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representations of the topography of the region and so generate an improved climate simulation
compared to a global climate model.

4.3.4 How are Climate Projections Made?

We cannot know the future for certain. In order to perform a simulation of future climate,
plausible scenarios are required. Many climate projections use scenarios developed by the IPCC,
which are described in the Special Report on Emission Scenarios (IPCC, 2000); these scenarios
are often called the ‘SRES scenarios’. These scenarios are the driving force behind all future
assessments of climate change (see Section 4.2 What Emissions of CO2 Drive the Future?).

Future greenhouse gas (GhG) emissions are the product of very complex interactions between
demographic development, socio-economic development, and technological change. Their
future evolution is highly uncertain. Scenarios are projections of how the future might unfold
and are an appropriate tool with which to analyse how different driving forces may influence
future GhG emissions. They assist in climate change analysis, including climate modelling and
the assessment of impacts, adaptation, and mitigation.

The SRES scenarios do not include implementation of the United Nations Framework
Convention on Climate Change (UNFCCC) or the emissions targets of the Kyoto Protocol.
However, GhG emissions are directly affected by non-climate change policies designed for a
wide range of other purposes. Government policies can influence the GhG emission drivers such
as demographic change, social and economic development, technological change, resource use,
and pollution management. This influence is broadly reflected in the storylines and resultant
scenarios. No probabilities have been placed on any of the scenarios, so they are considered
equally likely to represent possible future emissions.

Climate models generally need greenhouse gas concentrations, not greenhouse gas emissions.
Concentrations of greenhouse gases are obtained from Integrated Assessment Models (IAMs).
These models simulate the interactions between demographic development, socio-economic
development, and technological change, and calculate greenhouse gas concentrations from the
emissions. These concentrations are then used by climate models to project how the climate
could change under that scenario.

Uncertainty in climate projections originates from three main sources; an incomplete
understanding of the Earth’s climate system and the way it is represented in climate models,
natural variability, and the future emissions of greenhouse gases.

Despite the uncertainties, all models project that the Earth will warm in the next century, with a
consistent geographical pattern.
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4.3.5 Main Sources of Uncertainty

4.35.1 Global Scale

Uncertainty, in global climate projections, originates from many sources. These sources may be
categorised into four main areas: (1) the regional climate response to global warming, including
the climate sensitivity of the model used to make the projections, (2) the formulation of the
model used, (3) natural variability, and (4) feedbacks between the biosphere and climate. Each
of these sources of uncertainty is discussed in more detail below.

Climate projections are based on global climate model integrations. Compared to weather
forecast models, climate simulations normally use coarser resolutions but they frequently include
more complex descriptions of the ocean and surface processes. The climate projection is usually
obtained from the long term averages of model results in which the concentration of greenhouse
gases has been prescribed to rise following a predetermined emission scenario. The long-term
warming associated with a specific increase in the concentration of greenhouse gases is typically
model-specific. The global mean temperature response to a doubling of CO, concentrations
(when the model has reached a new equilibrium) is termed climate sensitivity. The current
generation of global climate models cover a range of climate sensitivities between 2.1 °C and
4.2 °C, with a mean value of 3.2 °C (IPCC, 2007).

However, the response of the regional climate to global climate change is the main source of
uncertainty in regional climate projections, especially in the near-term (Hawkins and
Sutton, 2009). Modelled changes in temperature and precipitation over North America from 21
regional climate models have been assessed by the IPCC (Denman et al, 2007), and are
summarised in Figure 25. The three columns show annual, DJF (December, January and
February) and JJA (June, July and August) mean changes between 1980-1999 and 2080-2099.
The top row presents temperature changes between the two scenarios. The middle row shows
percentage changes in precipitation and the bottom row shows the number of models which
project an increase in precipitation. The green colours in the bottom row indicate areas where
66% (14 out of 21) or more of the models project an increase in precipitation. In winter (DJF),
the model agreement over the Great Lakes region is good, but in summer (JJA) model agreement
is very poor. There is no clear signal for the change in summer precipitation from the models.

The second source of uncertainty in climate projections originates from the climate models
themselves. Climate models contain mathematical representations of many different processes
within the atmosphere. These representations use many parameters, some of whose values are
uncertain. Murphy et al. (2004) used the climate model HadAM3 and perturbed 29 key
parameters individually away from their standard variables and calculated the climate sensitivity
for each new version of the model. The climate sensitivities lay in the range 2.4 to 5.4 °C.
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Figure 25 Average Temperature and Precipitation Changes (21 RCMs)
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The Earth’s climate system is characterised by natural fluctuations (periodic, semi periodic and
random). This represents the third important source of uncertainty as, up to now, climate
simulations have generally not been initialised with current conditions in the atmosphere and
ocean. This means that each model integration is likely to sample differently the internal
variability of the climate system. This is one of the reasons why climate model projections make
sense only when averaged over a long period. It is commonly accepted that a simulation of
30 years for a non-initialised climate model is the minimum time period required (Jones et
al., 1997).

The fourth source of uncertainty in global climate projections comes from the concentrations of
GhGs in the atmosphere. Although these are prescribed in most climate models (often using the
SRES scenarios developed by the IPCC), there is a growing set of evidence suggesting feedback
mechanisms occur and that the ability of the biosphere and ocean to absorb carbon dioxide is
affected by climate change and direct representations of the relevant processes must be included
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in the models (e.g. Huntingford et al., 2009; Gregory et al, 2009). GhG concentration
uncertainty represents the main source of uncertainty for centennial time scales.

Further uncertainty in climate projections arises from processes not represented in models. For
example, major volcanic eruptions cannot be predicted. Such eruptions place large amounts of
material into the stratosphere which acts to cool the earth for 2-3 years after the eruption.
Atmospheric chemistry, which controls the levels of methane and ozone (both are important
greenhouse gases), is not usually included in projections of future climate. Johnson et al. (2001)
showed that projections of methane and ozone levels in the 21* century were strongly impacted
by changes in climate.

4.3.5.2 Region Specific Uncertainty and Limitations

In order to fully capture the climate and its modification in the Great Lakes Region it is very
important to correctly characterise the lakes and their interaction with the atmosphere. Although
the Great Lakes are resolved by the current generation of regional climate models, their
resolution is still not adequate to represent the fine details of the coastlines which are likely to
play an important role in local climate. Furthermore, the absence of a specific model for lakes
means that biases on both sea ice extension and location can be expected.

4.4 THE APPROACH USED FOR THIS PROJECT AND WHY

4.4.1 The Climate Models HadCM3 and PRECIS

For the work presented in this report, climate data from a version of the HadCM3 global climate
model (Gordon et al., 2000) was used to drive the regional climate model, PRECIS. PRECIS has
a very similar structure to HadCM3. It uses the same mathematical equations which describe the
atmosphere as HadCM3, and has the same vertical structure. The biggest difference is that the
horizontal resolution of PRECIS is 25 km or 50 km, whereas that of HadCM3 is about 300 km.

The HadCM3 model has been very well characterised. Collins et al. (2001) examined the
internal climate variability of a 1000 year long integration of HadCM3 where concentrations of
greenhouse gases, solar forcing and other external factors were held at constant levels. The
climate simulated by HadCM3 was stable throughout the simulation, and did not drift (e.g., there
is no trend in global mean temperatures). The modelled representation of known modes of the
climate, such as the El Nifio-southern oscillation (ENSO), and the North Atlantic Oscillation
(NAO) was similar to observed patterns. The spatial patterns of surface temperature variability
are similar to observations, with greater variability over land, especially northern hemisphere
continents, than over the oceans. Given that the structure of PRECIS is very similar to HadCM3,
our contributors from the Hadley Centre are confident that it too will simulate regional climate
well.
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It is important to remember that no climate model is perfect. Our understanding of the climate
system is incomplete. There may be local topographical or other effects on climate in locations
(e.g., the city of Toronto) which have not been captured by the regional climate model. Many
important processes which can affect rainfall, such as the flow of air upwards and over hills,
convection and cloud formation, take place at spatial scales smaller than the model resolution.
These processes cannot be modelled explicitly, and so they must be estimated using relationships
with variables such as wind, temperature and humidity calculated at the scale of the model (here,
50 km). These relationships are called parameterisations. By their nature, parameterisations are
approximations of the actual process they represent, and the equations they contain will use
parameters whose values are uncertain. Previous work has shown significant improvements in
the representation of, for example, extreme rainfall using very high resolution (1.5 km) climate
models, which have a better representation of the diurnal cycle of rainfall and of internal cloud
dynamics. However, such models are computationally very expensive to run.

PRECIS does not calculate the depth or cover of snow. The only data available from the model
are the mass of snow per model grid box. The formulae developed by Roesch et al. (2001) were
used to calculate the snow covered fraction of each grid box and the depth of snow from the
snow mass. These formulae were derived using observed snow masses, depths and coverage.
The snow mass produced by the model has units of kg m™. If the snow were melted, the water
produced would have a depth in mm equal to the snow mass, since 1 kg (H,O) m™ has a volume
of 1 litre, which would have a depth of 1 mm if spread over an area of 1 m?. The first stage is to
calculate the snow density py (in kg m™) from the snow mass, S,,, as shown below:

ps = 188.82+0.419 x S,

ps is limited to a maximum value of 450 kg m~. The snow depth d; (in m) is then simply

calculated by dividing the mass by the density,
ds =S/ ps

The snow cover fraction f is found from S,, using the equation below:
fs=0.95 x tanh (0.1 x S},

Over the last few years, the North American Regional Climate Change Assessment Program
(NARCCAP) has been set up. NARCCAP is an international program that will serve the climate
scenario needs of both the United States and Canada. One of the aims is to systematically
investigate the uncertainties in regional scale projections of future climate. NARCCAP will
produce high resolution climate change scenarios using multiple regional climate models
(RCMs) driven by meteorological data from multiple global climate models. This project has
not yet finished, and the model results are still being analysed.

340960 — Volume 1 — FINAL — December 2011 4-14 SENES Consultants Limited



TORONTO’S FUTURE WEATHER AND CLIMATE DRIVER STUDY — VOLUME 1

4.4.2 Downscaling of Projections of Future Climate

Climate models are based on well-established physical laws and principles and are the best tools
available to project future changes in climate. Climate change at any given location will be the
result of a complex interaction between global warming, atmospheric and oceanic circulation
changes, increases in the humidity of the atmosphere, cloud properties, and many other factors.
There are no other ways of correctly projecting future climate. However, future climate at
specific locations has been estimated using techniques which downscale the climate change data
from a model to the required location. These downscaling techniques cannot replace climate
models, as they require projections of future climate.

Wilby (2003) constructed a statistical model of the urban heat island of London, England. This
model was created using a stepwise multiple linear regression procedure with the observed urban
heat island and other meteorological variables. The future heat island was estimated using
values of the meteorological variables projected by a climate model. This technique assumes the
relationship between the urban heat island and the meteorological variables used in the
regression does not change, which may not be the case.

Another technique for estimating the impact of climate change at a specific location is called
morphing (Belcher et al., 2005), and is usually applied to sub-daily (hourly) observed climate
data. An existing climate data set for a given location (e.g. hourly observations of temperature,
rainfall, wind, etc.) is modified (or “morphed”) using specified mathematical operations to create
an equivalent data set for the future. For example, if a climate model projection suggested that
temperatures would rise by 2°C in April; the observed temperatures for April could be increased
by 2°C to create hourly climate data representative of the future.

Different mathematical operations are used on each variable of interest. Precipitation is
multiplied by a factor. If the climate projections suggested that rainfall will increase by 5%, then
the observed rainfall data would be multiplied by 1.05 to create the future rainfall data set.
Morphing is a simple technique for producing sub-daily climate data which is representative of
the future climate. However, the overall characteristics of the climate are not changed. If the
particular observed data were made when a given month was unusually cool and wet, for
example, then that month will always be cool and wet in the morphed time series. Morphing
cannot easily incorporate trends in climate. For example, Jenkins et al. (2008) analysed
observed temperature and rainfall data for the UK and found that, for the period 1960-2006,
winter rainfall had increased and summer rainfall had decreased. In this instance, the morphing
procedure could be applied on a monthly basis, but some “blending” of the morphed data
between each month would be necessary to remove any step-changes in climate variables.
However, if the original data set recorded rainfall between 6™ and 10" June, any morphed data
will always have rainfall between the same dates at the same times, even if the climate model
projection suggested that rain in early June would be highly unusual in the future. It is possible

340960 — Volume 1 — FINAL — December 2011 4-15 SENES Consultants Limited



TORONTO’S FUTURE WEATHER AND CLIMATE DRIVER STUDY — VOLUME 1

that the morphed data may be physically unrealistic. For example, morphed rainfall could be
inconsistent with morphed temperatures and cloud cover.

