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Executive Summary

V|S|On To serve as the national focal point
for global-, continental- and regional-scale
climate change projections, analyses, and
scientific information for Canadians.

Mission 1o provide robust climate predic-
tions on seasonal to decadal timescales and
climate projections on centennial timescales
over Canada and the globe through the con-
tinuous development and innovative appli-
cation of Canada’s suite of global and re-
gional climate (Earth system) models and the
expert analysis of their output. The Canadian
Centre for Climate Modelling and Analysis
(CCCma) is a world-leading centre for the devel-
opment and application of Earth system models
addressing key emerging scientific questions
that provide timely, relevant knowledge and in-
formation to Canadians and others striving to
mitigate and adapt to climate change. Our work
responds to the growing need for climate infor-
mation by those engaged in domestic and global
efforts to combat climate change and manage
the associated risks. In addition, this research
fulfills Canada’s international commitments to
promote further scientific understanding of cli-
mate change and to exchange climate infor-
mation.

ImpaCt Over the past four decades,
CCCma has developed a state-of-the-
science, global-scale, climate mod-
elling capability and is the sole Ca-
nadian provider of comprehensive
Earth system modelling capacity.
Our scientific leadership in the field of
Earth system modelling means that the
Climate Research Division’s (CRD’s) re-
search scientists are an integral part of
the international research community
spearheading ongoing developments, influ-
encing international science research strategies,
and acting as ambassadors for Canadian climate
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science. Such deep international connections al-
low our scientists to integrate scientific and tech-
nological advances of the international commu-
nity into Canada’s model development, applica-
tions and analysis efforts, thereby improving the
quality and robustness of climate information
products. The development of such expertise
within the Canadian government means that Ca-
nadian decision-makers have the highest level of
expert scientific advice available to them to sup-
port policy and regulatory deliberations, deci-
sions and actions related to climate change.

Ca paCIty The Climate Research Division
leads the development and application of a
tightly integrated suite of models designed
to realistically simulate the Earth system, to
make initialized climate predictions and
forced climate projections, and to provide
high-resolution downscaling of global results
to the regional level to support a range of cli-
mate impact assessment outcomes. The on-
going development of Canada’s modelling sys-
tem underpins many of the Climate Research Di-
vision’s key climate research activities. At the
heart of the integrated modelling system is the
global, fully coupled Canadian Earth System
Model (CanESM), and the information technol-
ogy (IT) infrastructure used to execute the model

and process its output on High
Performance Computer

(HPC) systems. CanESM

is comprised of an at-
mospheric model,
CanAM; land sur-

: face and terres-
trial ecosystem

l model, CLASSIC;

/ ocean model, Can-
NEMO; sea-ice

model, LIM2; and bio-

- geochemistry ocean eco-
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several decades of active research involving col-
laborators within the Climate Research Division,
the Atmospheric Science and Technology Direc-
torate, other government departments (notably
Fisheries and Oceans Canada), and the academic
community. Built around CanESM is a family of
model components that initialize climate predic-
tions for seasonal to decadal forecasts, enable
regional downscaling, and support a range of cli-
mate process studies.

Cha”enges As the consequences of hu-

man-induced climate change become in-
creasingly evident, the Earth system model-
ling community is being called upon to an-
swer more diverse science-policy questions
with greater specificity. Meeting this urgent
need requires physical processes to be mod-
elled more realistically and in ever-increas-
ing detail. The concomitant increase in
model complexity necessitates improved
model efficiency and enhanced scientific ca-
pacity.

Continued development and maintenance of
Canada’s Earth system model presents two key
scientific challenges for the program. The first is
maintaining a state-of-the-science representa-
tion of the climate system, which requires con-
tinuous development of existing model compo-
nents and the introduction of representations of
new processes that are important to under-
standing environmental changes relevant to ad-
aptation and mitigation. The second is modern-
izing the existing model code to take full ad-
vantage of new high performance computing
systems that will be installed and are essential to
running efficient simulations.

Goa IS Based on the success of our Earth Sys-

tem modelling program, the expertise it has
accrued, our on-going engagement with the
larger climate and atmospheric research
community, and our role as a convener of

Canadian Earth system science, CanESM is
well positioned to be the foundation of a
comprehensive integrated modelling infra-
structure within the Canadian community.
With components that are adapted to interface
with downstream modelling systems (e.g., biodi-
versity models, human health risk assessment
models, highly resolved hydrological models),
CanESM can provide the highest-quality of cli-
mate change information so that Canadian deci-
sion makers can adequately respond to the di-
verse and growing information needs of Cana-
dian society.

Opportunity The need to sustain Can-

ada’s state-of-the-science Earth system
model underpins many of the information
requirements identified by Canadian deci-
sion-makers and stakeholders in Climate Sci-
ence 2050: Advancing Science and
Knowledge on Climate Change (CS2050).
These requirements include the advancement of
our understanding of how weather and climate
extremes are projected to change in a changing
climate; the role of terrestrial and marine carbon
cycle processes and feedbacks on the climate
system; the potential for carbon sink enhance-
ment; and the sensitivity of carbon stocks to cli-
mate warming, particularly in the Arctic. CS2050
also identifies the need for Earth system science
to support mitigation including the climate re-
sponse and co-benefits of reducing emissions of
short-lived climate forcers and for developing in-
sight into the climate response and potential un-
intended consequences of climate engineering.
The CS2050 science priorities of developing
more skillful climate predictions on near-term
time scales and of further developing climate
projection downscaling techniques are directly
responsive to the information requirements of
adaptation programs.



Pla nni ng During the strategic planning pro-
cess for CRD’s Canadian Centre for Climate Mod-
elling and Analysis, seven scientific priorities
were identified to ensure that CanESM remains
well positioned to respond to the evolving cli-
mate information needs of Canadians. These sci-
entific priorities address the two key scientific
challenges for the program and align with the
priorities identified by Canadian decision-makers
and stakeholders in CS2050. These priorities ne-
cessitate that the Government of Canada contin-
ues to invest in Canada’s core strength of devel-
oping and maintaining Canada’s state-of-the-sci-
ence Earth system model and in the application
of the model to advance actionable science
aligned with CS2050 priorities.

The first priority (1) addresses the two key scien-
tific challenges of the program, namely, the
maintenance and development of a state-of-the-
science representation of the climate system;
and, modernizing the existing model code to
take full advantage of new high performance
computing systems. The first priority also recog-
nizes that a high-quality global model is the nec-
essary starting point for subsequent downscaling
which uses a regional climate model to provide
more spatial detail over Canada as needed by us-
ers from a range of disciplines. Priorities two (2)
to seven (7) address the priority needs of Cana-
dian society for climate change projections as
described in CS2050, namely, science to support
the achievement of carbon neutrality in Canada,
and to build healthy and resilient communities
and ecosystems.

Priority Area Action Plan

The Changing Earth System - Past

and future: We will modernize the existing
CanESM code, further develop existing model
components, and introduce representations of
new processes to advance our fundamental un-
derstanding of the Earth system and improve

simulations of the response of this system to
changes in human and natural drivers.

Detailed Regional Climate Infor-
mation for Canadian Decision Mak-

ers: In order to respond to the increasing de-
mands for higher resolution projections of cli-
mate change, we will continue to further de-
velop the Canadian Regional Climate Model
(CanRCM) which takes global model output and
refines it to include enhanced representation of
the terrestrial ecosystem and regional topo-
graphical features (such as the Great Lakes and
Rocky Mountains). We will also add new regional
ocean modelling capabilities to CanESM to pro-
vide consistent, high resolution, ocean and sea-
ice projections for Canada’s three oceans. Our
regional Earth system model, based on the cou-
pling of the CanRCM to the Canada’s Three
Ocean’s Downscaling System (CanTODS) will pro-
vide seasonal predictions for both atmospheric
and ocean variables.

Carbon Cycle Earth System Feed-

backs: We will advance our understanding of
the role of biogeochemical feedbacks in the
Earth system and will better quantify the sensi-
tivity of the climate system, including Arctic eco-
systems, to anthropogenic carbon emissions by
improving the representation of terrestrial and
marine ecosystem and carbon cycle components
in the CanESM framework.

Seasonal to Decadal (S2D) Climate

Prediction: we will improve Canada’s sea-
sonal to decadal (S2D) prediction system and ex-
pand the number of climate metrics forecasted
by this system to allow development of products
tailored to specific sectors, and eventually indi-
vidual users.



Climate Extremes and Extreme Event

Attribution: We will provide timely and cred-
ible information on the role of anthropogenic cli-
mate change in high impact climate events and
on future changes in climate extremes in Canada
to support climate risk management by develop-
ing a system suitable for transfer to operations
for extreme event attribution.

