex 1 Maps of observed climate normals: all seasons

Mean temperature
a) DJF b) MAM

Hiver Printemps

Eté Automne

Figure Al1.1 Observed normals of mean temperatures (in “C) for the reference period (1971-2000) for (a)
winter (DJF), (b) spring (MAM), (c) summer (JJA) and (d) fall (SON). Values were calculated using NLWIS
data.
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ANNEX 1-Climate normals

Minimum temperature
a) DJF b) MAM
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Figure Al1.2 Observed normals of mean minimum temperatures (in ‘C) for the reference period (1971 —
2000) for (a) winter (DJF), (b) spring (MAM), (c) summer (JJA) and (d) fall (SON). Values were calculated
using NLWIS data.

65



ANNEX 1-Climate normals

Maximum temperature
a) DJF b) MAM
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Figure A1.3 Observed normals of mean maximum temperatures (in’C) for the reference period (1971 —
2000) for (a) winter (DJF), (b) spring (MAM), (c) summer (JJA) and (d) fall (SON). Values were calculated
using NLWIS data.
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ANNEX 1-Climate normals

Total precipitations
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Figure Al.4 Observed normals of total precipitation (in mm) for the reference period (1971-2000) for (a)
winter (DJF), (b) spring (MAM), (c) summer (JJA) and (d) fall (SON). Values were calculated using NLWIS

data.
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ANNEX 1-Climate normals

Snowfall precipitation
a) DJF b) MAM
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Figure A1.5 Observed normals of snowfall (in mm) for the reference period (1971-2000) for (a) winter (DJF), (b)
spring (MAM) and (c) fall (SON). Values were calculated using NLWIS data.
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ANNEX 1-Climate normals

Freeze/Thaw Events
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Figure A1.6 Observed normals of the number of freeze/thaw events (in days) for the reference period
(1971-2000), for (a) winter (DJF), (b) spring (MAM), (c) summer (JJA) and (d) fall (SON). Values were

calculated using NLWIS data.
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ANNEX 1-Climate normals

Growing Degree-Days

0 500 1000 1500 2000

Figure Al1.7 Observed normals of the annual number of growing degree-days for the reference period
(1971-2000). Values were calculated using NLWIS data.
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ANNEX 1-Climate normals

Growing Season length

180

Figure A1.8 Observed normals of the growing season length (in days) for the reference period (1971—
2000). Values were calculated using NLWIS data.
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ANNEX 1-Climate normals

Canadian Drought Code

Figure A1.9 Observed normals of the Canadian Drought Code for the reference period (1971-2000) from
April to October. Values were calculated using NLWIS data.
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ANNEX 2 Evolution of anomalies

Annex 2 Evolution of anomalies: all seasons

Mean temperature
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Figure A2.1 Evolution of anomalies for mean temperature from 1971 to 2100 calculated for the selected

GCM (ngem=71) and RCM (nrcy=8) ensembles.

73




ANNEX 2 Evolution of anomalies

Minimum temperature
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Figure A2.2 Evolution of anomalies for minimum temperature from 1971 to 2100 calculated for the
selected GCM (ngcw=71) and RCM (ngcy=8) ensembles.
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ANNEX 2 Evolution of anomalies

Maximum temperature
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Figure A2.3 Evolution of anomalies (see section 2.7) for maximum temperature from 1971 to 2100
calculated for the selected GCM (ngcw=71) and RCM (ngcy=8) ensembles.
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ANNEX 2 Evolution of anomalies

Total precipitation
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Figure A2.4 Evolution of anomalies (see Section 2.7) in total precipitation from 1971 to 2100 calculated for
the selected GCM (ngcy=71) and RCM (ngcwy=8) ensembles.
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ANNEX 2 Evolution of anomalies

Snowfall precipitation
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Figure A2.5 Evolution of anomalies (see Section 2.7) in snowfall precipitation from 1971 to 2100
calculated for the selected GCM (ngcw=71) and RCM (ngcy=8) ensembles.
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ANNEX 2 Evolution of anomalies