It has been suggested that a proxy for a future climate could be used for adaptation studies, e.g.,
the future climate of London, England will be like the present-day climate of Marseilles, France.
However, this method is not recommended, as the meteorological characteristics of the proxy
city are very different to those of the city under study. In this example, the proxy city,
Marseilles, is at a much lower latitude than London. The lengths of the days will be very
different between the two cities, particularly around the solstices. The origin of weather in
London is mainly controlled by low pressure systems which form in the Atlantic Ocean and
travel north eastwards to the UK, whereas in Marseilles low pressure systems form directly in the
Mediterranean area. Marseilles is sometimes impacted by the hot dry winds of the sirocco,
which originates in the Sahara, whereas London is not.

4.4.3 Overview of Approach Used

As outlined in the previous section, the best resolution available for future weather from Global
Climate Models (GCMs) is about 150x150 km. The output of these GCMs can be used as input
to more detailed Regional Climate Models (RCMs). The PRECIS RCM (Version 1.8.2) was
used to provide the boundary conditions for future GTA weather for this project. The RCM
minimum scale available is about 25x25 km. At this scale a lot of local factors (the escarpment
and the Oak Ridges moraine) have started to influence the resulting weather so there is some
inherent error involved.

Since the purpose of this study was to examine the local influences, something more than an
RCM was required. SENES decided to use a state-of-the-science weather forecast model (WRF [
NMM within the FReSH Forecasting System) driven by the 6-hourly 50x50 km PRECIS RCM
(Version 1.8.2) output. This allowed all of the local influences (on the scale of about 1x1 km) to
be included in the simulation and the outputs would then show the differences across the GTA.

SENES started with the climate Normals® covering the period 2000 through 2009 as the base
period for this study. SENES then analyzed this period of 10 years on an hourly basis using a
state-of-the-science weather model (WRF-NMM) which SENES runs internally as part of its
FReSH Forecasting System. This model simulation used a 1x1 km grid over the GTA and was
driven by the 6-hourly analysis fields (global fields with a spatial resolution of about 40x40 km
created from the global observations taken every 6 hours at an approximate spacing of 300x300
km) archived by the National Centre for Environmental Prediction (NCEP). The 10-year model

® Climate Normals are the data created to summarize or describe the average and the extremes of climatic conditions
of a particular location. At the completion of each decade Environment Canada updates its climate normals for as
many locations and climatic characteristics as possible. The latest climate normals provided by Environment
Canada are based on stations with at least 15 years of data from 1971-2000.
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output data set from FReSH was then examined for major storms, extreme weather and
climatological parameters as follows:

e Average Temperature;

e Average Minimum Temperature;
e Average Maximum Temperature;
e Extreme Minimum Temperature;
e Extreme Maximum Temperature;
e Degree Days;

e Gust Wind;

e Rainfall;

e Snowfall;

e Total Precipitation; and

e Return Periods for Rainfall.

This set of statistics formed the baseline summary of current climate for the Greater Toronto
Area and addresses and provides new insight into Question 1 (What is Toronto’s current weather
and climate and why?). This baseline period was also used for model validation against the
current observational data.

The second step was to use the 50x50 km output from the Regional Climate Model (RCM) called
PRECIS (Version 1.8.2) that represents a 10-year period in the future (2040-2049) driven by the
IPCC maximum impact scenario A1B. The Al storyline and scenario family describes a future
world of very rapid economic growth, global population that peaks in the mid-century and
declines thereafter, and the rapid introduction of new and more efficient technologies. The A1B
scenario used here represents a balanced consumption and pollution release across all energy
sources. The six hourly values output by the PRECIS Regional Climate Model (Version 1.8.2)
were used as input boundary conditions for the FReSH System to develop an hour-by-hour
simulation of the future on a 1x1 km grid for the GTA. This 10-year data set was examined for
major storms, extreme weather and the other climate parameters listed above. This data base is
comprised of 346 days, the limit of the regional input data from RCMs available for each year.
For estimating the frequency of occurrence, each modelled month was corrected for the
difference in the number of modelled vs. actual days. The resulting averages and statistics form
the future period climate summary for Toronto and the GTA and is used to answer Question 3
(What will be Toronto’s future weather and climate and why?) and Question 6 (What
magnitudes, frequency and probability of occurrence do future extreme weather events and
significant weather events have in Toronto and why?) posed in the study.

The third step was to compare the outputs from the present and the future climate simulation in
order to provide insight what Toronto’s future weather and climate will be thereby directly
answering Question 3’s what will be Toronto’s future weather and climate, as well as providing

340960 — Volume 1 — FINAL — December 2011 4-17 SENES Consultants Limited



TORONTO’S FUTURE WEATHER AND CLIMATE DRIVER STUDY — VOLUME 1

insight into Question 2 (How are Toronto’s current weather and climate drivers expected to
change and why?).

4.5 INTRODUCTION TO THE CLIMATE MODEL USED

45.1 Introduction

Not all climate models show the same thing. Because of this often average results over a number
of models are used. Our partner, The UK Met Office Hadley Centre, has produced a collection
(ensemble) of perturbed physics global climate model simulations in order to assess the levels of
certainty in the climate projections (Collins et al., 2006). The ensemble consists of 1 standard
climate model and 16 versions where uncertain parameters within the atmospheric component
have been changed (perturbed) slightly from their normal values. The global climate model
used, HadCM3, has a horizontal resolution of 3.75° longitude and 2.5° latitude, and 19 vertical
levels, extending from the surface to 10 hPa. It has components that represent the integrated
exchanges of energy and matter within the atmosphere and the oceans which are fully coupled.
The ability of the each member of this ensemble to reproduce the climate over the area around
the Great Lakes for the period 1961-1990 has been assessed (see Figure 26 for the distribution of
land and water grid cells of HadCM3) and used to assess the performance of the various
ensemble members in the global model. The ensemble member which most closely reproduces
the observed climate of the Great Lakes region was selected to drive the regional climate model,
PRECIS (Version 1.8.2). However, the projected future change in climate from this ensemble
member may not necessarily be the most representative of the future; it is just one illustrative
projection of many. Datasets, describing four key meteorological variables, were created from
the ensemble members, which could be compared with observations of the same four variables;
these datasets are termed ‘climatologies’. A similar set of model simulations was also run where
uncertain parameters within the ocean component of the model were perturbed, but the change in
the climate projections was much smaller than when the atmospheric component was perturbed.
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Figure 26 Great Lakes Region Used to Assess the Perturbed Physics Ensemble
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4.5.2 Generation of Climatologies

Climatologies for surface pressure, temperature, precipitation and height of the 500 hPa pressure
surface were generated from gridded observations which are readily available for the entire
globe. The climatologies consist of 30 years of monthly mean values (except precipitation,
which are monthly totals) for the period 1961-1990. This period is commonly used as a
‘climatologically normal period’ for assessing model performance. The observations are
available on different horizontal resolutions to the climate model, and so were interpolated to the
same horizontal resolution as the global climate model.

4.5.3 Comparisons of Climate Model Ensemble with Observations

Observations and model data for the shaded region shown in Figure 26 were extracted and used
in the assessment of the global climate model, as this area was simulated in more detail using the
regional climate model, PRECIS. A comparison of the entire perturbed physics ensemble with
the four sets of observations is shown in Figure 27.

The data shown in Figure 27 are monthly mean modelled parameters at 500 mb over the Great
Lakes Region averaged over the period 1961-1990. The ensemble reproduces the observed
temperatures and heights at 500 hPa very well, although there is some spread in the precipitation
in this region. There is a small bias in the modelled surface pressures as a result of the way each
ensemble member was initialised, but this will not have a significant impact on the results
according to Hadley.
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The climate model ensemble members were then ranked using the temperature and precipitation
data. For each ensemble member, the modelled temperature and precipitation amounts were
plotted separately as a function of the observed data, and a straight line fitted through the points.
The correlation coefficients of the fitted straight lines were then used to rank the ensemble
members. For temperature, all correlation coefficients were greater than 0.995, whereas there
was a considerably greater range for precipitation. The highest correlation coefficient for
precipitation was 0.83, and this ensemble member (QUMP 15) was selected to drive the regional
climate model for the 2040s simulation.

In Figure 27, the observations are marked as diamonds, and the error bars show the 5th _ gsth
percentile range (which is equivalent to 2 standard deviations). Each perturbed physics ensemble
member is shown as a grey line and the ensemble mean by the thick red line. The thin red lines
indicate the 5™ — 95" percentile range of the entire perturbed physics ensemble.

Figure 27 Comparison of Modelled vs. Observed Parameters (1961-1990)
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45.4 Global and Regional Models

The resolution of the global climate model, HadCM3, is approximately 300 km over the Great
Lakes region. Consequently, the global model cannot provide climate projections of key
variables (such as temperature and precipitation) on small spatial scales needed for impacts
assessment. In order to provide detail on smaller spatial scales, a regional climate model is
required.

The regional climate model used for this work was PRECIS (Version 1.8.2). A similar (but not
identical) version of this model was used as part of the process to generate the UKCPO09 climate
projections for the UK government (Murphy et al., 2009). Earlier versions of PRECIS itself
have been distributed to many countries where it has been used to produce high resolution
climate change information. PRECIS is based on the global climate model HadCM3. It uses
many of the same representations of meteorological processes and has the same vertical structure
as HadCM3. It has a horizontal resolution of approximately 50x50 km over the Great Lakes
Region. A map of the domain used by PRECIS (Version 1.8.2) is shown in Figure 28. The inner
region of Figure 28 is the area from which the model results are extracted. The climate of the
outer border is a blend of the regional model climate and the driving global model data, and is
not analysed further.

Regional climate models only simulate climate over small regions, and so boundary conditions
of key meteorological variables (such as wind speed and direction, humidity, and temperature)
are needed at the edges of the regional model domain. The boundary conditions were supplied
from the global climate model simulation selected above, at 6 hourly intervals. These boundary
conditions are interpolated in time and space by PRECIS to provide the required data at every
model time step (30 minutes). The climates simulated by the global model and PRECIS over the
Great Lakes region will be essentially the same. PRECIS adds detail to the selected region, but
is dependent on the GCM providing the boundary conditions to initiate and maintain the
modelled simulation. There are still large uncertainties in the regional patterns of climate change
from GCMs.
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Figure 28 Map Showing the Regional Climate Model (PRECIS) Domain
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455 Comparison of Climate Model Output with Observations

It is important to compare calculated values, as obtained from climate models through
simulations of meteorological variables, with observed values of those variables. When a
climate simulation is undertaken using known greenhouse emissions, the modelled climate will,
on average, be close to the observed climate, but it is highly unlikely the climate from a single
year in the model will perfectly match the observations in the same year. One reason for this is
the initial conditions used by the model. Before a simulation can be made, values of
meteorological variables (for example, temperature, winds, clouds) at all locations within the
model must be specified. These conditions are usually taken from an existing simulation, but
over the selected time period of the climate simulation, the influence of the initial conditions is
very small. However, if the same climate scenario was used, but the model was initialised with
slightly different initial conditions, the climate generated in individual years would not match the
original run, owing to internal variability of the model. However, over many simulations the
average climate for the selected time period, or the longer term average climate, would be the
same.
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4.6 INTRODUCTION TO THE WEATHER MODEL USED

4.6.1 The FReSH System

The SENES FReSH Forecasting System is a state-of-the-science weather modelling system
developed by SENES in-house to predict/simulate 3-dimensional meteorological conditions over
a study area, from the surface up to a height of 20 km. The FReSH system is comprised of four
different components, which are:

e the pre-processor;

e the weather model;

e the post-processor; and
e the graphics package.

These are described in more detail in the following sections.

4.6.1.1 Pre-Processor

The pre-processor collects and formats initial and boundary conditions from the National Center
for Environmental Prediction (NCEP) analyses on a 12 km horizontal resolution grid. These
analyses incorporate all available weather observations over North America (surface upper air,
radar etc.). The FReSH pre-processor creates model boundary conditions every 6 hours. It also
interpolates directly from the native grid (Lambert Conformal rotated projection) into the
model’s grid system thus avoiding an additional module for interpolation through a Lat/Long
grid.

The pre-processor uses time-dependent surface fields that vary in horizontal resolution from
12 km to 40 km. The resolution of these data is modified to match the selected output resolution
of the FReSH model (in this case 1x1 km). The surface data used by the model (obtained from
NCEDP) are as follows:

soil temperature (4 levels);
e soil wetness (4 levels);

e water-surface temperature;
e snow and ice cover; and

e snow depth.

The system also uses the following time-independent surface fields (created once for the selected
area of model integration):

e soil type (resolution 4x4 km); Source: United Nations Food and Agriculture Organization
(FAO) soil data set;
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e vegetation type (resolution 1x1 km); Source: United States Geological Survey (USGS);

e monthly vegetation fraction (which is modified during the model run), NCEP
climatology; and

e seasonal albedo (which is modified by actual surface characteristics); Source: NCEP
climatology.

The pre-processor uses global GTOPO-30 USGS terrain data on 1x1 km resolution, and creates a
topographic data set for the FReSH model integration area. The terrain data (heights measured
in metres) used in this analysis is illustrated on Figure 29 which also shows the extent of the
computational grid used.