Role of Short-lived Climate Forcers:
We will provide improved estimates of the cli-
mate and air quality co-benefits of mitigation of
short-lived climate forcers by improving repre-
sentation of aerosols and chemistry in CanESM.

Implications of Climate Engineering

and Response to Mitigation Options:
We will analyse the potential global, regional and
Canadian climate impacts of solar radiation man-
agement (SRM) and carbon dioxide removal
(CDR) scenarios by simulating and analysing cli-
mate impacts of SRM, CDR and other mitigation
options.

ReqUirementS To realize the goals of

this plan, the following actions are required:

1) Sustained investments in key technical
and scientific human resource capacity
within the Climate Research Division.
The nature of these investments has been
defined through a human resources chal-
lenge function that was part of the process
to develop the strategic plan;

2) Enhanced external collaborations to fur-
ther the development and analysis of
CanESM as the foundation of a compre-
hensive integrated modelling system,
with components that are designed to
support downstream modelling systems
(e.g., climate impact models). This will

be achieved by first developing the model in
a manner that lowers the technical barriers
to using the model for partner organizations
and the academic community; followed by
developing a clear governance framework to
support an expansion in the scope of collab-
oration ; and

3) The establishment of a standard model-
ling framework and shared coding
standards to support effective collabo-
rations with partner organizations.

Summa I'Y Asa northern nation, Canada

has experienced a rate of environmental
change more pronounced than that of many
nations, which has had significant and wide-
ranging impacts on almost every facet of our
society, economy and infra-structure. We
know that this will continue into the future. This
summary highlights the scientific priorities for
Canada’s Earth system modelling research pro-
gram. Research and development focused on
these priorities are required to deliver timely,
relevant knowledge and information to Canadi-
ans and others striving to mitigate and adapt to
climate change over the next decade. These pri-
orities, and the accompanying implementation
plan, build on CRD’s strong scientific leadership
and foundational capacity in this scientific do-
main and leverage the scientific computing and
monitoring technology advances of the past dec-
ade to enable Environment and Climate Change
Canada to maximize its contribution to informing
responses to Canada’s current adaptation and
mitigation challenges.



Canadian Centre for Climate Modelling and Analysis
(CCCma) Strategic Plan: 2020 — 2030

Vision Statement

The vision of the Climate Research Division’s Ca-
nadian Centre for Climate Modelling and Analy-
sis (CCCma) is to serve as the national focal point
for global-, continental- and regional-scale cli-
mate climate change projections, analyses, and
scientific information for Canadians.

Mission Statement

CCCma’s mission is to provide robust climate
predictions on seasonal to decadal timescales
and climate projections to centennial timescales
for both Canada and the globe. This information
is used to understand climatic trends and
changes in extreme weather and climatic events.
Our work informs climate impact and risk analy-
sis, adaptation and mitigation policy- and deci-
sion-making, and fulfills Canada’s international
commitments to increase our understanding of
climate change.

CCCma’s work responds to the growing need for
climate information by those engaged in domes-
tic and global efforts to combat climate change
and those focused on managing the risks of cli-
mate change in Canada.

CCCma delivers on this mission via continuous
development, analysis and application of its
global and regional climate (Earth system) mod-
els and associated tools.

About the Canadian Centre for
Climate Modelling and Analysis
(CCCma)

CCCma has developed state-of-the-science,
global-scale, climate modelling capacity over the

past four decades and is the only research centre
in Canada with this capacity. CCCma is embed-
ded within an integrated climate research envi-
ronment at Environment and Climate Change
Canada (ECCC), generating and sharing state-of-
the-science knowledge of the climate/Earth sys-
tem and its evolution in response to human and
natural influences. While CCCma has led this
modelling endeavour, collaborations with ex-
perts in other parts of ECCC, and with other fed-
eral government departments and Canadian uni-
versities have contributed to the success of this
program. Our scientific leadership in the field of
Earth system modelling means that CCCma re-
search scientists have been an integral part of
the international research community spear-
heading ongoing developments, influencing in-
ternational science research strategies, and act-
ing as ambassadors for Canadian climate sci-
ence. In turn, CCCma scientists have been able to
reintegrate scientific and technological advances
of the international community into its model
development, applications and analysis. Having
this expertise within the Canadian government
has also meant that Canadian decision-makers
have had expert advice readily at hand to sup-
port deliberations on climate change policy and
action.

CCCma is embedded within an integrated cli-
mate research program at Environment and Cli-
mate Change Canada. As shown in Figure 1,
CCCma is one of five sections within the depart-
ment’s Climate Research Division (CRD). CRD car-
ries out integrated, end-to-end research in which
observations, process studies, model develop-
ment and application, and analysis and diagnos-
tics are used to understand the Earth system and
to make quantitative predictions/projections
across a range of time and space scales. CRD is



Climate Research Division

Climate Processes Research

Undertakes climate processes

and ice) and interactions between the land
surface and the atmosphere

Climate Research Data Products

Provides foundational climate data-
sets and products produced by CRD

for public consumption, including his-
torical trends, and a range of products
on observations and future scenarios, as
well as, helps to guide CRD science
priorities to inform climate services

research and
modelling of terrestrial energy, water, carbon and
other biogeochemical cycles in the climate system
with a specific emphasis on the cryosphere (snow

Provides robust climate predictions and pro-
jections over Canada and the globe through
the continuous development and innovative appli-
cation of Canada’s suite of Earth system models and scien-
tific analysis of their output

Climate Chemistry Measurements
and Research

Undertakes research and carries out long-term
atmospheric measurements for greenhouse gases
and aerosols to support domestic legislation and
fulfill international commitments, including data
submission to national and WMO archives.

Climate Data and Analysis

Undertakes research to develop
historical climate datasets and
future projections/scenarios, and

to characterize past and projected
changes in mean, variability and ex-
treme climate in Canada and globally

The Canadian Centre for
Climate Modelling and Analysis

Figure 1. Organizational chart of Environment and Climate Change Canada's Climate Research Division

one of three divisions within the Atmospheric
Science and Technology Directorate (ASTD) of
Environment and Climate Change Canada, along
with the Meteorological Research Division
(MRD) and the Air Quality Research Division
(AQRD). Collaboration across the three research
divisions is fundamental to the Directorate’s
commitment to provide an integrated research
program and is important to delivering on
CCCma’s mission. As the Earth system modelling
community is called upon to answer more di-

verse science-policy questions with greater spec-
ificity, model development and analysis is be-
coming more complex. The research community
is increasingly moving toward a “unified model-
ling framework” that facilitates the integration
of model components developed by different re-
search groups within and outside of govern-
ment.




The Earth’s climate system — or simply,
the Earth system - is a complex, inte-
grated system comprising the atmos-
phere, land, ocean and freshwater
(both frozen and liquid), and living

things, and the myriad of interactions §’
(e.g., flows of energy, water, carbon §
and other compounds) between these g
components. CCCma develops and <
applies a tightly integrated modelling ",qé')

system in order to realistically simu-

g
late the Earth system. The ongoing de- i\
et

velopment of this integrated model- >, CMA
ling system underpins our key climate %
research activities. At the heart of the 6

integrated modelling system is the
global, fully coupled Canadian Earth
System Model (CanESM), and the soft-
ware infrastructure used to run the
model and prepare model output on
High Performance Computing (HPC)
systems. CanESM is comprised of an atmos-
pheric model, a land surface and terrestrial eco-
system model, and an ocean model with sea-ice
and biogeochemistry embedded (Figure 2).
CanESM is, however, more than the sum of its
parts. Constructing a global, coupled ESM is a
complex undertaking due to feedbacks across
components of the system and, thus, requires
careful planning, validation, and tuning. Hence, a
significant and dedicated effort is required to
produce CanESM from its component models.