Freezel/thaw events
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Figure A2.6 Evolution of anomalies (see Section 2.7) in the number of freeze/thaw events from 1971 to
2100 calculated for the selected GCM (ngcy=71) and RCM (nrcy=8) ensembles.
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ANNEX 2 Evolution of anomalies
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Figure A2.7 Evolution of anomalies (see Section 2.7) in the annual number of growing degree-days from

1971 to 2100 calculated for the selected GCM (ngcw=71) and RCM (ngcy=8) ensembles.
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ANNEX 2 Evolution of anomalies

Growing Season length
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Figure A2.8 Evolution of anomalies (see Section 2.7) in the growing season length from 1971 to 2100
calculated for the selected GCM (ngcy=71) and RCM (ngcy=8) ensembles
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ANNEX 2 Evolution of anomalies

Canadian Drought Code
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Figure A2.9 Evolution of anomalies (see Section 2.7) in the drought index from 1971 to 2100 calculated
for the selected GCM (ngcy=71) and RCM (nrcy=8) ensembles.
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ANNEX 3 — Maps of projected changes

Annex 3 Maps of projected changes: all seasons

Mean temperature
a) RCM 2050 Winter -DJF

c) GCM 2090

Figure A3.1. Projected change in mean daily winter temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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ANNEX 3 — Maps of projected changes

Mean temperature
a) RCM 2050 Spring-MAM

b) GCM 2050

c) GCM 2090

Figure A3.2 Projected change in mean daily spring temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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ANNEX 3 — Maps of projected changes

Mean temperature
a) RCM 2050 Summer-JJA

b) GCM 2050

c) GCM 2090

Figure A3.3 Projected change in mean daily summer temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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ANNEX 3 — Maps of projected changes

Mean temperature
a) RCM 2050 Fall SON

b) GCM 2050

Figure A3.4 Projected change in mean daily fall temperature (in °C) between the reference period (1971
2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons (b) 2050
and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the median
change, while the first and last columns show the 10" and 90" percentiles.
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ANNEX 3 - Maps of projected changes

Minimum temperature
a) RCM 2050 Winter-DJF
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b) GCM 2050

Figure A3.5 Projected change in minimum daily winter temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Minimum temperature
a) RCM 2050 Spring-MAM

Figure A3.6 Projected change in minimum daily spring temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Minimum temperature
a) RCM 2050 Summer JJA

Figure A3.7 Projected change in minimum daily summer temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Minimum temperature
a) RCM 2050 Fall SON
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Figure A3.8 Projected change in minimum daily fall temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Maximum temperature
a) RCM 2050 Winter-DJF

b) GCM 2050

c) GCM 2090

Figure A3.9. Projected change in maximum daily winter temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Maximum temperature
a) RCM 2050 Spring-MAM

Figure A3.10 Projected change in maximum daily spring temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Maximum temperature
a) RCM 2050 Summer JJA

b) GCM 2050

c) GCM 2090

Figure A3.11 Projected change in maximum daily summer temperature (in °C) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles.
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Maximum temperature
a) RCM 2050 Fall SON

Figure A3.12 Projected change in maximum daily fall temperature (in °C) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Total precipitation (%)
a) RCM 2050 Winter DJF

Figure A3.13. Projected change in total daily winter precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles.

94




ANNEX 3 - Maps of projected changes

Total precipitation (mm)
a) RCM 2050 Winter-DJF

Figure A3.14 Projected change in total daily winter precipitation (in mm) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Total precipitation (%)
a) RCM 2050 Spring-MA

Figure A3.15 Projected change in total daily spring precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles.
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Total precipitation (mm)
a) RCM 2050 Spring-MAM

Figure A3.16 Projected change in total daily spring precipitation (in mm) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Total precipitation (%)
a) RCM 2050 Summer-JJA

Figure A3.17 Projected change in total daily summer precipitation (as a percentage) between the
reference period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM
simulations, and horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The
centre column shows the median change, while the first and last columns show the 10" and 90"
percentiles.
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Total precipitation (mm)
a) RCM 2050 Summer-JJA
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Figure A3.18 Projected change in total daily summer precipitation (in mm) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.