Figure 29 Terrain Data Used for the FReSH Small Modelling Domain (1x1 km)
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Figure 30 shows the vegetation data used as an input to FReSH system, based on GTOPO-30
global USGS land use data.
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Figure 30 Vegetation Data Used in the FReSH Small Modelling Domain (1x1 km)

46U

Vegetation Scale:
C1: Broadleaf-Evergreen Trees (Tropical Forest)
C2: Broadleaf-Deciduous Trees
C3: Broadleaf and Needleleaf Trees (Mixed Forest)
C4: Needleleaf-Evergreen Trees
C5: Needleleaf-Deciduous Trees (Larch)
C6: Broadleaf Trees with Groundcover (Savannah)
C7: Groundcover Only (Perennial)
C8: Broadleaf Shrubs with Perennial Groundcover
C9: Broadleaf Shrubs with Bare Soil
C10: Dwarf Trees and Shrubs with Groundcover (Tundra)
C11: Bare Soil
C12: Cultivations (The Same Parameters as For Type 7)
C13: Glacial (The Same Parameters as For Type 11)
Red Colour — Represents Water
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4.6.1.2 The Weather Forecast Model

The main component of FReSH system is the NMM’ Weather Forecast Model. The NMM
model is state-of-the-science numerical limited area model. The main features of the model
dynamics are:

e itis a fully compressible, non-hydrostatic model with an hydrostatic option;

e the terrain following hybrid pressure sigma vertical coordinate is used;

e second order energy and enstrophy conserving (Janjic, Z. 1., 1984);

o the grid staggering is the Arakawa E-grid;

e the same time step is used for all terms;

e time stepping: horizontally propagating fast-waves: forward-backward scheme;
e vertically propagating sound waves: Implicit scheme;

e advection (time): horizontal: the Adams-Bashforth scheme; and

e vertical: the Crank-Nicholson scheme.

The physics package is based on:

e explicit Microphysics: Ferrier (Ferrier, B. S., et al, 2002);

e cumulus parameterizations: Betts-Miller-Janjic, Kain-Fritsch with shallow convection
(Kain, J. S., and J. M. Fritsch, 1993);

e free atmosphere turbulence above surface layer: Mellor-Yamada-Janjic (Janjic, Z. 1.,
1996a);

e planetary boundary layer: Mellor-Yamada-Janjic (Janjic, Z. 1., 1996b);

e surface layer: Similarity theory scheme with viscous sub layers over both solid surfaces
and water points (Janjic, 1996b);

e radiation: longwave radiation: GFDL Scheme (Fels-Schwarzkopf);

e shortwave radiation: GFDL-scheme (Lacis-Hansen) (Schwarzkopf, M. D., and S. B. Fels,
1991); and

e gravity wave drag: none.

Two different grids were used for the local simulations — a 4x4km grid (Figure 31) over a larger
area to ensure that the inflow to the GTA was correct and a Ixlkm grid (Figure 32) over the
GTA to allow local details to be properly incorporated.

TNMM — Non-hydrostatic Mesoscale Model. NMM has been operational since June, 2006 in the National Centre
for Environmental Prediction (NCEP) Washington. (Janjic, Z. 1., 2003a)
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Figure 31 4x4 Kilometre Grid Used for Upwind FReSH Modelling

Figure 32 1x1 Kilometre Grid Used for Detailed GTA FReSH Modelling
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4.6.1.3 Post Processor

The post processor has several functions: to interpolate the model outputs from the model levels
to the standard-pressure levels, to interpolate horizontally meteorological data produced by
model from the model grid to the latitude-longitude or other specific grid and to prepare model
results for a specific application. The NMM model outputs are in standard World
Meteorological (WMO) GRIB format and can be tailored to suit different application needs.

4.6.1.4 Graphics Package

A graphical output module has also been incorporated into the FReSH system. This permits the
resulting data to be plotted and viewed. The Grid Analysis and Display System (GrADS) is used
for visualization of hourly model outputs.

The FReSH system was set-up over the study area to match the regional modelling domain to
capture part of USA, Great Lakes and the extended GTA area on 4x4 km (Figure 31) resolution
and was nested down to 1x1 km (Figure 32) to refine and resolve thunderstorms over GTA. The
computational domain had 123,201 points at 39 vertical layers and grid size of approximately
4x4 km. Typical run time for this application over Ontario was 2 minutes per hour of simulation
on a dedicated Dual Core Pentium Linux machine.

In general, NMM is able to match the observed wind speeds, wind directions and precipitation
data and has been extensively tested in different locations around the world. This gives
confidence that the FReSH results can be used for further refined analyses.

4.6.2 How is FReSH Driven?

Table 5 outlines how a typical weather forecast model is run and how it was used for this project.
It was run in two ways: (1) to simulate current conditions and (2) to simulate future conditions.
For current conditions, the 6-hourly, 32x32 km gridded analysis fields for the period 2000-2009
were input as boundary and starting conditions from which the FReSH System produced 4x4 km
hourly simulations over a broad area of southern Ontario. The FReSH System was then run
again using the 4x4 km, 3-dimesional fields as input to produce a detailed hour-by-hour
simulation over 10 years on a 1x1 km grid over the GTA and at some specifically selected output
locations of interest to the City of Toronto. Table 5 also shows for future conditions, that the
6-hourly climate projections on a 50x50 km grid from the PRECIS Model were used as the
boundary and starting conditions for the FReSH simulation which produced an hour-by-hour
simulation on a 4x4 km grid over a broad area of southern Ontario. The FReSH System was
then run again using the 4x4 km, 3-dimensional hourly fields as input to produce a detailed hour’
by-hour future simulation over 10 years on a 1x1 km grid over the GTA.
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Table 5 How the Climate and Weather Model was Used
Weather Forecasting System
Approach | Observations Data Model Produces Model Produces City Forecasts
world-wide evel 4-dimensional
SENES 12 hours on ary balancing of forces to use 365 days of 6- ewvery hour on a | nest WRF-NMM down to
HISTORICAL spacing of produce global global forecast | hourly analysis fields | WRF-NMM | 4x4 km grid over give 1x1 km outputs every
WEATHER ?350ka analysis fields every out to 24-hours area of interest hour (or less)
12 hours
Climate Weather Forecasting System
SENES 'als dbe;all dcril\ln:atz G'ho:;rybgsz ;c: ;Jne every hour on a | nest WRF-NMM down to
CLIMATE rvng a |-y ‘ WRF-NMM | 4x4 km grid over |give 1x1 km outputs every
CHANGE Regional climate scenario on a area of interest hour (or less)
Climate Model 50x50 km grid

The key attributes of the FReSH Forecasting System compared to other weather forecast models
are given in Table 6.

Table 6 Key Weather Model Attributes of the FReSH System

Horizontal Resolution | 40x40 internationally | 4x4 for best dynamics

in km 12x12 in North America 1x1 in local areas
 Best Tested 12x12 km 0.1x0.1 km
Horizontal Resolution
; : 20 seconds
Time Step Resolution 3 hours

aggregated up to 1 hour

Best Time Step

Resolution Interpolated to 1 hour 20 seconds

4.7 How GooD 1S THE 10-YEAR SIMULATION COMPARED TO THE OBSERVED DATA?

This section has two parts — (1) a comparison of the detailed weather model’s hour by hour
predictions vs. the observed data over the 10-year period 2000-2009 and (2) an assessment for
the year 2000 of how much error is introduced by driving FReSH with the outputs of the
Regional Climate Model PRECIS.

4.7.1 How Well Does the Local Weather Model Work?

This section will present the weather model’s capability to reproduce real observations. It
confirms that the modelling approach is capable of correctly simulating the weather and climate
over the GTA. The comparison shows that weather parameters can be correctly simulated when
weather driving parameters are driven by the observed global fields.
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4.7.1.1 Temperature

Figure 33 presents annual average, mean minimum and mean maximum temperatures for
Pearson Airport vs. FReSH modelling simulations (at the Pearson Airport output point) based on
the analysis data. The figure also presents the mean absolute error (difference between modelled
and observed values) for the model results.

Figure 33

Model vs. Observations — Pearson Airport

a) Average Temperature

10.0

9.5

9.0

8.5

8.0

Average Temperature in Degrees C

7.5

2000 2001 2002 2003

2004 2005 2006
ar

Ye

—e— Observed
—&=— Modelled

2007 2008 2009

b) Mean Minimum Temperature

w w » > o o g
o o o 3] o o o

Mean Minimum Temperature in Degrees C

N
3

2000 2001 2002

2004 2005
Year

—e— Observation
—=— Model

2007 2008 2009

340960 — Volume 1 — FINAL — December 2011

SENES Consultants Limited



TORONTO’S FUTURE WEATHER AND CLIMATE DRIVER STUDY — VOLUME 1

c) Mean Maximum Temperature
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e) Extreme Maximum Temperature
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Figure 33a through Figure 33e demonstrate that the model reproduces the average, minimum and
maximum temperatures quite well, as well as the extreme maximum, while the extreme
minimum temperatures are under-estimated by about 19% on average over the 10 year period.

4.7.1.2 Precipitation

A meteorological numerical model is a simplified abstraction of the real atmosphere, which is
valid for a certain space and time scale. The model is a set of equations and the corresponding
numerical solvers. Within the model, a scale dependent discretization of the atmosphere in space
and time is necessary. The temporal and spatial resolution of a mesoscale model is better than
that in a macroscale model but coarser than in a microscale model. For this study, the microscale
horizontal resolution was 1000 metres.

Generally, in today’s numerical schemes the precipitation parameterization performs very well
when the horizontal resolution is between about 4 and 10 km. If the horizontal resolution is
smaller than this (as in our case 1 km) then the precipitation parameterization will simulate more
successfully the smaller, convective scale type of precipitation and extreme precipitation events.
This was demonstrated here for the case of the re-simulation of the August 19, 2005 — Finch
Avenue washout storm. However, using this fine scale, the average precipitation rates are over![
estimated. Based on a comparison for the 2000-2009 simulated period against observed data, the
over-estimation calculated was a factor of 2. The climatological data presented in this study
have been corrected by this factor of 2 for the current and future cases. Even without this
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correction, the relative change from the current conditions to the future state will be correct
because the corrections will just cancel each other out.

This is a modelling numerical problem which remains unresolved in the present state-of-the-
science mesoscale models.

The results for total annual precipitation are presented in Figure 34. Figure 35 presents total
rainfall in comparison with observed data and Figure 36 shows total snowfall (mm) compared
with measurements. The figure also presents the mean absolute error (difference between
modelled and observed values) for the model results.

Figure 34 Total PRECIPITATION — Model vs. Observations — Pearson Airport
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Figure 35 Total RAINFALL — Model vs. Observations — Pearson Airport
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Figure 36 Total SNOWFALL - Model vs. Observations — Pearson Airport
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The model predicts total precipitation well and slightly under-predicts rain and over-predicts
snowfall.

4.7.1.3 Wind

The results for average wind speed are presented in Figure 37. Figure 38 presents maximum
wind speed compared to observed data and Figure 39 shows predicted gust winds in comparison
with measurements. The figures also present the mean absolute error (difference between
modelled and observed values) for the model results. It should be noted that the average model
error for wind speed is expected to be about 1 metre/second or 4 km/hour based on current
comparisons between weather model predictions and observed winds. Figure 37 shows that the
average error for this project is about 2 km/hour.

Figure 37 Average Wind Speed — Model vs. Observations — Pearson Airport
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Figure 38 Maximum Wind Speed — Model vs. Observations — Pearson Airport

100
90
<
E 80
=
8 70
S —e— Observed
o 601 —=— Modelled
£ 50
S
E 40 l — T
E 30 == E
3
= 2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Year
Figure 39 Gust Wind Speed — Model vs. Observations — Pearson Airport
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The model predicts well the average wind speed. The maximum wind speed is under-estimated
but the gust wind speed is simulated reasonably well, when one considers the complexity of gust
winds.

In conclusion, the model validation shows good agreement with the current observations. It
gives SENES a lot of confidence that the relative change between current simulated results and
future simulated results is a reflection of the impact of climate change with no particular bias.

4.7.1.4 Specific Historical Event

19 August 2005 — The Finch Avenue Washout

On 19 August 2005, a small scale micro-burst event that occurred over Toronto washed out a
culvert on Finch Avenue. As part of this study, SENES Consultants Limited re-analyzed that
particular storm. Figure 40 and Figure 41 present the results of a 1x1 kilometre grid simulation
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of that day for the Finch and Dufferin Streets area. The pink dot represents the total observed
rainfall for that day from a single point observation near the location.

Figure 40 Cumulative Hourly Rainfall Simulation near Finch and Dufferin
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Figure 41 Hour-by-hour Rainfall Simulation near Finch and Dufferin
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Figure 40 shows the cumulative hourly forecast details for a point close to the washout and
Figure 41 shows the hour-by-hour details. Figure 42 presents the modelled total precipitation
over the day for the GTA with the heavy rainfall over the area within a few kilometres of the
washout (see red circle).