Earth system modelling is a multi-disciplinary, in-
ternational endeavour that involves CCCma col-
laborations with academic partners, researchers
in other parts of ECCC and other government de-
partments, and colleagues in research institutes
from around the world. Over the years, the num-
ber of organizations that have developed Earth
system models has grown considerably from just
a few to several dozen. However, a number of
these groups use atmosphere, land, and ocean
sub-models from other groups, given the huge
effort required to develop these models. This
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Figure 2. Canadian Earth System Model, core components
and modelling systems

limits the diversity of models contributing to co-
ordinated international climate modelling exper-
iments and, in turn, reduces the capacity to
quantify uncertainty across models (i.e., fewer
unique models means less diversity in model en-
sembles and, thus, a higher risk of underestimat-
ing the uncertainty in model projections). Be-
cause most components of CanESM (i.e., atmos-
phere, land, ocean biogeochemistry) are devel-
oped in-house, CanESM makes an important
contribution to Earth system model diversity.
The application and evaluation of Earth system
models are largely done under the auspices of
the international Coupled Model Intercompari-
son Project (CMIP) — a project of the World Cli-
mate Research Programme (WCRP) — through
which experimental design and model simula-
tions are carefully coordinated so that results
from different models can be compared in a sci-
entifically robust manner. CCCma’s participation
in international model intercomparisons ensures
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Figure 3. Timeline of CCCma modelling evolution and major science assessments

that CanESM is vigorously tested and drives im-
provements to its various components, ulti-
mately providing higher confidence in its appli-
cation to address science and policy questions.

The CCCma modelling system produces model
simulations and other data products that fulfill
international research obligations and serve in-
ternational climate science projects and assess-
ments including the CMIP (Figure 3). As a Party
to the United Nations Framework Convention on
Climate Change (UNFCCC), Canada has a com-
mitment to carry out research to improve under-
standing of climate change and reduce uncer-
tainties in climate change projections. Similarly,

as a Party to the Vienna Convention for the Pro-
tection of the Ozone Layer, Canada is committed
to carrying out research on ozone depletion and
linkages between climate change and ozone de-
pletion. Furthermore, as a northern country and
member of Arctic Council, Canada has a commit-
ment to help advance research and knowledge
of Arctic environmental change, especially in
light of the rapid rate of Arctic warming which is
already posing challenges to Arctic communities.
In all these fora, state-of-the-science assess-
ments are the central means by which the sci-
ence community conveys advances in
knowledge and understanding to governments

10



Generating and
sharing state-of-
the-art knowlege of
Earth System

Collaborating
with experts in
ECCC, OGD's
and Canadian CCCma provides

universities robust climate
information in
service of Canadian
society

Reintegrating
cutting-edge
science-tech into
Canadian Earth
System Model

Figure 4. CCCma plays a key role providing robust climate
information in service of Canadian society while fulfilling
Canada’s international obligations, ensuring that Cana-
dian research results are included in international assess-
ments, collaborating with internal and external partners,
and providing state-of-science input to national assess-
ments

to inform their ongoing responses to these criti-
cal environmental challenges. CCCma plays a key
role in providing the climate model simulations,
research and assessment contributions to fulfill
Canada’s international obligations in these ar-
eas. Our participation in these activities also
helps ensure that Canadian research results are
included in international assessments (Figure 4).

Within Canada, the national climate change as-
sessment process is a vital means of conveying
the state of knowledge about climate change in

Canada, and its conse-
guences, to Canadian de-
cision-makers. CCCma
made key contributions to
Canada’s Changing Cli-
mate Report (2019), the
first report in the current
national assessment pro-
cess and is expected to
make similar contribu-
tions to future reports as
part of the ongoing, na-
tional assessment pro-
cess. Canada’s Changing
Climate Report provides
the foundational physical
climate science to under-
pin mitigation and adapta-
tion planning in Canada.

Spearheading
international
climate research

Influencing
international

science research
strategies dal prediction, being one

CCCma is also a world
leader in seasonal to deca-

of four Global Producing
Centres (GPCs) for the
World Meteorological Organization (WMO) Lead
Centre for Annual to Decadal Prediction (LC-
ADCP). CCCma develops models and methodolo-
gies underlying ECCC’s operational Canadian
Seasonal to Interannual Prediction System (Can-
SIPS) and its suite of seasonal forecast products,
and coordinates CanSIPS contributions to inter-
national operational and research activities.

Most recently, the Government of Canada re-
sponded to the growing demand of Canadians
for climate information and data by creating the
Canadian Centre for Climate Services (CCCS).
CCCma provides CanESM projections that, as
part of a multi-model ensemble, underpin future
climate change scenarios for Canada that are dis-
seminated by the CCCS.
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Figure 5. The CCCma integrated modelling system and its connections to major international coordinating bodies
and projects including the Coupled Model Intercomparison Project (CMIP), Coordinated Downscaling Experiment
(CORDEX), North American Multimodel Ensemble (NME), and Chemistry Climate Initiative (CCMI) and assessments,
including Canada’s Changing Climate Report, IPCC Assessment and Special Reports, WMO Ozone Assessments, and

AMAP Report

Our ambition for the next decade

The primary goal of this plan! is to ensure that
CCCma will maintain the ability to effectively ad-
dress the key emerging scientific questions re-
lated to climate change, and fulfill its commit-
ments to provide relevant and timely science-
based information to support decision-making,
adaptation action, and mitigation policy devel-
opment in Canada and internationally. This plan

1 This plan was informed by a comprehensive strate-
gic review process. See Annex 1 for information
about this process.

envisions continued collaborative development
of CanESM as the foundation of a comprehen-
sive integrated modelling system, with compo-
nent parts that are adapted for application in
downstream modelling systems and are respon-
sive to the needs of additional clients (Figure 5).
Developing applications within the framework of
a single, integrated modelling system will pro-
mote efficiency and internal collaboration, as

12
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Figure 6. Timeline of CCCma modelling evolution and major science assessments over the next 10 years.

well as providing seamless products across appli-
cations.

As scientific knowledge of the climate system ad-
vances, continuous improvements to existing
Earth System Model components are required to
maintain state-of-the-art, scientifically robust
and efficient modelling capacity. The key inter-
national and national commitments and the an-
ticipated timing and deadlines imposed by these
activities and projects are a key consideration in
the planning of our activities over the next 5-10
years (Figure 6). There is also a growing demand
for quantitative future climate predictions and
projections that are more resolved, represent
more complex chemistry, and are Canadian fo-
cused. More accurate projections of sea level
rise in oceans surrounding Canada, projections
of changes in ocean temperature and salinity,
and of ocean currents are also in high demand to

support coastal and marine risk assessments. To
address these emerging scientific priorities, an
increase in scientific and technical capacity is re-
quired. As the High Performance Computing
landscape evolves, significant investment in cli-
mate model software optimization is also re-
quired to increase efficiency, which will both op-
timize the performance and limit the carbon
footprint of Earth system modelling. Increased
collaboration between CCCma and partner or-
ganizations is vital to maintaining the globally
recognized, state-of-the-science Earth system
modelling capacity required to meet the growing
scientific and technical demands described
above.

13



Challenges and opportunities in
the next decade

Investments to date in CCCma’s ESM program
have borne impressive results. CCCma’s Earth
System Model and its derivatives have been in-
ternationally recognized for their quality. As a
result, the outputs from these systems are
widely used. CCCma has amassed significant sci-
entific and technical expertise from decades of
ESM development and participation in interna-
tionally coordinated climate modelling activities.
As such, the CCCma program is a solid and logical
base from which to continue developing Earth
system modelling applications in Canada. With
new strategic investments and a focused man-
date, CCCma can deliver the collaborative, inte-
grated, Canadian Earth system modelling frame-
work needed to produce high-resolution, Cana-
dian-focused predictions and projections of the
full suite of climate-relevant Earth system com-
ponents. By design, this system will enable
CCCma to continue meeting demands for global
model products. By striving towards an open-
standards-based collaborative modelling frame-
work, CCCma can leverage the expertise of the
broader Canadian climate science community,
thus, helping to maintain a world-leading stand-
ard of scientific quality and technical efficiency.
This system will provide the best possible scien-
tific basis for informing decisions in Canada.

However, new investments in the program are
required to realize these advances because the
resourcing decisions made in 2007 have not kept
pace with the growth in demand for adaptation-
and mitigation-relevant climate projections.
CCCma is at a critical juncture where a renewed
commitment to maintaining the calibre and do-
mestic relevance of the modelling system is
needed, backed up by the resources to fulfil this
commitment. CCCma faces several key chal-
lenges. The first major challenge is maintaining

a state-of-the-science representation of the cli-
mate system. This requires the continuous de-
velopment and improvement of existing model
components, and specifically the physical and bi-
ogeochemical parameterizations employed to
represent Earth system processes. While devel-
opment of parameterizations has proceeded, a
lack of capacity, and diversion of existing scien-
tific effort away from model development
means that several key processes are falling be-
hind the international scientific standard (e.g.,
the representation of climate critical features
such as clouds in the atmosphere, and ice
sheets). Additional research capacity, and a re-
focusing of existing resources on core model de-
velopment and analysis is required to remain rel-
evant.