99




ANNEX 3 - Maps of projected changes

Total precipitation (%)
a) RCM 2050 Fall-SON

b) GCM 2050

c) GCM 2090

Figure A3.19 Projected change in total daily fall precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles
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Total precipitation (mm)
a) RCM 2050 Fall-SON

b) GCM 2050

c) GCM 2090

Figure A3.20 Projected change in total daily fall precipitation (in mm) between the reference period (1971
2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons (b) 2050
and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the median
change, while the first and last columns show the 10" and 90" percentiles.
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Snowfall precipitation (%)
a) RCM 2050 Winter-DJF

b) GCM 2050

Figure A3.21 Projected change in daily winter snowfall precipitation (as a percentage) between the
reference period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM
simulations, and horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The
centre column shows the median change, while the first and last columns show the 10" and 90"
percentiles.
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Snowfall precipitation (mm)
a) RCM 2050 Winter-DJF

b) GCM 2050

c) GCM 2090

Figure A3.22 Projected change in daily winter snowfall precipitation (in mm) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Snowfall precipitation (%)
a) RCM 2050 Spring-MAM

b) GCM 2050

50

Figure A3.23 Projected change in daily spring snowfall precipitation (as a percentage) between the
reference period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM
simulations, and horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The
centre column shows the median change, while the first and last columns show the 10" and 90"
percentiles.
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Snowfall precipitation (mm)
a) RCM 2050 Spring-MAM

Figure A3.24 Projected change in daily spring snowfall precipitation (in mm) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Snowfall precipitation (%)
a) RCM 2050 Fall-SON
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Figure A3.25 Projected change in daily fall snowfall precipitation (as a percentage) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles.
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Snowfall precipitation (mm)
a) RCM 2050 Fall-SON

Figure A3.26 Projected change in daily fall snowfall precipitation (in mm) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Freeze/Thaw Events
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Figure A3.27 Projected change in the number of winter freeze/thaw events (in days) between the
reference period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM
simulations, and horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The
centre column shows the median change, while the first and last columns show the 10" and 90"
percentiles.
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Freeze/Thaw Events
a) RCM 2050 Spring-MAM
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Figure A3.28 Projected change in the number of spring freeze/thaw events (in days) between the
reference period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM
simulations, and horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The
centre column shows the median change, while the first and last columns show the 10" and 90"
percentiles.
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Freeze/Thaw Events
a) RCM 2050 Summer-JJA
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Figure A3.29 Projected change in the number of summer freeze/thaw events (in days) between the
reference period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM
simulations, and horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The
centre column shows the median change, while the first and last columns show the 10" and 90"
percentiles.

110



ANNEX 3 - Maps of projected changes

Freeze/Thaw Events
a) RCM 2050 Fall-SON

b) GCM 2050

Figure A3.30 Projected change in the number of fall freeze/thaw events (in days) between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles.
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Freeze/Thaw Events
a) RCM 2050 Annual
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Figure A3.31 Projected change in the number of annual freeze/thaw events between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Growing-Degree Days
a) RCM 2050 Annual
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Figure A3.32 Projected change in the number of growing degree-days between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Growing Season length
a) RCM 2050 Annual
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Figure A3.33 Projected change in the length of the growing season (in days) between the reference period
(1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and horizons
(b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column shows the
median change, while the first and last columns show the 10" and 90" percentiles.
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Canadian Drought Code
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Figure A3.34 Projected change in the Canadian drought index for April to October between the reference
period (1971-2000) and (a) the 2050 horizon, calculated using the ensemble of RCM simulations, and
horizons (b) 2050 and (c) 2090, calculated using the ensemble of GCM simulations. The centre column
shows the median change, while the first and last columns show the 10" and 90" percentiles.
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Annex 4 Detailed methodology
A4.1 Cluster analysis

An ensemble of climate simulations is, to date,
the best estimator of simulated future climate as it
covers principle sources of uncertainty (Gleckler
et al. 2008). Currently, no methodological
technique allows a reduction in the total
ensemble uncertainty, and consequently,
adequate coverage of this uncertainty is a priority
when climate scenarios are provided to climate
change adaptation decision-makers. As such, in
an ideal situation, projects that require climate
scenarios would incorporate a large ensemble of
climate simulations in order to obtain the best
possible estimation of the future climate and its
associated uncertainty. However, there can also
be imbalances in the ensemble when a large
proportion of the simulation comes from a single
climate model. This problem occurred with the
Atlas given that out of the available regional

simulations, 12 out 18 were produced from the
combination of one regional model and one GCM
pilot, namely the CRCM4 and CGCM3 (Table
A4.1). One must note that the problem is not as
important for the global simulations where the
selected ensemble came from a large number of
GCM models present in the 2007 IPCC report
(Meehl et al. 2007).