The three figures show that it is possible to forecast the temporal and spatial characteristics of
super-cell storms using a state-of the-science weather model (WRF-NMM) running on a fine
grid. From Figure 42 we see that the total rainfall during this day over the GTA was up to
180 mm. The simulation reflects the fact that under the high winds that were occurring two
storm cells merged and additional convective rain was produced. This means that during the
2-hour period, from 1700-1900 local time, a total of 69 mm of rain was predicted to fall in the
Finch-Dufferin area (well over half the rain that was observed to fall in that day).

What is important to note here is that while the official measurement made at Pearson Airport for
this day was a total of 43 mm of precipitation, significantly more than that actually fell in the
Dufferin-Finch area. It should also be pointed out that additional monitoring that was in place
just north of the affected area did show the higher levels of precipitation in the same range
shown in Figure 42 from the model simulation. This figure also points out that the model and
grid size used better simulates these extreme conditions.
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Figure 42 Map of Total Precipitation over the GTA on 19 August 2005
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4.7.2 How Well Does the PRECIS-FReSH Combination Work?

In this section the combination of using the Hadley PRECIS Regional Climate Model (RCM) as
input to the FReSH Weather Model is tested for accuracy by comparing the average calculated
monthly values from the simulation against the observed monthly data for the year 2000. Three
parameters were used for this comparison: temperature, rain and wind.

It should be noted that, since FReSH is driven by the output from the PRECIS Regional Climate
Model (RCM), hour-by-hour comparisons with observational (single station) data are not
expected to match, but the descriptive statistics of the hour-by-hour output for the period
simulated is expected to provide the long term average climate (over 10-years) — albeit within the
caveats expressed for the regional climate modelling approach.
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4.7.2.1 Temperature

Figure 43 presents the average, mean minimum and mean maximum temperatures for the year
2000 for the Pearson Airport vs. FReSH modelling simulation driven by (1) the analysis fields
(Analysis Field Input) and (2) the regional climate model (RCM Input). This comparison shows
the capability of the combined model to reproduce the current period (the real observations at a
particular point) as well as the uncertainty in using an RCM output to do the same thing. The
figure also presents the mean absolute error (difference between modelled and observed values)

for the model results.

Figure 43 Pearson Airport - Observed vs. Modelled Temperatures - 2000
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b) Mean Minimum Temperature
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d) Extreme Minimum Temperature
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Figure 43a through Figure 43¢ demonstrate that the model driven by the analysis fields can
reproduce the average, mean minimum, mean maximum and extreme maximum temperatures
quite well, while the extreme minimum temperatures are under-estimated by about 13% for year
2000. Figure 43e does show the weakness of using a climate simulation to drive a particular year
and season in that the summer period for 2000 was not accurately captured by the climate model
(see discussion - Main Sources of Uncertainty).

When FReSH is initialized with the output of the Regional Climate Model, the average
temperature is overestimated by 2.3°C, the mean maximum by 2.4°C and the mean minimum by
about 2.6°C while above zero (and underestimated below zero). The extreme maximum
temperature is over-estimated by 6.9°C, while the extreme minimum is under-estimated by
~5.9°C. All these uncertainties are well within the range of the uncertainty of the Global and
Regional Climate Models. While climate models are often adjusted to remove this bias, SENES
prefers to simply present the model error/bias rather than hiding or removing it so that the reader
gets a better sense of how well the model performs and how much confidence we can have in it.

4.7.2.2 Precipitation

The results for total precipitation for 2000 are presented in Table 7. This table summarizes the
rain, the snow and total precipitation for year 2000. Variability on a monthly basis is larger.

Table 7 Pearson Airport - Observed vs. Modelled Precipitation — Year 2000

Model Driven by

Observed
Parameter Analysis Fields | RCM Fields

Rainfall (mm) 483.3 485.4 635.2
Snowfall (cm) 108.5 71.0 135.7
Precipitation (mm) 591.9 556.4 755.7
Extreme Daily

Rainfall (mm) 47.6 61.4 59.4
Extreme Daily

Snowfall (cm) 163 75 124
Extreme Daily 47.6 61.4 59.4

Precipitation (mm)

Using both types of inputs, rainfall in this year is under-estimated by ~ 30%. Snowfall is under’
estimated by ~25% based on using the analysis data, while based on using the RCM the under(’
estimation is ~ 91%. Total precipitation is under-estimated by ~27% based on the analysis data
and by about 35% based on the regional model initialization. Extreme daily rainfall is better
predicted by using the RCM input (within ~3%) while extreme daily snowfall is better predicted
using the analysis data (within ~31%). For the purpose of estimating the uncertainty of the
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future extreme snowfall, the data shows that the model underestimates the observed value by
almost 40% for the Year 2000. It should be noted, however, that the 10-year comparison
between observed and modelled (Figure 34) did show that the precipitation for the year 2000 was
significantly under-estimated, perhaps due to an unusually large number of convective storms
during that year.

4.7.2.3 Wind

The results for average wind speed are presented in Figure 44. Figure 45 presents maximum
wind speed in comparison with observed data and Figure 46 shows predicted gust speed in
comparison with measurements. The figure also presents the mean absolute error (difference
between modelled and observed values) for the model results. It should be noted that current
weather models are only expected to predict winds within about 4 km/hour of the correct value.
The mean absolute error is just over 1 km/hour and even for the specific year (2000) under test
the error ranges from about 0.5 to 5 km/hour.

Figure 44 Pearson Airport - Observed vs. Modelled Average Wind Speed - 2000
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The model predicts well the average wind speed observed at Pearson Airport. Again Figure 44
shows the weakness of using a climate model to simulate a particular year or month in that
December wind speeds have not been properly projected even though the error is within that
expected from a weather forecast model (4 km/hour). The maximum wind speed is
underestimated equally based on using the analysis or the RCM inputs. The gust speed is
simulated reasonably well by using the analysis data and is underestimated when using the
Regional Climate Model input. It should be noted that maximum wind speeds will be controlled
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by local obstacles and we should not expect a model with a grid spacing of 1 kilometre to
accurately reflect the maximum wind speed at a specific point.

Figure 45 Pearson Airport - Observed vs. Modelled Maximum Wind Speed - 2000
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Figure 46 Pearson Airport — Observed vs. Modelled Gust Wind — 2000
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4.8 SUMMARY

The approach used in this study is capable of producing detailed weather data on a very fine
scale. The testing shows that driving a local weather model with the outputs from a Regional
Climate Model simulation of the future climate can produce a very good representation of the
current weather with precision and accuracy that can be quantified as presented in Table 8. This
means that using the same approach to infer future detailed local weather statistics will likely
have the same precision and accuracy.

Table 8 Bias Statistics for NMM vs. Observation —Pearson Airport - 2000
. WS WD TEMP
Measure of Bias km/hour degrees °C
Good Performance <72 <*45 <+2
Fair Performance <*14.4 <*90 <+4
Poor Performance >%21.6 >*9( <+6
Pearson Airport 0.7 -2.2 -0.2

(Observation — Model)

The data presented in this chapter illustrate that the approach used for this project gives results
that are better than the best sensitivity commonly identified for Regional Climate Model analyses
of 2.4 to 5.4°C. The data shows that future average temperatures will be overestimated by about
2.3°C which is the best performance one expects from a Regional Climate Model. The future
daily mean maxima and mean minima are also estimated to be high by 2.4 and 2.6°C,
respectively. The future extreme maximum temperature is overestimated by ~7°C and the
extreme minimum temperature is underestimated by ~6°C.

Future total precipitation is estimated to be under-predicted by 35%. Future extreme rainfall
seems to be well predicted with an error of only 3% while extreme snowfall is estimated to have
an error of about 40%.

Future average wind speeds will be underestimated by about 15% while the maximum wind
speeds will be underestimated by about 20%. The gust winds will be underestimated by about
10%.
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50 WHAT IS THE FUTURE (2040-2049) WEATHER EXPECTED TO
BE?

This chapter presents some illustrative results for one station, Pearson Airport, extracted from the
hour-by-hour simulations of the future period (2040-2049) driven by the A1B climate change
scenario that gives the largest convective response. A comparison is made with the current
climate statistics (2000-2009). Volume 2 of this report presents results for the other selected
locations across the GTA.

5.1 TEMPERATURE

An example of the results from the NMM simulation for 2000-2009 is presented in Table 9 for
Pearson Airport.

An example of the results from the NMM simulation for 2040-2049 is presented in Table 10 for
Pearson Airport.

Table 11 presents the differences between the future period and the present period.

Table 9 Pearson Airport Data - Temperature Summary for 2000-2009

Temperature Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Daily Average (°C) -4.6 -4.5 -0.1 7.3 13.4 19.5 21.7 21.4 17.4 10.2 4.5 -2.0 8.7

Standard Deviation of Daily Average (°C) 4.5 3.8 4.6 4.8 3.9 3.7 2.6 2.9 3.5 4.3 3.8 3.6 3.8
Daily Maximum (°C) -1.6 -1.1 4.2 12.7 19.3 25.4 27.5 27.0 22.9 14.9 8.3 0.7 13.3

Standard Deviation of Daily Maximum _(°C) 4.5 39 5.4 6.0 4.9 4.3 3.1 3.3 3.9 5.1 4.5 3.7 4.4
Daily Minimum (°C) -7.2 -7.4 -3.6 24 75 13.5 15.8 15.8 12.4 6.2 1.5 -4.4 4.4

Standard Deviation of Daily Minimum _(°C) 4.7 4.0 4.5 4.1 3.9 3.9 3.2 3.2 3.7 4.3 3.6 3.8 3.9
Extreme Maximum (°C) 14.5 13.1 23.9 29.6 34.0 35.2 36.2 36.9 32.7 31.2 19.3 16.4 36.9
Extreme Minimum (°C) -20.5 -20.2 -24.4 -9.8 -1.2 0.7 6.1 8.0 0.7 -2.0 -11.2 -19.8 -24.4

Table 10 Pearson Airport Data - Temperature Summary for 2040-2049

Temperature Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Daily Average (°C) 1.3 2.2 5.1 10.2 17.3 22.9 25.5 255 21.0 14.9 8.2 2.7 13.1
Standard Deviation of Daily Average (°C) 3.1 3.3 3.3 4.2 3.7 3.6 2.7 2.8 3.9 4.1 3.3 3.1 3.4
Daily Maximum (°C) 4.1 5.4 9.3 15.1 22.9 29.0 31.7 315 26.5 20.0 12.0 5.9 17.8
Standard Deviation of Daily Maximum (°C) 3.3 3.8 4.0 5.0 4.5 4.4 3.3 3.3 4.4 4.8 3.4 3.2 4.0
Daily Minimum (°C) -0.9 -0.2 1.6 5.6 11.6 16.7 19.7 20.1 16.2 10.5 5.2 0.2 8.9
Standard Deviation of Daily Minimum _(°C) 3.2 34 3.1 4.1 3.7 3.5 2.7 2.9 4.0 4.2 3.6 3.2 35
Extreme Maximum (°C) 16.0 17.7 21.1 29.2 39.9 42.7 44.1 44.4 36.9 33.7 21.3 16.1 44.4
Extreme Minimum (°C) -10.0 -9.6 -6.4 -4.3 2.9 5.1 11.7 11.7 3.7 0.4 -5.7 -11.4 | -114

Table 11 Pearson Airport — Temperature Difference 2040-2049 to Present

Temperature Jan | Feb | Mar | Apr | May | Jun| Jul |Aug| Sep| Oct | Nov | Dec | Year

Daily Average (°C) 591 671 52[29[39[34[38]41]136]48] 37|47 ] 44

Standard Deviation of Daily Average (°C) | -14 | -05] -14]-06]-0.2{-0.1]0.1]0.0]0.4(-0.2] -06| -0.6 | -0.4
Daily Maximum (°C) 58| 66 | 51 |24(35]|36|42[45[36]|51] 37| 52| 44

Standard Deviation of Daily Maximum (°C) | -1.2 | -0.2 | -1.4 [{-1.0]-04] 0.2 0.2 [ 00| 05]-0.3| -1.1] -0.4 | -0.4
Daily Minimum (°C) 63| 71]153(32]141(32]39|43(38|43[37] 46|45

Standard Deviation of Daily Minimum (°C) | -1.5| -0.6 ] -15] 0.0]-0.1{-0.4]-05]-0.3]0.3[{0.0]| 0.0 | -05]-0.4
Extreme Maximum (°C) 15]1 46 |-28|-03[59|74(79|76|42|24]|20]|-03[ 76

Extreme Minimum (°C) 105(106]180(55(41|44|56(38|30[24| 55| 83 [13.0
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Figure 47 shows the temperature differences between the current and future period, over the
entire GTA.