The second major challenge is the technical state
of the climate model code and supporting soft-
ware that facilitate application of the model on
ever evolving high performance computing plat-
forms. There has been little focus on technical
development of the model for the past several
decades. While the integrated model has func-
tioned on successive generations of HPC sys-
tems, modernizing the climate model code to
take full advantage of new high performance
computing systems is essential to running effi-
cient simulations. Efficiency is critical given the
increasing demands for high resolution simula-
tions that are computationally expensive. The
lack of technical capacity in CCCma has led to the
accumulation of a significant technical debt that
is becoming crippling. CCCma’s capacity to con-
tinue to deliver on ongoing commitments while
also responding to the increasing demands for
more simulations, higher resolution simulations,
more detailed output and additional complexity
is in jeopardy without focused investments in
technical modernization.

Addressing this technical debt provides an op-
portunity to modernize the foundation of the
CanESM codebase, which underlies all scientific

14



applications of the model. This technical devel-
opment will focus on creating a modelling foun-
dation that is robust, efficient, and designed to
support interoperability and collaborative devel-
opment. Embracing open community standards
and leveraging community tools will allow both
the technology and skills of code developers to
be more transferable, and will support the Open
Government science objective. Increased effi-
ciency and standardized operation will allow
CCCma to meet the growing demands noted
above. CCCma will also continue to develop each
individual model component to remain up-to-
date with the emerging science. Increased focus
and investment in both technical and scientific
development are key to ensuring that the CCCma
modelling system remains state-of-the-science,
and capable of addressing key scientific and pol-
icy-relevant questions. These advances can only
be realized through investments in human re-
sources. In this regard, a number of critical scien-
tific and technical positions have been identified
to enable the maintenance and advancement of
CCCma'’s Earth system modelling capabilities.

The critical need for maintaining a state-of-the-
science Earth System Model underpins many of
the commitments in the document Climate Sci-
ence 2050: Advancing Science and Knowledge on
Climate Change (CS2050). This document de-
scribes the scientific requirements for building a
carbon neutral and climate resilient society in
Canada. CS2050, developed in consultation with
science and knowledge generators and users,
emphasizes the essential role of ESM in inform-
ing actions to ensure:

e healthy and resilient Canadians, commu-
nities, and built environments;

® acarbon-neutral society;

e resilient terrestrial and aquatic ecosys-
tems; and

e sustainable natural resources.

To this end, a number of core priorities in Earth
system science are identified in C52050. For ex-
ample, advancing understanding of how
weather and climate extremes are projected to
change in a changing climate is a priority given
the potential damages associated with such
events. While robust information on changes in
some types of extremes, in particular tempera-
ture extremes, can be provided by the current
generation of Earth system models, improved
projections of changes in storms and associated
precipitation extremes requires advances in
Earth system modelling. Improved understand-
ing of both the impacts of climate change in the
Arctic and the vulnerability of stores of carbon in
Arctic ecosystems to climate warming will be
possible with enhanced representation of Arctic
features such as permafrost in CanESM’s frame-
work. Also, advanced Earth system models with
comprehensive biogeochemistry are required to
provide insight into the efficacy of mitigation op-
tions. This includes improved understanding of
carbon sequestration potential in both land and
marine ecosystems, and of the climate response
to mitigation of short-lived climate forcers. The
efficacy and unintended consequences of poten-
tial climate engineering approaches can also be
explored with such models.

Scientific Priorities

Climate information requirements are focused
increasingly on quantities that go beyond tradi-
tional ‘physical climate’ variables. Therefore,
while reducing uncertainties in projections of
temperature, precipitation, snow, sea ice, etc.,
including their extremes is still needed, there is
now a growing demand for information on
changes in the carbon cycle, aerosols and air
quality, and terrestrial and marine ecosystems.
Integrated assessment of environmental issues
also applies to ocean science, with increasing de-
mands for improved projections of changing
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ocean currents and ocean conditions for both cli-
mate change and pollution monitoring and man-
agement.

These demands for more comprehensive analy-
sis of the consequences of climate change, and
responses to it, are driving model development.
Model development is necessary to represent
the physical processes, interactions, and feed-
backs that connect the carbon cycle, sulphur cy-
cle, nitrogen cycle and ecosystem components
to the physical system and its change. It is also
essential that we maintain the capability to un-
dertake carefully constructed model experi-
ments and analyses of their results in order to
ensure that we are credible and able to respond
to present and future needs for robust climate
science information and advice. Sustaining this
leading science capability within the Canadian
government will ensure Canadians can leverage
the scientific advances of others and that Cana-
dian policymakers have direct access to this in-
house expertise.

This Plan identifies seven (7) scientific priorities
for Earth system modelling that respond to the
growing demand for more comprehensive anal-
ysis of climate change, its consequences and re-
sponse options. These priorities respond to both
the need to fundamentally reinvest in our core
strength of developing and maintaining a state-
of-the-science Earth System Model, while also
applying our model to advance actionable sci-
ence aligned with the priorities of C52050. The
first priority (1) addresses the two key scientific
challenges of the program, namely, the mainte-
nance of a state-of-the-science representation
of the climate system; and, modernizing the ex-
isting model code to take full advantage of new
high performance computing systems. The first
priority also recognizes that a high-quality global
model is the necessary starting point for subse-
guent downscaling, which uses a regional cli-
mate model to provide more spatial detail over

Canada as needed by users from a range of disci-
plines. Priorities two (2) to seven (7) address the
priority needs of Canadian society for climate
change projections as described in CS2050,
namely, science to support the achievement of
carbon neutrality in Canada, and to build healthy
and resilient communities and ecosystems.

Priority Area 1 — The Changing Earth Sys-
tem — Past and Future

Goal Statement: CCCma will advance our funda-
mental understanding of the Earth system and
will improve simulations of the response of this
system to changes in human and natural drivers.

Key outcomes of the research under this priority
include the following:

® Improved representations of existing
model processes (e.g., clouds) and the
addition of important new processes
(e.g., permafrost) in order to reduce un-
certainties related to climate system
feedbacks;

e Increased model resolution to improve
the representation of physical and bio-
geochemical processes, to reduce model
uncertainty, and to provide more de-
tailed regional climate information;

® Improved quantification of policy rele-
vant environmental metrics, such as
global carbon emissions budgets con-
sistent with limiting global warming to
the commitments of the Paris Agree-
ment;

® Determination of causes of historical cli-
mate change (detection and attribu-
tion), including at regional scales and for
climate extremes;

e Reduction in uncertainties in projections
of climate change; and,

e Utilization of global models as the basis
for statistically downscaled projections
of changes in regional and local climate.
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Priority Area 2 — Detailed Regional Cli-
mate Information for Canadian Decision-
Makers

Goal Statement: CCCma will respond to the in-
creasing demands for higher resolution projec-
tions of climate change in order to support adap-
tation decision-making. The Canadian Regional
Climate Model (CanRCM) will be further devel-
oped to meet the increasing demand for higher
resolution projections of climate change. Fur-
thermore, the new Canadian Three Oceans
Downscaling System (CanTODS) will provide con-
sistent, high resolution, ocean and sea-ice pro-
jections for Canada’s three oceans. The out-
come of coupling of CanRCM to CanTODS will be
a Regional Earth System Model, CanRESM.

Global climate models are too computationally
expensive to provide fine resolution regional cli-
mate change information. There are two com-
plementary approaches to developing higher
resolution projections of climate change, both of
which depend on global scale models. Dynamical
downscaling uses a climate model run at higher
resolution over a particular sub-region to pro-
vide additional detail, while being constrained to
follow the global climate evolution given by a
specified global parent model at the boundaries
of the region. Thus, dynamical downscaling is ef-
fectively a zoomed-in version of a global climate
model, and represents all of the dynamical cli-
mate processes as they evolve, but also its model
biases. Statistical downscaling uses statistical re-
lationships based on the historical climate to re-
fine climate model results to a more local scale,
and to correct model biases. These statistical re-
lationships can be applied to future projections
from global or regional dynamical models to pro-
vide more resolved information, but they make
the fundamental assumption that the statistical
relationship will not change in the future. In gen-
eral, the approaches are complementary and
nested: global models represent Earth system

climate evolution, dynamical downscaling re-
fines this information for a regional spatial do-
main, and statistical downscaling bias corrects
and further refines the best available projections
to the local scale.

The Regional Climate Models (RCMs) used for
dynamical downscaling thus represent a key link
in the process used to produce climate infor-
mation that is relevant to, and supportive of, ef-
fective national policy and regulatory decision-
making. Regional climate models include en-
hanced representation of regional topographical
features, which in the case of Canada includes
representation of the Great Lakes and Rocky
Mountains among other features. CanRCM has
been used for international assessments such as
the Coordinated Regional Downscaling Experi-
ment and for over 50 climate change impacts
studies by Canadian researchers.