In order to diminish the imbalance, a smaller
number of simulations must be selected. The
selection method utilised here is cluster analysis,
a statistical data classification technique. Cluster
analysis is advantageous as it allows a reduction
in the number of simulations used while
conserving an adequate coverage of the
variability present in the ensemble. This method
also offers ways to objectively determine the
number of groups based on a large number of
dimensions and variables directly linked to the
processes of interest in the study.

Table A4.1 Summary of available regional climate simulations

RCM Domain Pilot Pilot Member SRES Source
CRCM4.1.1 QC CGCM3 4 A2 Ouranos
CRCM4.1.1 QC CGCM3 5 A2 Ouranos
CRCM4.2.0 AMNO CGCM2 3 A2 Ouranos
CRCM4.2.0 AMNO CGCM3 4 A2 Ouranos
CRCM4.2.0 AMNO CGCM3 5 A2 Ouranos
CRCM4.2.3 AMNO CGCM3 1 A2 Ouranos
CRCM4.2.3 AMNO CGCM3 2 A2 Ouranos
CRCM4.2.3 AMNO CGCM3 3 A2 Ouranos
CRCM4.2.3 AMNO CGCM3 4 A2 Ouranos
CRCM4.2.3 AMNO CGCM3 5 A2 Ouranos
CRCM4.2.3 QC CGCM3 4 A2 Ouranos
CRCM4.2.3 QC CGCM3 5 A2 Ouranos
CRCM4.2.3 AMNO ECHAMS5 1 A2 Ouranos
CRCM4.2.3 QC ECHAMS5 1 A2 Ouranos
ARPEGE- WINN* N/A 1 A2 Ouranos
CLIMAT/Ouranos

ARPEGE- WINN* N/A 2 A2 Ouranos
CLIMAT/Ouranos

HRM3 NARCCAP HADCM3 A2 NARCCAP
RCM3 NARCCAP CGCM3 A2 NARCCAP

Note: The scenarios in blue represent those selected using cluster analysis.
*The ARPEGE-CLIMAT/Ouranos model produces simulations on a variable global domain. The « WINN » grid is stretched to
produce a concentration of points over North America (centered on Winnipeg 50°N 95°0) and produced a spatial resolution of

~50KM at the center of the grid.
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Description of the cluster analysis

Cluster analyses belong to a family of statistical
methods utilised to classify data into a smaller
number of sub-groups. These sub-groups are
based on an analysis of similarities between the
data. More specifically, the Atlas used k-means
clustering which groups the data by maximizing
the variability between groups and minimizing
the variability within groups. In this case the K-
means clustering was performed as an
unsupervised classification, where no a priori
information on the structure of the groups is
provided or required.

Method

The first step in a cluster analysis consists of
determining the climate variables of interest for
the project. In the case of the Atlas, these
variables are mean temperature, total
precipitation, snow precipitation, freeze/thaw
cycles, growing degree-days, growing season
length, and the Canadian drought code.

Secondly, for the available ensemble of eighteen
regional climate simulations, the seasonal As of
each variable are calculated for the future
horizon of interest (2050) over the study area.
Deltas values are then normalized in order to
avoid differences in units between variables from
influencing the grouping.

A series of k-means cluster analyses is then
conducted, varying the numbers of groups from
2 to 18. Each grouping is done using the
normalized seasonal As.

The distance between the groups for each
grouping (2 to 18 groups) is evaluated with a R®
statistics. These R® values are graphically
represented with a profile (Figure A4.1) that is
used to determine the number of groups that
should be kept.

For the selected groups, the climate simulation
that is closest to the center of each group is
retained for the analyses and the production of
maps in the Atlas (Figure A4.2).