Comparing Table 9 with Table 10 indicates that the future period is projected to be about
4.4 degrees warmer on average at Pearson Airport (i.e. 13.1°C — 8.7°C = 4.4°C) and that the
extreme maximum and minimum temperatures could be 11.5 and 13.0 degrees warmer than
today, respectively. A more detailed look at the monthly average differences, between the
current and future period for the Pearson Airport location, is presented in Chapter 6.

Table 12 and Table 13 present the number of days of temperatures experienced within certain
ranges. Examining these tables we see that in the current period, the number of days per year
above 20 °C is 132.7 days and in the future period this is increased to 160.3 days, an increase of
about 28 days. The number of days per year above 0 °C is increased by approximately 16%.
The number of days per year below 10 °C is reduced from 24.6 days, to 0.3. These tables can
give valuable results for future building code design parameters.

Table 12 Pearson Airport - Temperature Day Summary - 2000-2009
Max Temp (deg C) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
<=0C 19.1 17.0 7.5 0.4 0.0 0.0 0.0 0.0 0.0 0.0 1.3 13.0 58.3
>0C 11.8 11.3 23.5 29.6 31.0 30.0 31.0 31.0 30.0 31.0 28.7 18.0 306.9
>10C 0.7 0.4 5.6 19.4 30.3 30.0 31.0 31.0 29.9 24.2 10.4 0.8 213.7
>20C 0.0 0.0 0.4 4.5 13.1 25.7 30.7 30.6 22.1 5.6 0.0 0.0 132.7
>30C 0.0 0.0 0.0 0.0 0.7 5.5 7.2 5.3 1.3 0.2 0.0 0.0 20.2
>35C 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.3 0.0 0.0 0.0 0.0 0.8
Min Temp (deg C) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>0C 2.9 1.5 7.1 21.3 30.1 30.0 31.0 31.0 30.0 28.8 18.6 4.9 237.2
<=2C 30.1 27.6 27.1 15.3 3.2 0.1 0.0 0.0 0.2 6.5 17.6 29.7 157.4
<=0C 28.1 26.8 23.9 8.7 0.9 0.0 0.0 0.0 0.0 2.2 114 26.1 128.1
<-2C 24.5 25.1 18.4 3.9 0.0 0.0 0.0 0.0 0.0 0.1 5.1 21.2 98.3
<-10C 10.0 8.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 34 24.6
<-20C 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
<-30C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 13 Pearson Airport - Temperature Day Summary - 2040-2049
Max Temp (deg C) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
<=0C 3.7 3.6 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 9.7
>0C 27.3 244 30.5 30.0 31.0 30.0 31.0 31.0 30.0 31.0 30.0 29.2 355.3
>10C 2.2 4.8 14.4 25.0 31.0 30.0 31.0 31.0 30.0 30.9 19.9 4.8 255.0
>20C 0.0 0.0 0.3 5.9 21.7 29.3 30.9 31.0 26.6 14.2 0.4 0.0 160.3
>30C 0.0 0.0 0.0 0.0 2.2 12.6 21.7 21.0 8.3 0.4 0.0 0.0 66.2
> 35 C 0.0 0.0 0.0 0.0 0.4 3.9 4.8 4.5 0.4 0.0 0.0 0.0 14.1
Min Temp (deg C) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>0C 10.8 12.8 18.8 26.7 31.0 30.0 31.0 31.0 30.0 31.0 26.9 15.5 295.5
<=2C 245 21.3 19.3 8.1 0.0 0.0 0.0 0.0 0.0 0.5 6.6 22.8 103.1
<=0C 20.2 15.2 12.2 3.3 0.0 0.0 0.0 0.0 0.0 0.0 3.1 155 69.5
<-2C 11.3 8.5 4.4 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.8 7.3 33.2
<-10C 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.3
<-20C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
<-30C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

¥ It should be noted that the current period was driven by the analysis fields and covered all the days of the year.
The future case (2040-2049) was driven by the output of the Regional Climate model which simulates months as
having 29 days and February 27 days. All future model simulations of the number of days have been corrected for
the actual number of days in each month so that they can be compared correctly against the 2000-2009 period.
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Figure 47 Mean Daily Temperature Differences 2040-2049
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5.2 DEGREE-DAYS

Degree-days for a given day represent the number of Celsius degrees that the mean temperature
is above or below a given base temperature. For example, heating degree-days are the number of
degrees below 18°C. If the temperature is equal to or greater than 18, then the number of heating
degree-days will be zero. Values above or below the base of 18°C are used primarily to estimate
the heating and cooling requirements of buildings. Values above 5°C are frequently called
growing degree-days, and are used in agriculture as an index of crop growth.

Table 14 and Table 15 present a summary of degree days for the periods 2000-2009 and 2040(]
2049, respectively.

Comparing the two tables it is easy to see that there is a substantial change in the number of
temperature degree-days in the future. For example, in the current period, there are typically
10 degree days above 24 °C every year and in the future period this is increased to 179.9, an
increase of about 18 times. The category of above 0 °C increases by approximately 41%. And
the degree days below 18 °C are reduced by approximately 32%, while the category of below
0 °C is reduced by approximately 85%.

Table 14 Pearson Airport - Degree Day Summary for 2000-2009

Temperature Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Above 24 C 0.0 0.0 0.0 0.0 0.9 7.2 12.1 10.6 1.7 0.0 0.0 0.0 32.5
Above 22 C 0.0 0.0 0.0 0.0 2.7 19.5 33.4 28.8 5.7 0.1 0.0 0.0 90.3
Above 18 C 0.0 0.0 0.0 1.2 12.4 73.5 119.0 110.5 35.8 3.6 0.0 0.0 356.0
Above 15 C 0.0 0.0 0.0 5.3 314 141.6 | 208.1 | 197.2 90.6 14.2 0.0 0.0 688.4
Above 10 C 0.2 0.1 1.4 28.9 119.4 284.4 363.0 352.1 223.7 60.5 5.6 0.4 1439.6
Above 5 C 2.7 0.7 13.7 97.6 260.9 | 4344 518.0 507.1 372.1 166.2 42.9 2.8 2419.1
Above 0C 16.3 9.4 61.5 222.1 415.6 584.4 673.0 662.1 522.1 315.5 143.5 26.7 3652.1

Below0 C 158.1 136.6 65.6 4.6 0.0 0.0 0.0 0.0 0.0 0.0 8.6 88.7 462.2
Below5 C 299.0 269.4 172.8 30.1 0.3 0.0 0.0 0.0 0.0 5.8 58.0 219.8 | 1055.2
Below10 C 450.9 | 4103 315.5 111.4 13.8 0.0 0.0 0.0 1.7 55.0 170.7 372.4 | 1901.7
Belowl5 C 605.2 | 551.7 | 469.1 | 237.8 80.8 7.2 0.2 0.1 18.6 163.7 | 315.2 | 527.0 | 2976.5
Below18 C 697.9 636.6 562.1 323.7 154.8 29.0 4.1 6.4 53.8 246.1 405.2 620.0 | 3739.7

Table 15 Pearson Airport - Degree Day Summary for 2040-2049

Temperature Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Above 24 C 0.0 0.0 0.0 0.0 3.8 33.5 62.5 64.7 15.3 0.1 0.0 0.0 179.9
Above 22 C 0.0 0.0 0.0 0.3 9.4 63.1 111.7 | 1134 375 1.8 0.0 0.0 337.1
Above 18 C 0.0 0.0 0.0 2.7 40.3 153.0 | 231.7 | 231.2 | 112.0 22.0 0.0 0.0 793.0
Above 15 C 0.0 0.0 0.1 10.4 90.4 238.8 | 324.6 | 324.2 | 186.3 56.2 0.5 0.0 1231.7
Above 10 C 0.5 1.6 6.1 59.4 226.4 | 387.9 | 479.6 | 479.2 | 331.1 | 159.7 23.3 1.1 2156.1
Above 5 C 9.8 18.4 50.5 165.0 | 381.2 | 537.9 | 634.6 | 634.2 | 481.1 | 307.9 [ 108.8 18.5 3348.0
Above 0C 64.5 83.5 162.0 | 306.2 | 536.2 | 687.9 | 789.6 | 789.2 | 631.1 | 462.9 [ 247.2 96.4 4856.7

Below0 C 25.6 21.1 4.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.6 13.8 65.9

Below5 C 125.8 96.0 48.0 9.1 0.0 0.0 0.0 0.0 0.0 0.0 12.2 91.0 382.1
Below10 C 2716 | 219.3 | 158.5 53.4 0.2 0.0 0.0 0.0 0.0 6.8 76.8 228.6 | 1015.2
Belowl5 C 426.0 | 357.6 | 307.6 | 154.4 19.2 0.9 0.0 0.0 5.2 58.4 204.0 [ 382.5 ] 1915.9
Below18 C 519.0 | 441.6 | 400.5 [ 236.8 62.1 5.2 0.1 0.0 20.8 117.1 | 293.5 | 4755 | 2572.1
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53 HUMIDEX

Humidex is an index to indicate how hot or humid the weather feels to the average person. It is
derived by combining temperature and humidity values into one number to reflect the perceived
temperature. For example, a humidex of 40 means that the sensation of heat when the
temperature is 30 degrees and the air is humid feels more or less the same as when the
temperature is 40 degrees and the air is dry.

The future temperature increase is projected to cause a change in the humidex. Table 16 and
Table 17 present the humidex summary for the periods 2000-2009 and 2040-2049, respectively.

The tables show that, in the current period, extreme humidex is 47.9; while in the future period
the extreme humidex is 56.5. The category of above 30 is increased by approximately 63%. For
the category >=45, there is an increase from 0.6 to 12.7.

Table 16 Pearson Airport - Humidex Summary for 2000-2009

Humidex Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Extreme Humidex 17.8 14.8 28.3 36.8 44.5 44.8 45.7 47.9 40.6 38.2 223 18.7 47.9
Days with Humidex > =30 0.0 0.0 0.0 0.7 2.9 13.3 20.6 20.4 74 1.4 0.0 0.0 66.7
Days with Humidex > =35 0.0 0.0 0.0 0.2 1.0 7.4 10.0 10.2 25 0.3 0.0 0.0 31.6
Days with Humidex >= 40 0.0 0.0 0.0 0.0 0.3 2.7 3.0 2.7 0.3 0.0 0.0 0.0 9.0
Days with Humidex >= 45 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.2 0.0 0.0 0.0 0.0 0.6

Table 17 Pearson Airport - Humidex Summary for 2040-2049

Humidex Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Extreme Humidex 18.6 20.4 25.8 35.5 46.7 51.3 56.5 55.7 47.3 38.9 27.0 19.8 56.5
Days with Humidex > =30 0.0 0.0 0.0 0.8 7.2 19.8 29.4 28.6 18.2 4.6 0.0 0.0 108.6
Days with Humidex > =35 0.0 0.0 0.0 0.1 3.0 14.6 23.7 22.6 10.8 0.5 0.0 0.0 75.3
Days with Humidex >= 40 0.0 0.0 0.0 0.0 0.7 7.4 12.9 14.1 3.3 0.0 0.0 0.0 38.6
Days with Humidex >= 45 0.0 0.0 0.0 0.0 0.2 3.2 4.3 4.8 0.2 0.0 0.0 0.0 12.7

5.4 PRECIPITATION

Precipitation change between the current and future periods is presented in summary tables, as
well as on the grid points. Parameters analyzed were rainfall, snowfall and total precipitation.

5.4.1 Rainfall, Snowfall and Total Precipitation

Table 18 and Table 19 present, for Pearson Airport, the precipitation summaries for the 2000(
2009 and the 2040-2049 periods, respectively. Table 20 presents the precipitation differences at
Pearson Airport between the 2040s and the present period.