A coupled regional Earth system model more re-
alistically represents the key climate change pro-
cesses that will influence Canada, and hence
adds value to atmospheric- or ocean-only
downscaling. Consequently, CCCma will aim to
produce a regional Earth system model, Can-
RESM, based on the coupling of CanRCM to the
new regional ocean model, CanTODS.

Key outcomes of the research under this priority
include the following:

Development of CanTODS;
Provision of consistent, high resolution
ocean and sea-ice projections for Can-
ada’s three oceans; and

® Provision of seasonal predictions for
both atmospheric and ocean variables
using CanRESM as an operational model
within the Canadian Seasonal and Inter-
annual Prediction System; and,

e The additional coupling of CanRCM to
CanNEMO in CanRESM to represent re-
solved lakes providing a more physically
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based representation of watershed run-
off to improve the interface with hydro-
logical models; a better representation
of future changes in extreme events in
the Great Lakes region; and better pre-
dictions of future drought patterns and
the occurrence of flooding.

Priority Area 3 — The Carbon Cycle Earth
System Feedbacks

Goal statement: To improve the representation
of terrestrial and marine ecosystem and carbon
cycle components in the CanESM framework in
order to better understand the role of biogeo-
chemical feedbacks in the Earth system, and to
better quantify the sensitivity of the climate sys-
tem, including Arctic ecosystems, to anthropo-
genic carbon emissions.

Anthropogenic climate change is fundamentally
about human perturbation of the natural carbon
cycle. Atmospheric carbon dioxide (CO3) concen-
trations remain stable when emissions of carbon
to the atmosphere are balanced by carbon up-
take from the atmosphere. Due to emissions of
CO, from human activity, atmospheric CO; con-
centrations have risen steadily since the pre-in-
dustrial period, even though natural land and
ocean carbon sinks have removed about half of
the human-emitted atmospheric CO,. The inter-
actions between the physical climate system and
the carbon cycle ultimately govern the response
of the climate system to increasing anthropo-
genic CO, emissions. The CanESM framework in-
cludes representation of land, ocean and atmos-
pheric carbon cycles and is well suited to address
global-scale questions related to future changes
in (including potential weakening of) carbon
sinks in response to global warming and other
climate changes. Improved representation of
carbon cycle components and feedbacks in
CanESM will lead to improved estimates of how

much carbon can be emitted by human activities
while limiting the rise in global temperature to
different levels.

More specifically, the strategic plan for
CanESM’s land component (Canadian Land Sur-
face Scheme Including biogeochemical Cycles,
CLASSIC) will focus on continued model develop-
ment but also its application. CLASSIC is devel-
oped jointly by two sections within the Climate
Research Division, CCCma and the Climate Pro-
cesses Section. Scientific developments will in-
clude representation of high-latitude processes
such as those involving permafrost carbon and
Arctic shrubs. Currently, there is a lot of uncer-
tainty about how much carbon will be emitted
from thawing permafrost in a warming climate,
and the extent to which these emissions might
be offset by a ‘greening Arctic’. Representation
of the nitrogen cycle along with other processes
is important for realistically simulating Arctic
ecosystem changes and global land carbon up-
take in response to increasing atmospheric CO..
Among other applications, the application of
CanESM’s land model at 0.22° resolution over
Canada is a major exercise that is currently un-
derway to quantify natural carbon sinks and
sources over Canada and their changes over
time. CCCma will continue to contribute to inter-
national, land-focused, model-intercomparison
projects such as the Trends in Net Land—Atmos-
phere Carbon Exchange (TRENDY). This activity
contributes directly to the annual assessments of
the global carbon cycle by the Global Carbon Pro-
ject.

The ocean biogeochemistry components of
CanESM are developed collaboratively with Fish-
eries and Oceans Canada. The Canadian Model
of Ocean Carbon (CMOC) is a reduced complex-
ity model that can be run affordably at higher
resolutions and in large ensembles, while the
more comprehensive Canadian Ocean Ecosys-
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tem Model (CanOE) is more suited to specific sci-
entific questions. The key strategic objectives for
this component of CanESM is to improve repre-
sentations of key processes in the carbon and ni-
trogen cycles in both these models; representing
additional climate active gases such as nitrous
oxide (N,0O) and dimethyl sulphide (DMS) in Ca-
nOE; and migrating CMOC to higher ocean reso-
lutions (0.25°) within CanESM. The new Cana-
dian Three Ocean Downscaling System (Can-
TODS) (see priority 2 above) will provide high
resolution, regionally relevant information on
ocean climate impacts in Canadian waters, and
will help to quantify ocean carbon sources and
sinks in Canada’s three oceans.

Key outcomes of the research under this priority
include the following:

e Improved projections of global land and
ocean carbon sources and sinks under
different scenarios of climate change
and better quantification of the re-
sponse of these systems to continued
climate warming;

e Improved estimation of the remaining
global carbon emissions budget to meet
given global temperature targets; and,

e Improved characterization of the re-
sponse of Canada’s terrestrial and ocean
ecosystems to projected changes in at-
mospheric CO; and climate warming.

Priority Area 4 — Seasonal to Decadal Cli-
mate Prediction

Goal statement: CCCma will improve its seasonal
to decadal (S2D) prediction system and expand
the number of climate metrics forecasted by this
system to deliver products tailored to specific
sectors, and eventually individual users.

A key application of CCCma’s models is to predict
the evolution of the climate system over the next

season to decade, a timeframe that is relevant to
many kinds of activities/decisions. Besides
providing a basis for ECCC's seasonal forecasts,
CCCma's models contribute to WMO seasonal
and decadal forecasting operations, and to inter-
national research aimed at better understanding
climate predictability and improving climate pre-
dictions in service to society, which together
constitute a strategic priority of the World Cli-
mate Research Program (WCRP). On these time-
scales, natural variability in the climate system
can have a marked influence on the near-term
evolution of the climate that competes with or
exceeds anthropogenic changes. Climate predic-
tion (versus projection) requires initializing
model components based on the observed state
of the climate system at the start of the forecast,
in contrast to long-term climate simulations for
which initial conditions are largely irrelevant. As
a result, S2D predictions are more confident
about the near-term evolution of the climate
system.

Climate prediction research at CCCma (often in
collaboration with the Meteorological Research
Division) has underpinned the development of
ECCC’s operational seasonal forecasts since the
1990s, first out to 3 months using atmospheric
circulation models and more recently out to 12
months using coupled climate models. ECCC’s
seasonal forecasts are recognized as among the
most skillful, including for predicting future El
Nifio and La Nifia events that strongly impact
Canada. As a result, CCCma contributes to a
number of international operational and re-
search activities. CCCma has been at the fore-
front internationally of several aspects of climate
prediction research. These include extending the
range of Earth system variables that can be use-
fully predicted (e.g., snow, sea ice), processing of
model outputs to provide optimally useful fore-
cast information, and developing capabilities for
decadal prediction in association with WMO and
CMIP.
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That said, there are a number of key sources of
uncertainty in S2D systems. These uncertainties
include the identification and parameterization
of sources of climate predictability, the most ef-
fective approach for initializing climate models,
and the best approach for extracting probabilis-
tic information about future conditions from cli-
mate prediction ensembles in order to serve so-
ciety. As such, CCCma will focus its efforts on ad-
dressing these issues.

Key outcomes of the research under this priority
include the following:

o Refinement of CCCma’s core modelling
capabilities to ~1° atmospheric and 1/4°
ocean resolution to better represent
Canada’s regions and to stay current
with global modelling standards for S2D
prediction;

® New S2D prediction applications in the
areas of air quality prediction, opera-
tional extreme event attribution (see
priority 5 below) and downscaled
coastal ocean prediction to support ma-
rine resource management (see priority
2 above); and,

o Development of tailored, sector-specific
S2D information for Canada in associa-
tion with CCCS and ECCC’s Canadian Me-
teorological Centre and Canadian Ice
Service.

Priority Area 5 — Climate Extremes and
Extreme Event Attribution

Goal statement: CCCma will provide timely and
credible information on the role of anthropo-
genic climate change in high impact climate
events and on future changes in climate ex-
tremes in Canada to support climate risk man-
agement.

Extreme weather and climate events are key
drivers of climate impacts in Canada, including
extreme rainfall events, hot and cold extremes,

and extreme fire weather. This priority area en-
compasses research on extreme events, includ-
ing understanding of their drivers, and projected
changes, and the relatively new area of extreme
event attribution. Extreme event attribution
aims to answer questions about changes in the
likelihood of an extreme event in response to an-
thropogenic climate change. Results from these
analyses are used by the financial and insurance
sectors to assess risk and are useful for public en-
gagement on the consequences of climate
change.