Results of the cluster analysis
The R? profile (Figure A4.1) shows that R®

increases with an increase in the number of
groups. However, we observe a levelling off of

the profile starting at approximately eight groups
(in this case) where an increase in the number of
groups has little impact of the coverage of the total
variance. This levelling off, along with the fact that
the threshold of 8 groups corresponds to 90% of
the total variance, are the reasons why eight
groups were selected for the Atlas. The 8
simulations closest to the centroid of each group
were then selected for all further analyses (Table
A4.2). The results of this selection are presented
in Figure A4.2, which allows a visualization of the
coverage of the total variance offered by the 8
selected simulations for the projected changes of
each variable of interest. We observe that for each
dimension along the x-axis, the coverage of the
variability with the selected scenarios is adequate
(Figure A4.2). More precisely, we observe that the
8 selected scenarios, represented by colored
circles on the figure, adequately cover the range in
values associated with the 18 original scenarios,
represented by grey circles. Note that, in certain
cases, the cluster analysis reduced the
redundancy in the original RCM ensemble, for
example with the growing degree-days where
there was originally, a high number of very similar
scenarios (Figure A4.2).

To validate the selection we point out that the
results of the cluster analysis correspond to
research conclusions on the sources of
uncertainties of climate projections. In Table A4.1,
we see that the selected simulations mainly come
from a mix of different GCM pilots and different
RCM models, and that the discarded simulations
were mainly simulations stemming from the
combination of a RCM pilot where there were a
number of members in the ensemble.

Given that the objective of the cluster analysis is to
maximize uncertainty coverage and to reduce the
redundancy in the RCM ensemble, our selection
corresponds to the conclusions of Déqué et al.
(2007), who observed that, in general, the largest
source of variance stems from the choice of the
GCM pilot but that for precipitation projections, the
choice of the RCM has an more or less influence
to that of the pilot. Déqué et al. (2007) also show
that the role of the members and of the SRES
scenario is reduced compared to the GCM and
RCM. Another study (de Elia et al. 2008) comes to
similar conclusions as to the role of the pilot and
the RCM on the uncertainty of the projections and
also demonstrates the smaller role of the RCM
domain as a source of uncertainty compared to
the pilot and RCM.
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Figure A4.1 R? profile of cluster analyses. The blue curve presents the R? values from the series of cluster analyses
conducted on the seasonal As as a function of the number of groups.
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Figure A4.2 Visualisation of the coverage of the total variance obtained using the selected scenarios. Grey

circles represent standardized monthly As for the regional ensemble of 18 simulations. Coloured circles

represent the 8 selected scenarios for the Atlas.
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A4.2 Evaluation of the climate models
for the period 1971-2000

Gleckler et al. (2008) demonstrated that the
ensemble median or mean is the most
dependable way to estimate observed climate
conditions over large portions of the globe. As
such, in the production of the Atlas it was deemed
neccessary to conduct a similar evaluation of the
climate simulations (using the method described
by Gleckler et al. 2008) to validate whether these
conclusions are applicable in a more regional
context such as that of the territory of Québec.

Reference data

In order to conduct an evaluation, the outputs
from the climate models must be compared with
reference data. For this evaluation, data provided
by the NLWIS (National Land and Water
Information Service) were chosen. The data are
provided on a regular grid with a spatial resolution
of 10 km x 10 km covering Canada south of
60°N.

All climate models available through the Program
for Climate Model Diagnosis and Intercomparison
(PCMDI, Meehl et al. 2007) were included in the
analysis. Regional models selected with the
cluster analysis were also included. A summary

of the climate models included in the evaluation is
presented in Table A4.2.