Table 18 Pearson Airport — Precipitation Summary for 2000-2009

Precipitation (mm) Jan Feb Mar Apr May | Jun Jul Aug | Sep | Oct Nov Dec Year
Rainfall (mm) 150 | 16.8 | 31.9 | 63.4 | 84.9 [ 80.4 | 68.4 51.3 | 58.1| 55.2 [ 61.9 [ 36.9 624.2
Snowfall (cm) 355 | 42.0 | 24.7 7.2 0.0 0.0 0.0 0.0 0.0 0.0 8.4 36.0 153.8
Precipitation (mm) 50.5 58.8 56.6 70.6 84.9 80.4 68.4 51.3 58.1 | 55.2 70.3 72.9 778.0

Std of Precipitation 3.2 3.9 3.7 5.0 5.5 6.6 5.5 4.9 4.9 3.9 5.4 5.0 4.8
Extreme Daily Rainfall (mm) 17.2 | 285 | 23.9 | 32.8 | 45.0 | 66.0 | 54.1 51.8 | 51.9] 32.4 | 39.7 | 40.1 66.0
Extreme Daily Snowfall (cm) 22.0 22.4 20.8 18.7 0.0 0.0 0.0 0.0 0.0 0.0 21.4 30.6 30.6
Extreme Daily Precipitation (mm) 22.0 28.5 23.9 32.8 45.0 66.0 54.1 51.8 51.9| 32.4 39.7 44.2 66.0
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Table 19 Pearson Airport - Precipitation Summary for 2040-2049

Precipitation (mm) Jan Feb Mar Apr May | Jun Jul Aug Sep | Oct Nov Dec Year
Rainfall (mm) 37.7 | 47.0 | 51.2 575 | 75.5 | 87.6 | 144.3 | 102.9 | 79.7 | 43.2 | 79.2 42.7 848.3

Snowfall (cm) 14.5 13.7 5.3 2.9 0.0 0.0 0.0 0.0 0.0 0.0 0.4 11.4 48.1
Precipitation (mm) 52.2 | 60.6 | 56.5 | 60.4 | 75.5 | 87.6 | 144.3 | 102.9 | 79.7 | 43.2 | 79.5 54.1 896.4

Std of Precipitation 3.1 4.0 4.3 3.8 6.8 7.7 12.2 9.4 6.9 3.7 7.6 4.0 6.1
Extreme Daily Rainfall (mm) 31.0 | 329 | 625 | 343 | 72.4 | 80.7 | 165.6 | 74.1 | 84.8 | 33.9 | 69.0 30.2 165.6
Extreme Daily Snowfall (cm) 10.7 | 17.5 | 10.1 | 15.9 0.0 0.0 0.0 0.0 0.0 0.0 2.8 9.6 17.5
Extreme Daily Precipitation (mm) 31.0 | 329 | 625 | 343 | 72.4 | 80.7 | 165.6 | 74.1 | 84.8 | 33.9 | 69.0 30.2 165.6

Table 20 Precipitation Differences between the 2040s and the Present

Precipitation (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Rainfall (mm) 22.7 | 30.2 19.3 -5.8 9.4 7.2 75.8 51.6 | 21.6]-12.0 | 17.3 5.7 224.1
Snowfall (cm) -21.0 | -28.3 | -19.4 | -4.3 0.0 0.0 0.0 0.0 0.0 0.0 -8.1 -24.6 | -105.7
Precipitation (mm) 1.7 1.9 -0.1 | -10.2 9.4 7.2 75.8 51.6 21.6 | -12.0 9.2 -18.9 118.4

Std of Precipitation -0.1 0.1 0.6 -1.2 1.2 1.0 6.7 4.5 2.0 -0.2 2.2 -1.1 1.3
Extreme Daily Rainfall (mm) 13.8 4.5 38.6 1.5 27.5 14.8 | 111.5 22.3 | 32.9 1.5 29.2 -9.8 99.7
Extreme Daily Snowfall (cm) -11.3 -4.9 | -10.7 -2.9 0.0 0.0 0.0 0.0 0.0 0.0 -18.6 | -21.0 -13.1
Extreme Daily Precipitation (mm) 9.0 4.5 38.6 1.5 27.5 14.8 | 111.5 | 22.3 | 32.9 1.5 29.2 | -14.0 99.7

Table 21 presents the expected change in total precipitation by season. The table shows

increasing rainfall in all seasons peaking in the summer and a reduction in snowfall in the winter,
spring and fall. The table also shows increases in the extreme daily maximum rainfalls in all

seasons.

Table 21 Seasonal Precipitation Change from 2000-2009 to 2040-2049

Precipitation (mm) Winter | Spring |Summer Fall

Rainfall (mm) 58.5 4.1 134.6 26.9

Snowfall (cm) -73.9 -23.7 0.0 -8.1

Precipitation (mm) -15.3 -19.7 134.6 18.8

Extreme Daily Rainfall (mm) 2.8 22.5 49.5 21.2

Extreme Daily Snowfall (cm) -12.4 -4.5 0.0 -6.2

Extreme Daily Precipitation (mm) -0.2 22.5 49.5 21.2

Based on the predicted current and future scenario (2040-2049) for Pearson Airport, total annual
rainfall will increase by 36%, snowfall is predicted to be reduced by 69% and total precipitation
is predicted to be increased by 15%. Details, of the spatial distribution of the rainfall, snowfall
and total precipitation across the GTA for the current period and future period, are presented in
Figure 69 (Appendix Bl). Figure 48 presents the differences in rainfall, snowfall and total
precipitation between the two periods.

Figure 48 shows increasing precipitation over downtown Toronto but very clearly shows an
enhanced precipitation downwind of the GTA to the east and northeast.
reflection of the orographic (Oak Ridges Moraine) and/or lake effects, the prevailing storm

tracks.

This is simply a
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Figure 48 Rainfall, Snowfall and Total Precipitations Differences 2040s to Present
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55 NUMBER OF PRECIPITATION, SNOWFALL AND RAINFALL DAYS

The numbers of days for rainfall, snowfall and precipitation are presented in Table 22 and
Table 23 for current (2000-2009) and future (2040-2049) scenario model outputs, respectively.

Table 22 Pearson Airport — Number of Days Summary for 2000-2009

Total Precipitation (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>=0.2mm 17.9 15.7 14.0 12.3 13.2 12.1 10.0 8.5 9.3 12.8 14.0 17.4 157.2
>=5mm 5.2 6.0 6.0 6.2 6.4 5.6 4.7 35 5.0 5.5 6.0 6.3 66.4
>= 10 mm 2.7 3.3 3.0 4.0 5.0 4.0 3.5 2.7 3.0 3.3 3.5 4.3 42.3
>=25 mm 0.9 1.0 1.0 2.2 2.3 2.1 2.0 1.3 1.6 1.1 2.1 1.4 19.0
>=50 mm 0.0 0.0 0.0 0.1 0.7 0.7 0.4 0.5 0.3 0.3 0.3 0.4 3.7
>=100 mm 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.4
>= 150 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
>=200 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
>= 250 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Snowfall (cm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>=0.2mm 16.0 13.7 8.8 2.2 0.0 0.0 0.0 0.0 0.0 0.0 3.5 13.1 57.3
>=5mm 3.8 4.5 2.9 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 3.5 16.4
>=10 mm 1.8 25 1.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.8 8.0
>= 25 mm 0.4 0.7 0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.5 2.3
Rainfall (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>=0.2 mm 5.0 35 7.1 11.2 13.2 12.1 10.0 8.5 9.3 12.8 11.8 7.1 111.6
>=5mm 1.4 1.8 3.0 5.3 6.4 5.6 4.7 3.5 5.0 5.5 5.4 3.2 50.8
>=10 mm 1.0 0.9 1.7 3.7 5.0 4.0 3.5 2.7 3.0 3.3 3.2 2.3 34.3
>=25 mm 0.4 0.3 0.5 1.9 2.3 2.1 2.0 1.3 1.6 1.1 1.9 0.7 16.1

Table 23 Pearson Airport — Number of Days Summary for 2040-2049

Total Precipitation (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>= 0.2 mm 16.1 15.6 12.8 11.9 9.7 9.1 13.3 10.9 9.3 9.5 13.3 13.8 145.4
>=5mm 4.4 4.0 3.2 4.1 4.3 3.9 6.2 5.0 3.7 2.4 3.9 35 48.7
>=10 mm 1.2 1.8 1.6 1.8 24 2.3 4.3 3.1 2.5 1.3 1.8 1.3 25.1
>=25 mm 0.1 0.3 0.2 0.1 0.7 1.0 1.9 1.8 0.8 0.4 0.7 0.4 8.7
>=50 mm 0.0 0.0 0.1 0.0 0.3 0.4 0.4 0.3 0.2 0.0 0.4 0.0 2.2
>= 100 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1
>= 150 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1
>= 200 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
>= 250 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Snowfall (cm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>=0.2mm 7.5 6.4 3.1 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.3 4.0 21.9
>=5mm 1.0 0.8 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 3.1
>=10 mm 0.1 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6
>= 25 mm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rainfall (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
>= 0.2 mm 10.0 11.1 11.2 11.7 9.7 9.1 13.3 10.9 9.3 9.5 13.1 11.2 130.2
>=5mm 3.1 2.9 2.9 3.9 4.3 3.9 6.2 5.0 3.7 2.4 3.8 2.9 45.0
>=10 mm 1.0 1.5 1.6 1.7 2.4 2.3 4.3 3.1 2.5 1.3 1.8 1.2 24.4
>=25 mm 0.1 0.2 0.2 0.1 0.7 1.0 1.9 1.8 0.8 0.4 0.7 0.4 8.6

While the number of days with rain greater than 25mm is decreasing, the total precipitation is
increasing. The details show increasing summer and winter rainfalls for all categories up to and
including >25mm (which shows an average increase of 2 day per year).

The data also shows that there are currently no days with greater than 150mm of precipitation but
for the future case we get 1 additional day every 10 years. These results match the work of
Angel and Isard (1998), Levinson and Bromirski (2007) and McCabe et al. (2001) who identified
an increase in the number of intense storms. They did not, however, identify that the occurrence
of individual storms would decrease overall.
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5.6 RETURN PERIODS

Return periods have only been calculated only for Pearson Airport but the database provided
allows such a calculation for any of the 36 locations modelled. The current IDF curve for
Pearson Airport is presented in Figure 49.

Figure 49 IDF Curves for Pearson Airport (1940-2003)
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This figure is a reference point for the calculated return periods based for the current period
(2000-2009) and for the future period (2040-2049).

Meteorological data projections have been derived using FReSH for the current period and the
future period. The maximum rainfall events during these periods are of interest. Maximum
annual precipitation events lasting over 1-hour, 2-hour, 6-hour, 12-hour and 24-hour periods
were extracted from the current and future period computer modelled meteorological output.
These values have been summarized and used to determine the 2-year, 5-year, 10-year, 25-year,
50-year and 100-year return periods for maximum annual precipitation events in 1-hour, 2-hour,
6-hour, 12-hour and 24-hour periods.
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This section also provides the annual maximums and the estimated return periods for extreme
rainfall events for each year of the current and future time periods modelled. The future period
consistently exhibits higher means, standard deviations and maximums for the annual maximums
and higher overall maximums than the current period.

The projected maximum events were summarized from rolling summations made over 1-hour,
2-hour, 6-hour, 12-hour and 24-hour periods. There was a potential for bias in the maximum
rainfall events for the future condition as these were based on computer model output from
PRECIS, which simulates future months with fewer hours per year (specifically February had
only 27 days and the rest of the months had 29 days each per month). The output from the
Regional Climate Model (PRECIS) limits the number of days that the FReSH model can
simulate. Consequently, the maximum annual rainfall event, if calculated on 365 days rather
than 346 days might have been higher than the maximum shown here.

Table 24 shows the annual maximum values for varying durations of precipitation. A visual
review of these maximums indicates that the future maximum events tend to be higher than the
current events.

Table 24 Annual Maximum Precipitation Events (mm) at Pearson Airport
Year | 1-hour | 2-hour | 6-hour | 12-hour | 24-hour
Current (2000-2009
2000 15.9 23.8 45.8 47.3 47.5
2001 9.7 154 18.8 30.2 39.7
2002 10.5 16.1 21.8 35.1 35.1
2003 11.8 15.4 25.3 344 40.2
2004 13.2 24.9 47.9 50.8 56.7
2005 12.8 19.4 31.1 45.8 51.8
2006 15.1 26.8 44.9 44.9 57.6
2007 5.9 10.8 16.7 21.9 354
2008 25.2 26.3 48.2 49.9 53.5
2009 15.6 28.3 44.7 58.2 65.9
Future (2040-2049)

2040 44.0 72.4 164.9 165.7 181.3
2041 13.2 23.0 43.1 50.4 88.2
2042 18.0 30.8 50.8 55.1 97.4
2043 46.2 53.4 67.5 67.5 67.6
2044 23.4 46.8 49.8 60.3 62.4
2045 17.2 33.1 58.2 65.4 70.6
2046 19.9 39.2 51.6 73.4 104.3
2047 20.9 37.1 43.7 44.3 44.4
2048 21.3 32.6 41.5 62.0 71.1
2049 14.8 23.6 49.7 70.9 71.3

340960 — Volume 1 — FINAL — December 2011 5-10 SENES Consultants Limited



TORONTO’S FUTURE WEATHER AND CLIMATE DRIVER STUDY — VOLUME 1

5.6.1 Summary Statistics

Table 25 provides a statistical summary of the annual maximum precipitation data shown in
Table 24 that is predicted to occur at the Pearson Airport station. The future projections reveal
higher means and higher standard deviations compared to the current projections. The
maximums, over the 10-year periods, are higher for the future compared to current projections.