CCCma is well established in the area of extreme
event research, including in the development of
comprehensive multi-model projections of fu-
ture changes in extremes, and more recently in
event attribution, leveraging large-ensembles of
CanESM simulations to publish studies including
on cryospheric extremes and extreme fire sea-
sons in Western Canada. Despite recent devel-
opments, there remain substantial uncertainties
in event attribution results due to the sensitivity
of these results to how the event is defined, the
models used for the attribution, and the design
of the analysis approach.

Research is planned to support the development
of a near real-time quasi-operational system for
event attribution using a high resolution version
of the Canadian atmosphere model (CanAM).
This will involve running two large ensembles of
atmosphere-only simulations (with and without
anthropogenic influence) to quantify anthropo-
genic influence on the probability of extreme
events, and updating these regularly. This re-
search area would include consideration of bet-
ter techniques for removing anthropogenic influ-
ence from ocean surface temperatures and sea
ice distributions, and possible application of the
Canadian Regional Climate Model (CanRCM) to
downscale simulations to higher resolution. Such
a system would have the capacity to inform
event attribution assessments of extremes such
as heatwaves or droughts, shortly after they oc-
cur, and parallels operational event attribution
systems in development at other international
modelling centres.
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Key outcomes of the research under this priority
include the following:

e Development of a system suitable for
transfer to operations for extreme event
attribution using an updated version of
CanAM based on the Global Environ-
mental Multiscale Model (GEM) dynam-
ical core at ~37 km resolution; and,

® Assessment of the anthropogenic influ-
ence on the magnitude and probability
of major Canadian extreme events
through the application of this system in
hind cast mode and in near real-time.

Priority Area 6 — Role of Short-lived Cli-
mate Forcers

Goal Statement: CCCma will improve its repre-
sentation of aerosols and chemistry in CanESM
and use this capacity to provide improved esti-
mates of the climate and air quality co-benefits
of mitigation of short-lived climate forcers.

Short-lived climate forcers (SLCFs)—black car-
bon, methane, ground-level ozone, and sul-
fate— contribute significantly to climate change.
These gases and aerosols remain in the atmos-
phere for much shorter periods of time than CO,,
yet their potential to warm (or cool) the atmos-
phere can be many times greater. Certain SLCFs
are also dangerous air pollutants that have
harmful effects for people, ecosystems, and ag-
ricultural productivity. Previous research shows
that in addition to achieving net zero global CO;
emissions, substantial reductions in SLCFs with
climate warming effects is needed to meet the
temperature goal of the Paris Agreement. How-
ever, very substantial scientific challenges still
exist regarding the scope and magnitude of SCLF
impacts on climate. According to Intergovern-
mental Panel on Climate Change (IPCC) esti-
mates, uncertainties in the radiative forcing of
climate are largely attributable to SCLFs, which
are associated with atmospheric processes that

involve interactions between aerosols, ozone,
clouds, and radiation.

CCCma has successfully applied existing models
to provide evidence for a wide range of impacts
of SLCFs on climate in the 20" century, including
the Arctic climate, and to evaluate how mitiga-
tion of SLCFs can provide near-term climate ben-
efits. Additionally, CCCma contributed to assess-
ments of ozone and climate by the WMO, which
showed the benefits of controlling short-lived
substances (such as hydrochlorofluorocarbons)
that both contribute to ozone depletion and cli-
mate warming. However, aerosol and chemistry
modules of CanESM are under continuous devel-
opment to advance the range of applications of
our model and to reduce uncertainties in the ra-
diative forcing from short-lived climate forcers.
Future SLCF model development and research at
CCCma will continue to address scientific and
policy development needs for climate and air
quality.

These advances will be accomplished primarily
by broadening the scope of current model devel-
opment activities to include a more highly inter-
active treatment of individual SLCFs, the carbon
cycle, and other components of the climate sys-
tem in CanESM. These changes will benefit from
improvements made in the biogeochemical pro-
cesses on land and in the ocean in CanESM. In
addition, improvements to the representation of
SLCF emissions from vegetation fires in CanESM
and potential future climate engineering applica-
tions will advance our understanding of SLCFs
and climate change. Given the wide scope of
these activities, research collaborations with
other research divisions, other government de-
partments, and academia will be critical to the
success of these activities.

Key outcomes of the research under this priority
include the following:
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e Improvements in the representation of
tropospheric chemistry (e.g., volatile or-
ganic compounds (VOC) chemistry) in
the context of climate simulations;

® Incorporation of outputs from the CLAS-
SIC model such as permafrost emissions
of methane, wildfire emissions and
plume rise into CanESM; and,

e Application of this system to inform Can-
ada’s Changing Climate Report, WMO O3
Assessment reports, Arctic Monitoring
and Assessment Program (AMAP) SCLF
Assessment reports, and projects under
the World Climate Research Pro-
gramme’s Chemistry Climate Modelling
Initiatives.

Priority Area 7 — Implications of Climate
Engineering and Response to Mitigation
Options

Goal Statement: Use CanESM to simulate and
analyse climate impacts of solar radiation man-
agement, carbon dioxide removal and other mit-
igation options, either individually or simultane-
ously.

We are moving from an era where the key role
of climate modelling was to investigate the hu-
man influence on observed climate change and
to provide large-scale, long-term projections of
future climate change to the post-Paris Agree-
ment era where the focus is on informing climate
change adaptation and mitigation actions. While
these mitigation actions can include climate en-
gineering in the form of carbon dioxide removal
(CDR), there remains another form of climate en-
gineering, solar radiation management (SRM),
which intervenes by adjusting the amount of ra-
diation entering the Earth system. Like CDR,
SRM can take multiple forms including injection
of reflective particles into the upper atmos-
phere, modifying clouds to make them reflect
more sunlight, and brightening the Earth’s sur-
face. The focus of this priority area is improved

simulation and analysis of the effectiveness and
potential unintended consequences of climate
engineering, providing needed information to in-
form the consequences of real world implemen-
tation. CCCma is already well established in
modelling and analysis of climate engineering
and more generally to inform climate change
mitigation policies.

CCCma has ongoing involvement in international
efforts to understand the effects of climate engi-
neering by contributing SRM simulations to the
Geoengineering Model Intercomparison Project
(GeoMIP) and by contributing CDR simulations to
the Carbon Dioxide Removal Model Intercom-
parison Project (CDRMIP). As interestin climate
engineering grows and the potential for its de-
ployment increases, it is necessary to be able to
assess its impacts. To support analysis of climate
engineering impacts, we will make use of well-
established approaches at CCCma including pro-
duction of large ensembles.

Simulation of the response to climate engineer-
ing requires that CanESM represent relevant
processes. Specific processes that are important
for simulating SRM include interactive strato-
spheric aerosols, and processes related to
known impacts, for example, interactive ozone
and the carbon cycle. Continued involvement
with the Geoengineering Modelling Research
Consortium will (GMRC) will help guide and focus
research for SRM-specific model processes.

To date, CCCma has used bespoke simulations
including scenarios of black carbon mitigation to
examine the climate and Arctic climate effects of
black carbon mitigation in Arctic Council coun-
tries (see priority area 6 above) and contribu-
tions to studies on detection of the climate ef-
fects of the Montreal Protocol. Detection and at-
tribution will be used to inform the impacts of
emissions mitigation options relative to busi-
ness-as-usual emissions. Policy-responsive sim-
ulations and analysis using input from within
ECCC and other government departments will be

22



developed on an as-needed basis to address Ca-
nadian-focused policy questions, beyond those
that can be answered by large international in-
tercomparison studies. The exception may be
simulations of some specific mitigation options
such as the climate impacts of aviation mitiga-
tion that would require additional capacity and
associated resources beyond those required to
do other types of SRM and CDR simulations.

Key outcomes of the research under this priority
include the following:

e The capacity to model the injection of
aerosols into the stratosphere, a pro-
posed Solar Radiation Management
(SRM) methodology, and associated pro-
cesses including interactions with chem-
istry; and,

e Development of a research program us-
ing CanESM to simulate proposed SRM
and carbon dioxide removal (CDR) sce-
narios and subsequently analyse the po-
tential global, regional and Canadian cli-
mate impacts of these scenarios.