Study area and reference grid

Reference data and climate models all have
different grids and resolutions. It is therefore
necessary to establish a common study area and
reference grid in order to consistently evaluate
the variables produced by the models (Figure
A4.3). The chosen validation grid is the section of
the Canadian global model grid (CGCM3 T47)
that intersects the reference data from the NLWIS
and the data from the regional models. More
specifically, only the grid cells that are covered by
the NLWIS data by more than ~40% are kept in
the analysis. In addition, only grid cells with more
than 50% of land according to the land-sea mask
were included. The climate data of each model
and of the NLWIS are then interpolated to this
validation grid for comparison. For the GCM data,
this meant taking the value at the model grid point
nearest the reference grid cell centroid, while for
NLWIS and MRC data, it meant calculating the
arithmetic mean for all points falling inside each
of the reference grid cells.
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Figure A4.3 Common validation grid over Québec, to the right in red, which intersects the reference grids
for the GCMs and RCMs as well as the grid of NLWIS observed normals.

Table A4.2 Summary of climate models included in the evaluation

Centre/Modeling program Country Models
ARPEGE-CLIMAT/Ouranos
CRCM4.2.0_CGCM2
Ouranos Canada —

CRCM4.2.3_CGCM3
CRCM4.2.3_ECHAMS

North American Regional Climate Change Assessment Program

United States

HRM3_HADCM3

RCM3_CGCM3
Canadian Centre for Climate Modelling & Analysis Canada CCCMA_CGCM3_1
CSIRO Atmospheric Research Australia CSIRO_Mk3_0
CSIRO Atmospheric Research Australia CSIRO_Mk3_5
U.S. Dept. of Commerce/NOAA/Geophysical fluid dynamics laboratory United States GFDL_CM_2_0
NASA/Goddard Institute for Space Studies United States GISS_AOM
Instituto Nazionale di Geofisica e Vulcanologia Italy INGV_ECHAM4
Institut Pierre Simon Laplace France IPSL_CM4
Center for Climate System Research (The University of Tokyo), National
Institute for Environmental Studies, and Frontier Research Center for Global Japan MIROC3_2_medres
Change (JAMSTEC)
Max Planck Institute for Meteorology Germany MPI_ECHAM5
Meteorological Research Institute Japan MRI_CGCM2_3 2a
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ANNEX 4 — Detailed methodology

Calculation of the spatial and temporal in relation
to the average climate

As mentioned above, the methodology proposed
by Gleckler et al. (2008) was used to evaluate the
models. For each model, m, and variable f, a
global normalized error E'.y, is calculated on the
validation grid using:

E' - Emf _<Ef>

mf <Ef > (1)

where <Ef > is the ensemble mean of errors for

the variable f, which is calculated according to:

<Ef> :%gEmf @

where M is the total number of global and
regional simulations in the ensemble® and E,y is
the mean quadratic error between a model m and
the reference r (NLWIS) for a variable f over the
validation grid, calculated according to:

Emf :%%ZI: i\/(fmit - frit)2

Eg= ®3)

E.s is the quadratic sum between the climate
normal within a simulated field m; and the climate
normal for a reference field r;. The index i
represents the spatial dimension (the i tile) and t
represents the temporal dimension (either 1 to 12
for monthly variables or 1 for annual variables.

Consequently, when the E’; value is negative,
the model m performs better than the mean of the
ensemble, while a positive value indicates a
below-mean performance.

Figure A4.4 presents a summary of the relative
errors (E'ny) calculated for different climate
indices.

Calculation of mean annual cycles

The mean annual cycle is estimated either with
observed data or with model outputs. It is
estimated by calculating the climatic normal of
each month over a given region. In our case, the
monthly normals of each variable (f) are
calculated for the reference period over the entire
validation area. They are calculated for each
regional and global simulation and for the

observed data from the NLWIS, according to:

fmtfééfmlt (4)
or
1
f rt = le:; f rit (5)

Mean annual cycles are presented in Figures
A4.5 to A.4.11. The median RCM" and median
GCM? models are also represented.

The annual cycles are not presented for growing
season length and the Canadian drought code
variables, which are calculated on an annual
basis. These variables are therefore presented
using dispersion diagrams (A4.12).