Table 25 Summary Annual Maximum Precipitation (mm) at Pearson Airport
Statistic 1-hour | 2-hour | 6-hour | 12-hour | 24-hour
Current (2000-2009)
Mean 13.6 20.7 34.5 41.9 48.3
Standard Deviation 5.1 6.1 13 11.1 10.5
Max 25.2 28.3 48.2 58.2 65.9
Future (2040-2049)
Mean 23.9 39.2 62.1 71.5 85.9
Standard Deviation 11.6 15 36.9 34.3 37.8
Max 46.2 72.4 164.9 165.7 181.3

5.6.2 Estimated Return Periods

The 2-year, 5-year, 10-year, 25-year, 50-year and 100-year return periods for maximum
precipitation have been calculated using the method described in Environment Canada’s Rainfall
intensity-duration frequency values for Canadian Locations (Hogg et al, 1985). Environment
Canada used the mathematical “method of moments” and assumed a Gumbel distribution for
maximum rainfall events. The mean and standard deviation of the annual extremes was
multiplied by a scaling factor based on the Gumbel distribution to estimate the return periods for
maximum rainfall. It is noted in the Environment Canada document that the annual rainfall
maximums are typically calculated for the period of April through October for most locations in
Canada. For this assessment shown here, we have used meteorological predictions for the entire
year. Based on an analysis of all the future data predicted (including the temperature data), it is
considered most probable that the maximum precipitation rate will occur as rainfall rather than
snowfall.

The return periods for the various duration rainfall events are shown in Table 26. There has been
substantial extrapolation in estimating 100 year return periods from 10 years of data and, hence,
the longer return periods have additional uncertainty. As might be expected, there is reasonable
agreement between the shorter return periods and the summary statistics of Table 25 (e.g. the
10-year return period would be expected to be similar to the maximum from the 10 years of

data).
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If different methods and distribution assumptions were employed, slightly different results would
probably be seen for the estimated return periods.

Table 26 Return Periods - Maximum Precipitation (mm) at Pearson Airport
Return Period | 1-hour | 2-hour | 6-hour | 12-hour | 24-hour
Current (2000-2009)
2-year 12.7 19.7 324 40.0 46.6
S-year 17.2 25.1 43.9 49.8 55.9
10-year 20.2 28.6 51.5 56.3 62.0
25-year 24.0 33.1 61.2 64.5 69.7
50-year 26.8 36.4 68.3 70.5 75.5
100-year 29.6 39.7 75.4 76.6 81.2
Future (2040-2049)
2-year 22.0 36.7 56.0 65.9 79.7
S-year 32.2 50.0 88.6 96.2 113.0
10-year 39.0 58.8 110.3 116.3 135.2
25-year 47.6 69.8 137.6 141.6 163.1
50-year 53.9 78.1 157.8 160.5 183.8
100-year 60.3 86.2 178 179.2 204.4

A comparison of results for the values derived from the current 10-year period (2000-2009) and
the best available IDF values as derived from the longer climatological period (1950-2003) are
presented in Table 27. Based on this comparison it can be concluded that the 6-hour, 12-hour
and 24-hour durations for return period of 2, 5, 10 years are in reasonable agreement, while the
other values (greater than 10-years) are under-estimated.

The key observation is that the future scenario (2040-2049) is exhibits a consistent doubling of
the current return period values. This is potentially very important for infrastructure design
purposes.

So, considering the comparison in Table 27, the return periods for 25, 50 and 100-year should
also be increased for design calculations (roughly by about 40%). For example, the 24-hour
value (204.4 mm) estimated in Table 26 for a return period of 100 years should be increased to a
value 286 mm (204.4*1.4). This is quite critical in design, and demonstrates that future local
climate and its effects should be considered carefully.

Another way to look at these values is by rainfall intensity. Table 26 was converted to rainfall
intensity and values for the period 1940-2003 were extracted from Figure 49 for return periods of
up to 10-years. These are shown in Table 28. The table shows for 2040-2049 storms lasting
longer than 2-hours that the rate of rainfall will essentially be double that of the current period.
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Table 27 Return Period Comparison for Pearson Airport
Current (2000-2009)

Return Period 1-hour 2-hour 6-hour 12-hour 24-hour Number of Years
2-year 12.7 19.7 32.4 40.0 46.6 10
S-year 17.2 25.1 439 49.8 55.9 10
10-year 20.2 28.6 51.5 56.3 62.0 10
25-year 24.0 33.1 61.2 64.5 69.7 10
50-year 26.8 36.4 68.3 70.5 75.5 10

100-year 29.6 39.7 75.4 76.6 81.2 10
IDF (1940-2003)
2-year 22.7 26.8 35.6 41.3 47.0 62
5-year 304 36.3 49.0 57.2 65.2 62
10-year 35.6 42.5 57.9 67.8 77.3 62
25-year 42.0 50.5 69.2 81.1 92.5 62
50-year 46.8 56.3 77.5 90.9 103.8 62
100-year 51.6 62.2 85.8 100.8 115.1 62
Table 28 Rainfall Intensity Comparison

Maximum Precipitation Intensity over the Period in millimetres / hour

1-Hour 2-Hour 6-Hour 12-Hour 24-Hour
Return Period | 1940- | 2000- | 2040- | 1940- | 2000- | 2040- | 1940- | 2000- | 2040- | 1940- | 2000- | 2040- | 1940- [ 2000- | 2040-
2003 | 2009 | 2049 | 2003 | 2009 | 2049 | 2003 | 2009 | 2049 | 2003 | 2009 | 2049 | 2003 | 2009 | 2049
2-Year 22.0]112.7]122.0]140| 99 |184]) 58 | 54| 93] 35|33 | 55] 22| 19| 3.3
5-Year 29.5(17.2132.2]118.0(12.6|250] 76 | 73 [ 148 47 | 42 | 80 ] 29 | 23 | 4.7
10-Year 35.0120.2139.0| 20.0| 14.3|294] 90| 86 |184] 5.2 | 47 | 97| 33 | 2.6 | 5.6

5.7 WIND EVENTS

The “wind” is a simplification of a complex integrated set of variables, including wind speed,
wind direction, wind gustiness and turbulence that are typically described separately. The
predicted wind results are quite complex and are presented in several different forms. Wind
speeds are presented in tabular and contour plot form, while wind direction is presented at
selected locations in the form of wind roses. Wind roses are generated only for average wind
speeds. Using this standard approach, a general picture of the winds and wind changes can be
seen effectively.

5.7.1 Average Winds, Maximum Winds and Gust Winds

Summarised data of wind speed by number of days of occurrence are presented (by month and
year) in Table 29 and Table 30 for the periods 2000-2009 and 2040-2049, respectively. It should
be noted that the future results have been corrected for the number of modelled days. The
Region Climate Models use months of 29 days except for February which uses 27 days. In order
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to provide comparable statistics for number of days in any given year the results from the model
were extrapolated to 30 or 31 days per month and to 28 days for February.

Table 29 Pearson Airport -Wind Summary for 2000-2009

Wind Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Speed (km/h) 15.6 154 14.6 15.6 14.2 13.3 13.0 12.6 12.9 14.3 14.4 16.1 14.3
Maximum Hourly Speed 49.9 48.2 49.7 52.0 46.8 46.2 41.3 47.1 44.1 52.7 53.8 56.7 56.7

Maximum Gust Speed 83.4 90.3 98.6 86.2 85.3 78.0 63.4 65.3 84.5 85.2 86.5 112.4 | 1124
Days with Winds >= 52 km/h 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.3 0.8
Days with Winds >= 63 km/h 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2

Table 30 Pearson Airport -Wind Summary for 2040-2049

WIND Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Speed (km/h) 13.7 14.5 14.7 15.2 13.9 12.8 11.4 114 11.8 12.8 13.7 13.1 13.3
Maximum Hourly Speed 40.5 41.6 38.7 38.9 38.4 47.7 37.1 39.6 36.3 37.5 37.2 38.1 47.7
Maximum Gust Speed 62.7 70.1 70.0 63.7 66.1 74.7 56.5 52.4 58.5 65.1 62.8 67.2 74.7
Days with Winds >= 52 km/h 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Days with Winds >= 63 km/h 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Comparing these two tables shows that average wind speed, maximum wind speed and gust
speed are all reduced in the future. The average wind speed is reduced by ~ 7%, while maximum
wind speeds are reduced by ~ 48% and the gust speeds by ~ 42%. This finding can be explained
by the fact that, with increased temperature, the differences between the air masses will decrease
and the driving force for horizontal wind speed will decrease. Vertical wind speeds may increase
in local storms and some of that is projected to be increasingly converted to horizontal winds but
this effect is a sub-grid scale phenomenon and is not captured within the model scale (1x1 km).

Figure 70 (Appendix B1) presents the average wind speed in the form of a contour plot.

Figure 71 (Appendix B1) shows maximum wind speed over the GTA, as a discrete variable,
because for grid points the contour plots are difficult to read. The maximum wind speed and
gust are function of surface roughness, and the spatial variability is quite large. Figure 72
(Appendix B1) shows the gust wind speed over the GTA.

Figure 50 shows the spatial distribution of the differences between the 2000-2009 period and the
2040-2049 period for average, maximum and gust wind speeds.

The figures show that there are large differences between the future and current periods for
maximum and gust wind speeds along the Lake Ontario shoreline. The figures indicate smaller
differences in average wind speed than for gust and the maximum wind speeds.

This means that the warming is pushing the cold and warm air mass contact zones (jet stream
and storm tracks) further north and the pressure gradient will change at the latitude of the GTA.
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Figure 50 Wind Speed Differences between the 2000-2009 and 2040-2049 Periods

4940000 4940000 4940000
4920000 4920000 4920000
‘ 5
4900000 |7 45 4900000 4900000
\ 4
35
4880000 [ 3 4880000 4880000
25
2
— 4860000 45 = 4860000 — 4860000
E 2 E E
: oo =
05
= 4840000-| | o 4840000 = 4840000
= 05 = =
g R g
Z 4820000~ |/ 45 Z 4820000 Z 4820000
-2
-2.5
4800000 . 4800000 4800000
-3.5
-4
4780000 % I_4_5 4780000 4780000
‘ -5
4760000 4760000 4760000
47400001 T - T T T T T T T 47400001 T T T T T \ \ 47400001 T T T T T T T
560000 580000 600000 620000 640000 660000 680000 700000 560000 580000 600000 620000 640000 660000 680000 700000 560000 580000 600000 620000 640000 660000 680000 700000
Easting - UTM (m) Easting - UTM (m) Easting - UTM (m)
Average Wind Speed Difference (km/h) Maximum Wind Speed (km/h) Wind Gust Difference (km/h)

340960 — Volume 1 — FINAL — December 2011 5-15 SENES Consultants Limited



TORONTO’S FUTURE WEATHER AND CLIMATE DRIVER STUDY — VOLUME 1

5.7.2 Wind Roses

Wind direction change is typically presented in the form of “wind rose” diagrams. Figure 51
presents the wind direction and average wind speed as wind roses for Pearson Airport for the
current and future period. There is essentially no change in wind direction and only a slight
reduction in average wind speed between these two periods.

Figure 51 Wind Roses for Pearson Airport

Wind Direction Frequency (%) Average Wind Speed (m/s)
NNW N NNE
NW NE
WNW ENE
W E
_/
WSW ESE
Sw SE
SSW o SSE

e e e . Percentage Calms = 11.2% - (2000-2009)
Note: This is direction wind blows fro Percentage Calms = 13.3% - (2040-2049)

= 2000-2009 == 2040-2049

However, the percentage of calms (periods of time with no discernible wind) is predicted to
increase by about 2%.

5.7.3 Wind Chill

Summarised data of wind chill events are presented in Table 31 and Table 32 for the 2000-2009
and 2040-2049 periods, respectively. The occurrence of wind chill is reduced in the future
period, because of the general increase in temperature in the future. The tables show, for
example, that wind chill events with temperatures below -20°C are no longer projected to occur;
indeed the total number of days with wind chill less than -20 is projected to decrease from 13.1
to zero.
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Table 31 Pearson Airport — Wind Chill Summary for 2000-2009

Windchill Jan Feb Mar Apr May | Jun Jul Aug | Sep Oct Nov | Dec | Year

Extreme Windchill -31.1 | -29.5 [ -36.1 | -16.8 [ -5.0 -3.2 0.0 0.0 -3.3 7.2 | -17.2 | -245 | -36.1
Days with Windchill < -20 5.1 4.9 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13 13.1
Days with Windchill < -30 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 04
Days with Windchill <- 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Days with Windchill <- 45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 32 Pearson Airport — Wind Chill Number of Days Summary for 2040-2049

Windchill Jan Feb Mar Apr May [ Jun Jul Aug | Sep Oct Nov | Dec | Year

Extreme Windchill -15.7 | -17.0 | -126 | -111 [ -0.1 0.0 0.0 0.0 0.0 -2.1 | -10.3 | -15.6 | -17.0
Days with Windchill < -20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Days with Windchill < -30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Days with Windchill<-40 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Days with Windchill <- 45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5.8 STORMS

To put the difficulty of predicting the occurrence of storms in the future into perspective, it
should be recognized that predicting storms in the present is considered to be ‘“nearly
impossible” as borne out by Marsh ef al. (2007) who stated “Severe convective weather events
(thunderstorms, hail, tornadoes, etc.) are relatively rare atmospheric phenomena due to their
very small temporal and spatial scales. Consequently, assessing climatologies of actual severe
convective weather events is difficult. Inconsistencies in reporting criteria and improvements in
the technology used to observe severe weather make the problem of developing reliable long-
term climatologies of severe weather events nearly impossible

For this study, storms have been categorized through the Storm Relative Helicity (SRH), the
Convective Available Potential Energy (CAPE) and the Energy Helicity Index (EHI) indices as
well as by wind gust and blowing snow occurrence.