Resources needed to realize this plan

In parallel with developing this strategic plan, a
set of concrete roadmaps were developed at
CCCma to advance this work on three time hori-
zons, short (1-3 years), medium (5-7 years) and
long-term (10+ years). These roadmaps lay out
detailed scientific and technical tasks and their
associated milestones to modernize the founda-
tion of the Earth system model, which underlies
all scientific applications of the model, and to ad-
dress emerging scientific questions within each
of the priority areas listed above.

CCCma is well positioned to provide the best
possible scientific basis for informing decision-
making in Canada through achieving these mile-
stones, which are fully aligned with the seven

priorities described here. Realizing these mile-
stones however is only possible with new and fo-
cused investments in key technical and scientific
capacity.

In order to implement this plan in the short-
term, it is vital to invest in a number of critical
scientific and technical positions identified via an
associated human resource planning exercise.
Bringing these critical technical and scientific
staff on board will enable CCCma to create a ro-
bust and efficient modelling foundation. Another
key requirement for the successful implementa-
tion of this plan is continuous and significant in-
vestment in climate model software optimiza-
tion to increase efficiency and standardized op-
eration of CanESM. Furthermore, collaborations
between CCCma and partner organizations will
need to continue and to expand, not only to re-
alize this plan but also to support the Open Gov-
ernment science objective of an open standards-
based collaborative modelling framework. The
outcome of these investments will be timely, rel-
evant knowledge and information in the service
of Canadian society striving for resilience to cli-
mate change over the next decade.

Implementation of Strategic Plan

An implementation plan for this strategic plan
was developed as part of the strategic planning
process. It is published as a companion docu-
ment to the strategic plan and is comprised of
roadmaps for advancing the scientific priorities
for three time horizons, short (1-3 years), me-
dium (5-7 years) and long-term (10+ years).

Conclusion

As the impacts of climate change increasingly al-
ter the state of our physical environment, the
need for a rigorous scientific understanding of
future environmental conditions becomes more
pressing. Canada’s Earth System Model
(CanESM) is one a handful of unique systems ca-
pable of simulating climate change and is the
product of decades of federal investments to de-
velop a sovereign capacity to project our future
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and understand our options for mitigation and
adaptation. This plan highlights CCCma’s scien-
tific priorities for Canada’s Earth system model-
ling research program. Research and develop-
ment focused on these priorities is required to
deliver timely, relevant knowledge and infor-
mation to Canadians and others striving to miti-
gate and adapt to climate change over the next
decade. These priorities, and the accompanying
implementation plan, build on CRD’s strong sci-
entific leadership and foundational capacity in
this scientific domain and leverage the scientific
computing and monitoring technology advances
of the past decade to enable ECCC to maximize
its contribution to informing responses to Can-
ada’s current adaptation and mitigation chal-
lenges.
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Annex 1: Process for Developing the Strate-
gic Plan

Following the Climate Research Division’s
strategic planning workshop in February
2019, CCCma held its third strategic planning
workshop on December 3rd and 4th, 2019 in
Victoria, British Columbia. The primary goal
of this workshop was to create a strategic
plan that consolidated the vision and mis-
sion of the section and that would serve as a
guide for work planning and program invest-
ments.

Prior to the workshop, there was a pre-work-
shop survey to inform the workshop’s dis-
cussion on CCCma challenges, including an
expanding set of activities, limited re-
sources, an ageing technical infrastructure
and model code base, expanding demands
from clients, and paradigm shifts in super-
computing. The workshop was structured to
enable interactive discussion of challenges,
solutions, and future directions for the sec-
tion. The format included full group discus-
sions, break-out groups, and presentations.
The outcome of the workshop was a unified
vision for the future of CCCma, which was in-
formed by broad input from across the sec-
tion. After the workshop, staff participated
in a survey to collect a list of lessons learned
from the workshop process.

From January to March 2020, the CCCma
team organized themselves into seven work-
ing groups, aligned with the priority themes
identified at the workshop, and collabora-
tively developed roadmaps for advancing
these scientific priorities for three time hori-
zons, short (1-3 years), medium (5-7 years)
and long-term (10+ years). Once these work-
ing groups completed their work, the section
held two, full-staff consultation sessions on
the contents of the roadmaps. The outcome
was six sets of roadmaps for each scientific

priority, a merged overall CCCma roadmap,
and the first draft of CCCma strategic plan.

From April to June 2020, the first draft of
CCCma strategic plan underwent two CCCma
internal reviews and, with support of the
CRD Senior Science Advisor, a second draft
was developed that was further developed
and reviewed by the CRD Director. The out-
come of this extensive process is the current
CCCma strategic plan that lays the path for
advancing the work of the section over the
next decade.

25



spedw ajewip uelpeue?)
pue [ejuaujuod ‘feqo|b |enualod ay3 alenjend 03 saibajells uorebIlIL JaYI0 pue SOUBUIIS [EAOLUI SPIXOIP
uoqsed ‘quawabeuew uoneipes Jejos buifojdwid sjuawiadxe buisauibusoah wiopad 03 pSJue) asn

NS3ue) ui Axsiwayd pue sjososae Jo uoijejuasaidas buinosdwi Aq siadio)
ajewl|d panij-4oys Jo uoiebiiw Jo s)ydUag-0d Ayjenb e pue ajewipd 8yl Jo SajewiIss panoiduil APINOId

uornNqulle JUIAS BWBIIXD 10) WaISAs |euoijesado ue dojaasp Apjeuin
‘Juawabeuew ysu ajewd poddns 03 epeue?) ul SBWRIIX dlew|d Ul SabuBYD 2inJny U0 pue SJuSAd ajew;d

uorjebiyiy pue buudasuibul srewi)

$192104 21EWI|Y) PaA] -i

pedwi-yby ur sbueyd ajewnp owsbodoayjue Jo 3jos By} uO uoKEULIOI B]qIPaId pue AW} BpIAGid |

S13sn [enpinipul AJ|eNJuSA3 pue $10393s 214123ds 03 paojie3 s3onpoid 4o JuaLudojaAdp 3y} Moj|e 03 Palseanio)
SOUIPW djew)d Jo Jaquinu 3y} puedxd pue wajsks uoidlpaid |epedap 03 [euoseas s,epeued) anoidwi)

suoIssiwa uoqsed diuabodosyue 03 waIsAs d3ewifd 3yl Jo ANAIISUSS
ay1 Ayjuenb Jajjeq 01 pue syoeqpss) [ednwaydoabolq Jo 9jo4 dyl Jo buipueisiapun Uno Fdueape 03
WSJue) ur spuauodwod 32K UOGIED pue ‘WaISAS0d3 Buliew pue [euIsalid] JO uoljejuasaidal a3} anoiduw)

SUB3J0 924y} S,epeue) 10} suoi3dafosd 3d1-eas ‘uoiinjosal-ybiy apinoid
0} |NSJue) 03 Ajoeded Buijepow ueado |euoibas mau ppe ‘abueyd ajewnd jo suoidafosd uoiIN|osa
-13yb1y 1oy puewsap Buiseaiour sy 339w 03 [9pojy djewn)) [euoibdy ueipeue) ayy dofeasp Jaymng

SI9AUP uewny 03 wa)sAs ay) Jo asuodsal
ay} anoidwi pue woisks ylue3 ay} Jo Huipuelsiopun Ino ddueApe 0} $assad0id Mau Jo Suoijeluasaidal
aonpoajul ‘sjuauodwod [apow bunsixe dojaasp Jayuny aseqapod |\SJue) buisixa syl dzIIBPOf

ue|d uondy

abueyd ajewpd

0} pajejps suonesdqiep Aiojenbas pue Aoijod
Joddns 01 wayl 0} d|qejieAe dDIAPE JIFUBIDS
142dxa Jo [and] 1saybiy Y3 aney S19NeW-UOISIIAP
uelpeue) Jeyl sueaw JudWIUIACD ueipeue)
Ayl uiyum asiadxa  yons Jo  juswdojansp
Y| "s1onpoid uorjewojul dewi|d Jo Ssaulsngol
pue Ayenb ay3 bumoidwi Agaseyl ‘spoye
siskjeue pue suoijedidde ‘yuawdojaAsp [apow
s.epeue) o0jul  Apunwwod [euonjewsdjul  dy}
10 saoueApe [eaibojouyda) pue dyijuaIS ajeibajul
0] SISIJUAIDS INO MOJ|E SUOIJOBULOD [BUOIIEUIAIUI
doop yong -a0udIdS djewnd  ueipeue) 1o}
siopessequie se buijoe pue ‘salbajes)s 1oseasal
0UB1DS [euonjewsul bupuanyur ‘syuswdofesp
buiobuo buipeayseads Aq abueyd ajewnjdp jo3fosd
pue puejsiopun 03} SHO0JJO S,ANUNWILIOD YIIeSaI
Jeuoijeusdjul ay3 Jo ed [eihdjul ue aie SISIUBIS
21easal s,qy) Ieyl sueaw buippow walsks
ayy ul diysiapes| ynuRIS INQ