A4.3 Results of the climate model
evaluation

Figure A4.4 presents a summary of the relative
errors (E'yy) calculated for the different climatic
variables. The first column presents the results
for the median RCM® and GCM* models while the
other columns show the results for the individual
models. The results of this evaluation of the
climate models demonstrates that, over Quebec,
the median of a large ensemble of climate
simulations produces more constant results over
the ensemble of variables. The evaluation
suggests that no one individual model can be
selected as the best performer for all variables of
interest. In addition, we note that the different
members’ of a model perform in a similar fashion.
Figures A4.5 to 4.12 present the results (1971-
2000) for each variable of interest over Quebec.
These results show that while the median of the
ensemble is not always the best at reproducing
the annual cycles of individual variables, it is
nonetheless often very close to the observed
cycle. This therefore complements the results of
Gleckler et al (2008) over large global regions.

*M=29is superior to the number of models presented in Table A2 because some
models have numerous members

2 median RCM modele: a fictitious simulation of a RCM that would have an
identical response to the median of the regional ensemble

® median GCM model: a fictitious simulation of a GCM that would have an identical
response to the median of the global ensemble

“ the members of a model are produced with the same climate model and SRES
scenario but with a slight perturbation in the initial conditions
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Figure A4.4 Summary of relative errors (E'ms) for the annual cycles of variables of interest (1971-2000). A
positive value represents a performance that is inferior to the mean, while a negative value represents a

performance that is superior to the mean.
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Figure A4.5 Comparison of the mean annual cycle of maximum temperature over the reference period (1971-

2000): median of the GCM ensemble (blue line), individual GCM simulations (dashed blue lines), MRC
simulations (dashed black lines), median of the RCM ensemble (black line), and reference date (red line).
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Figure A4.6 Comparison of the mean annual cycle of minimum temperature over the reference period (1971-

2000): median of the GCM ensemble (blue line), individual GCM simulations (dashed blue lines), MRC
simulations (dashed black lines), median of the RCM ensemble (black line), and reference date (red line).

125



ANNEX 4 — Detailed methodology

Température moyenne

20
— — — MCGs
s — \Modele médian MCG
Zall TR — — — MRGCs
151 i =N —— Modile médian MRG
= xRy e Observé (SNITE)

10

degrés C

-5

-15

_o5 L I L ! | L ! L ! L I
1 2 3 4 5 6 7 8 9 10 11 12

mois
Figure A4.7 Comparison of the mean annual cycle of mean temperature over the reference period (1971-2000):
median of the GCM ensemble (blue line), individual GCM simulations (dashed blue lines), MRC simulations
(dashed black lines), median of the RCM ensemble (black line), and reference date (red line).
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Figure A4.8 Comparison of the mean annual cycle of total precipitation over the reference period (1971-2000):
median of the GCM ensemble (blue line), individual GCM simulations (dashed blue lines), MRC simulations
(dashed black lines), median of the RCM ensemble (black line), and reference date (red line).

127



ANNEX 4 — Detailed methodology

Précipitations sous forme de neige

70
- MCGs
— Modeéle median MCG
— — — MRCs
—\iodele median MRC
60 r— Observé (SNITE)

= 77N

équivalent en eau (mm)

1 2 3 4 5 6 7 8 9 10 11 12
mois

Figure A4.9 Comparison du mean annual cycle of snow precipitation over the reference period (1971-2000):
median of the GCM ensemble (blue line), individual GCM simulations (dashed blue lines), MRC simulations
(dashed black lines), median of the RCM ensemble (black line), and reference date (red line).
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Figure A4.10 Comparison of the mean annual cycle in freeze/thaw events over the reference period (1971-
2000): median of the GCM ensemble (blue line), individual GCM simulations (dashed blue lines), MRC
simulations (dashed black lines), median of the RCM ensemble (black line), and reference date (red line).
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Figure A4.11 Comparison of the mean annual cycle in the number of growing degree-days (> 5°C) over the
reference period (1971-2000): median of the GCM ensemble (blue line), individual GCM simulations (dashed
blue lines), MRC simulations (dashed black lines), median of the RCM ensemble (black line), and reference
date (red line).
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Figure A4.12 Comparison of the climate normal of the Canadian drought code and the growing degree days
over the reference period (1971-2000): median for the GCM ensemble (blue circles), individual GCM
simulations (grey circles), RCM simulations (open black squares), medians for the RCM ensemble (black
squares) and reference data (red circles). The results are represented by circles (as opposed to lines)
because the data for these two variables is only available on an annual basis (and not monthly).
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