5.8.1 Storm Relative Helicity

Storm Relative Helicity (SRH) estimates the rotational potential that can be realized by a storm
moving through an environment with vertical wind shear. An environment with vertical wind
shear has vorticity about a horizontal axis; the greater the vertical wind shear, the greater the
horizontal vorticity. A storm moving in such an environment will tilt this horizontal vorticity
into the vertical through the upward motion in the storm's updraft, creating vertical vorticity or
midlevel rotation. If strong enough, this can detected on radar as the familiar mesocyclone
signature on radar that is associated with supercell storms. The purpose of using SRH is to get a
measure of how much rotational potential is available through the vertical wind shear at lower
levels that can be tilted into the vertical by a storm moving through the environment. Typically,

one considers the layer from the surface to 3 km above ground level (AGL) when calculating
SRH.
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The index is derived for the following equation:
SRH=] (V}-C)*V * V,, * dz (0-3 km layer)

where C is the cloud motion to the ground; and
Vi 1s the vector of horizontal wind.

The SRH scale used is given in the following table:

Description SRH Value
Supercells with weak tornadoes 150 - 300
Supercell development with strong tornadoes 300 — 450
Violent tornadoes >450

5.8.2 Convective Available Potential Energy

CAPE (Convective Available Potential Energy) is a measure of the atmospheric instability (or
buoyancy) where the theoretical parcel temperature is warmer than the actual temperature at each
pressure level in the lower atmosphere (troposphere). The theoretical parcel temperature is the
change in temperature with height that a parcel would take if raised from the lower Planetary
Boundary Layer (PBL).

If the instability is larger (greater buoyancy), the CAPE is higher. The units of CAPE are Joules
per kilogram (energy per unit mass). Increasingly unstable air is associated with the generation
of convective events like thunderstorms and tornadoes.

The operational significance of CAPE is presented in the following table:

CAPE

1-1,500 Positive (weakly unstable)

1,500 - 2,500 Large (moderately unstable)

2,500+ Extreme (highly unstable)

High CAPE means that storms will develop very quickly vertically. The updraft speed depends
on the CAPE environment.
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As CAPE increases (especially above 2,500 J/kg), the potential to produce hail increases. Large
hail requires very large CAPE values. An intense updraft often produces an intense downdraft
since an intense updraft will condense out a large amount of moisture. Expect isolated regions of
very heavy rain when storms form in a large or extreme CAPE environment.

5.8.3 The Energy Helicity Index

The Energy Helicity Index (EHI) is a combination of two indices. By itself, it is the best index
available for storm and tornado prediction since it combines both CAPE and Helicity. The
CAPE is the amount of pure instability present in a parcel of air that rises from the lower PBL.
Helicity is the product of low level shearing (known as streamwise vorticity) and storm inflow
directly into the streamwise vorticity. The Helicity is storm relative which means the Helicity is
calculated from the storm's frame of reference.

EHI determined from the following equation:
EHI = (CAPE * SRH) / 160,000
The EHI has no units. This value is calculated as follows:
If CAPE = 4,385 J/kg and SRH = 220 m"2/s"2, then EHI = (4,385 * 220) / 160,000 = 6

The operational significance of the EHI is given in the table below:

EHI

> 1 Supercell potential
1to5 | Upto F2, F3 tornadoes possible

5+ Up to F4, F5 tornadoes possible

For the City of Toronto, hourly present weather data were used for the period of 2000-2009, as
the basis for comparison with future situations. The following criteria were calculated: SRH >
300; CAPE > 1000; EHI > 0.5 and Wind Gust > 40 km/h.
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If any of these criteria is fulfilled then the day is categorized as a storm day. Additional analyses
for storms were taken from a report that SENES completed for Hydro One (SENES, 2007) that
examined power line interruptions, and the final Summary Table for Toronto for that report is
presented in Volume II of this report.

For winter storms, in November, December, January, February or March, one of the main criteria
was blowing snow (which is only correct if snow is on the ground). Because the SRH and CAPE
indices are more predictive tools, applying all of the conditions at the same time, the number of
storm days will be over-estimated. Based on 2000-2009 period, it was concluded that the
estimated number of storms using these three methods (and the criteria levels elucidated above)
would not miss anything significant.

The correction made for the number of storms is really not a correction but rather the average of
three different approaches for estimating the number of storms. The number of storms was
estimated using three indices (CAPE, SRH and EHI) because each used different metrics to
determine number of storms. The SENES assessment was that the average of the three metrics
best represented the number of storms that occurred by comparing the estimated number against
the observed number of storms over the period 2000-2009.

Table 33 summarizes the number of storms based on a detailed observational analysis for the
current period, for Pearson Airport. Table 34 summarizes the current period (2000-2009) and the
future based on the adjusted derived criteria. Table 35 and Table 36 show the SRH indexes for
the current and future periods. Table 37 and Table 38 show the CAPE indexes for current and
future (2040-2049) periods.

Table 33 Pearson Airport — Observed Number of Storms by Year

Year Total | Summer | Winter
2000 32 25 7
2001 18 11 7
2002 26 20 6
2003 30- 21 9
2004 35 16 19
2005 31 15 16
2006 29 16 13
2007 20 15 5
2008 26 18 8
2009 33 18 15
Average 28 18 11
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Table 34 Pearson Airport - Derived Number of Storms by Year
Current Period (2000-2009) Future Period (2040-2049)
Year Total | Summer| Winter Year Total | Summer| Winter
2000 28 16 12 2040 15 10 5
2001 26 16 10 2041 23 14 7
2002 39 23 16 2042 22 14 8
2003 30 16 14 2043 21 18 4
2004 32 16 15 2044 27 19 8
2005 28 16 11 2045 32 26 5
2006 32 18 14 2046 21 15 6
2007 32 16 16 2047 24 19 5
2008 30 16 14 2048 27 21 6
2009 26 15 11 2049 21 17 4
Average 30 17 13 Average 23 17 6

Based on the average of the derived criteria results, it appears that the future period (2040-2049)
will have a reduced total number of storm days with approximately 23% fewer storm days than
the current period, with an even larger reduction of approximately 57% in the number of winter
storms. This is also confirmed by SRH index, for the category >300, the number of storm days
in the period 2040-2049 is reduced by ~56%.

Table 35 Pearson Airport - Number SRH Days for 2000-2009
Srheli Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec | Year
Days with Srheli 150-300 | 137 | 121 [ 104 [ 108 [ 128 | 81 | 75 | 97 [ 103 | 128 | 122 | 128 | 1322
Days with Srheli 300-450 | 6.4 | 48 | 55 | 48 | 36 | 26 13 | 12 | 24 | 51 | 53 | 59 [ 489
DayswithSrheli>450 | 44 | 54 | 61 | 54 | 24 | 13 | 07 | 07 | 14 | 29 | 46 | 50 | 403
Table 36 Pearson Airport — Number of SRH Days for 2040-2049
Srheli Jan Feb Mar Apr May | Jun Jul Aug Sep Oct Nov | Dec | Year
Days with Srheli 150-300 | 11.9 [ 12.0 [ 105 | 115 [ 103 [ 88 | 99 | 67 [ 65 | 9.0 | 12.0 [ 107 [ 1198
Days with Srheli300-450 | 24 [ 26 [ 20 | 19 [ 11 [ 23 | 14 [ 16 [ 10 | 15 [ 18 [ 18 | 213
Days with Srheli >450 04 | 121 | 11 [ 16 | 06 [ 04 [ 01 [ 07 | 02 | 04 [ 09 | 05 8.2
Table 37 Pearson Airport - Number of CAPE Days for 2000-2009
CAPE Jan | Feb | Mar | Apr | May [ Jun Jul | Aug | Sep | Oct | Nov | Dec | Year
Days with Cape 0 1.2 | 1.8 [ 47 | 81 | 6.6 | 30 | 1.0 [ 2.1 | 58 | 5.9 | 47 | 2.2 | 471
Days with Cape 0-1000 30.9 | 28.3 [ 30.9 | 29.0 | 27.3 [ 19.5 | 16.5 | 19.2 | 26.4 | 30.3 [ 30.0 | 31.0 | 319.3
Days with Cape 1000-2500 | 0.0 | 0.0 [ 0.1 | 0.9 | 3.2 [ 81 |11.1| 9.2 | 35 | 0.7 | 0.0 | 0.0 | 36.8
Days with Cape 2500-3500 | 0.0 | 0.0 | 0.0 | 0.1 | 0.3 [ 2.1 | 28 | 2.0 | 0.1 | 0.0 [ 0.0 | 0.0 | 74
Days with Cape >3500 00 | 0.0 {00 ]| 00 ]| 02| 03] 06|06 00]00]00] 0.0 17
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Table 38 Pearson Airport — Number of CAPE Days for 2040-2049
CAPE Jan Feb Mar Apr May | Jun Jul Aug | Sep Oct Nov | Dec | Year
Days with Cape 0 2.8 3.1 5.1 5.2 5.3 3.6 0.9 0.5 1.7 6.1 5.8 1.7 41.8
Days with Cape 0-1000 310 | 280 | 310 | 294 | 280 | 188 | 138 | 127 | 215 | 301 | 30.0 | 31.0 | 3054
Days with Cape 1000-2500 | 0.0 0.0 0.0 0.6 3.0 8.5 11.8 | 12.1 7.6 0.7 0.0 0.0 44.2
Days with Cape 2500-3500 [ 0.0 0.0 0.0 0.0 0.0 24 4.3 4.5 0.7 0.1 0.0 0.0 12.0
Days with Cape >3500 0.0 0.0 0.0 0.0 0.0 0.3 1.2 1.7 0.2 0.0 0.0 0.0 3.4

The CAPE index based results are presented in Table 38 and show that the number of days for
CAPE > 1000 goes up slightly, from 36.8 to 44.2 (an increase of about 20%). This is also in the
agreement with the precipitation days >150mm (see Table 23 above) which appears in the future,
but is not shown in the current period. The data confirms that the total number of storms is going

down, but the potential for severe future summer storms is going up.

Table 39 shows the extreme indices year-by-year for Pearson Airport and also shows that the

potential for future severe storms is going up and that, on average, they will get stronger.

The spatial distributions of the average indexes SHR (vortices potential), CAPE (convective
energy potential) and EHI (composite of these two) are presented in Appendix B1 in Figure 73,
Figure 74 and Figure 75. The percent differences between the current and future periods are
presented in Figure 52.

Table 39 Summary of Extreme Indexes (Current and Future Scenario)
Storm Indices — Pearson Airport
Year SRH CAPE EHI Year SRH CAPE EHI
2000 1720 2713 3.4 2040 597 3369 1.6
2001 1346 3766 2.0 2041 838 4001 6.9
2002 1189 5200 4.4 2042 634 3879 4.6
2003 917 3260 23 2043 575 4570 5.1
2004 1553 3074 2.7 2044 726 4346 4.6
2005 1038 3603 4.0 2045 825 4379 4.9
2006 1317 5664 5.4 2046 759 3439 33
2007 1352 3963 43 2047 649 4807 3.7
2008 1107 3317 3.4 2048 561 4265 4.0
2009 1274 3847 3.9 2049 746 3916 4.2
Maximum 1720 5664 5.4 838 4807 6.9
Average 1281 3841 3.6 691 4097 4.3
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Based on Figure 73 though Figure 75 (Appendix B1), SENES has demonstrated that the index
related to the wind (SRH) is decreasing, while CAPE (energy) is increasing over the land and
decreasing over the water. The increase over the land can be as high as 70%. The EHI index
shows an increase of 20% over land and decrease of about 20-30% over the lake. The over land
increase reflects increasing temperatures over land in the future with decreasing wind speeds.
The Pearson Airport seems to be influenced by the lower values found over Lake Ontario
showing that the lake will have a significant effect on Toronto’s future climate and weather.

As an interesting example, Figure 53 shows a distribution of the CAPE Index values for 10 years
of the current (2000-2009) and the future period (2040-2049) for Pearson Airport. The future
data was corrected for the difference in the number of days per year simulated. As can be seen
from Figure 53, the frequency of CAPE values greater than 30 are increasing for the future 20400
2049 period (with large increases in the most severe categories), which is consistent with
previous conclusions.

A comparison to the other results is presented in Appendix A of Volume II which also shows the
average CAPE values derived from (P. T. Marsh, 2007). The values derived in this study
compare well with Marsh’s data.
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