pow wa)sks yue3 anisuayaidwod

BUB) 9J0S Ay} SI pue

Anjiqeded buijppow ajewipd ‘ajeas-eqolb ‘aausids
-9y1-Jo-a1e3s e padojansp sey ew))?) ‘sepeasp
anoj 1sed ay3 JanQ aUUQE_\>L°~m_-._

abuey) ajewn|) uo abpajmouy|

pue 2duddG bupueApy :0GOZ 20UaS djew)) ‘Modal
0D Y} Ul SISPJOYIR LIS pue SIBNeW UOISIIAP uelpeued)
Aq paynuapl sjuswaiinbal uonewuojul ay} jo Auew
suidiapun [9pow  w3sAs ype3  IJUBIIS-aY}-jo-d3els

s,epeue) uleisns 03 pasu 3L Lragn) On_n_o

SI9¥ELU UOISIDAp uelpeue) 0} uorjewojul abueyd
alewid juenspps buipinoud pue swidishks buijepow
wieasjsumop yum buiepsaul ‘Ajunwiwod ueipeued)
9yl ulyum ainjnusesyur  bulepow  ‘pajesbajul

‘anisudya.dwod e Jo uoijepunoy ay3 aq of S|poo

1JUB12S padueyud pue AualLyjs [apow
panoidwi pajeyssadau sey siy| jle3ap buisealour Jons ul
pue Ajjednsijeas asow pajjEpow aq 03 sassadoad |eaishyd bur
-1inbai Aydyads 4a3ealb yum suonisanb Adijod-asusios asianip
210w Jomsue 0} paau jusbin ue S| a1dY | m&@C@-USU

uoiIpald |epeas( 01 _m__mww..

syaeqpas 39k)

uoljew.oju] ajew)) [euoibay

aining pue 1sed - waiskg yueg ayy

sealy Ajuoud

HUIP0d
CAE) o,
v@oc y@c;ﬁm SIStz (LT %
R P U, 6,
S Gl V‘b /0.

0& OAV (79 fv\no
N %, %
9 % %,

3 > 5
i % >,
F S 2
3 A ®
g5 g
B z =
= ..b rm_
m s, = =
=+ 5%
22 8 £
& = =~
= @ =
g2 g
o &

e, Dy 0o
% 4, \ QY S
QQQ@& Qe.nw Y uewny 2\ “”u&/vz.c\?n»?

JUBLLIISOAU|

Joue) ‘walshsodn Ansiwaydoaboiq ueado

pue ‘ZIN|7 ‘931 as {)|SSYTD ‘walsAs0da |elsaiid) pue
0euns puej ‘QWINUED) ‘Uead0 ‘|\yue) ‘asaydsowse
3y} JIoj Sppow jo pasudwod SI yaym ‘pS3jued)
‘lopoyy wielsAS ype3 ueipeue) pajdnod-Ajny ‘jeqolb

JISSV1D 3y} I waisks Siy} Jo peay ayy 1y s|ppow WISk

W _:\ = ype3 jo ayns pajesbaur Apybn e jo uoneoydde
\ /I\H pue juawdofersp ay3l spes| @y >~_UUQUU

ndino 1oy3 Jo siskjeue d11udIS

pue sjppow walsAg yue3 jo auns s,epeue) Jo
uonjedydde anijeaouur pue judwdojaAsp Snonuijuod
ay1 ybnoay} aqojb ayj pue epeue) JaA0 suoijdafoid
pue suoijoipaid aew|d isnqos apinoid o) uoIssIN

sueipeue?) J0j UOIJBLLIOUI IIIUBIDS pue ‘saskjeue
‘suoijoafoid abueyd ajewd djeds-jeuoibas pue ‘-|eusuijuod
‘-|eqo|b Joj juiod |e304 [euoijeu 3y} Se 3RS O]  LIOISI A

maInIanQ | (0£02-020Z) ueld 216alens ewd)d)



Annex 2: Essential Terminology

Adaptation

Process of adjustment to actual or ex-
pected climate and its effects. In human
systems, adaptation seeks to moderate
or avoid harm or exploit beneficial op-
portunities. In some natural systems, hu-
man intervention may facilitate adjust-
ment to expected climate and its effects.
Aerosols

Tiny airborne solid or liquid particles,
with a typical size between 0.01 and 10
pum, that stay in the atmosphere for at
least several hours. Aerosols may be of
either natural or anthropogenic origin.
Aerosols may influence climate in sev-
eral ways: directly through scattering
and absorbing radiation, and indirectly
by acting as cloud condensation nuclei
or ice nuclei, modifying the optical prop-
erties and lifetime of clouds.
Anthropogenic

Resulting from or produced by human
activities.

Attribution

Identifying the causes of an observed
change or event in terms of the relative
contributions of multiple causal factors.
Biogeochemical processes

Processes in which chemical substances
(such as carbon) move through the biotic
(living) and abiotic (non-living, such as
water and rock) components of the
Earth system.

Black carbon

A carbonaceous aerosol that is emitted
as a result of the incomplete combustion
of carbon-based fuels. Black carbon is
operationally defined based on meas-
urement of light absorption and chemi-
cal reactivity and/or thermal stability. It
is sometimes referred to as soot.
Carbon cycle

The carbon cycle is the flow of carbon (in
various forms, such as carbon dioxide)

2 This term should not be confused with “integrated
assessment models” (IAMs) which integrate
knowledge from two or more domains into a single
framework. For example, one class of IAM combines
economic, demographic, and policy modelling with
simplified physical climate models to make projec-
tions of population growth, economic development,

through the atmosphere, ocean, terres-
trial and marine biosphere, and litho-
sphere.

Carbon emissions budget

The cumulative amount of carbon that
can be emitted while keeping the global
surface temperature increase to a given
level, taking into account contributions
of other greenhouse gases and climate
forcing agents.

Carbon Cycle Earth System Feedbacks
A climate feedback involving changes in
the properties of the land and ocean car-
bon cycle in response to climate change
that can affect the flux of CO; between
the atmosphere and ocean and between
the atmosphere and the land biosphere.
Also referred to as climate-carbon cycle
feedback.

Integrated modelling system / CCCma
integrated modelling system?

In this document, integrated modelling
system refers to a collection of model
components and supporting software
tools that can be configured for use in a
wide range of different scientific applica-
tions. The core model components are
the atmosphere (CanAM), land surface
(CLASSIC), ocean (CanNEMO) and cou-
pler. An ecosystem of supporting soft-
ware allows the models to run on HPC
systems, and processes inputs and out-
puts to a usable format. These core com-
ponents make up CanESM, which is de-
ployed for long range climate simula-
tions. In a modified configuration, these
same components are applied for initial-
ized seasonal to decadal predictions, as
a part of CanSIPS, or for advanced at-
mospheric chemistry and stratospheric
processes (CMAM). Different individual
subcomponents maybe configured for
higher resolution, regional simulations

land use, and the implications of different policy op-
tions for climate-relevant emissions and climate im-

pacts.
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of the atmosphere (CanRCM), land
(CLASSIC) or ocean (e.g. CanTODS). All
these configurations share common un-
derlying components, infrastructure,
and development philosophy, which is
an efficiency that allows seamless inte-
gration across the modelling team and
the resulting data products.

Climate

The average, or expected, weather and
related atmospheric, land, and marine
conditions for a particular location. In
statistical terms, it is the mean and vari-
ability of relevant measures over a pe-
riod of time ranging from months to
thousands or millions of years. The clas-
sical period for averaging these variables
is 30 years, as defined by the World Me-
teorological Organization.

Climate change

A persistent, long-term change in the
state of the climate, measured by
changes in the mean state and/or its var-
iability. Climate change may be due to
natural internal processes, natural exter-
nal forcings such as volcanic eruptions
and modulations of the solar cycle, or to
persistent anthropogenic changes in the
composition of the atmosphere or in
land use.

Climate feedback

An interaction in which a perturbation in
one climate condition causes a change in
a second, and the change in the second
ultimately leads to an additional change
in the first. A positive feedback amplifies
the original change, and a negative feed-
back dampens it.

Climate forcing agents
Factors that disrupt Earth’s energy bal-
ance, forcing climate toward warmer or
cooler conditions. Climate forcing agents
can be either natural or anthropogenic,
and the main agents are solar irradiance
variations, volcanic eruptions, changes
in atmospheric composition (including
increases in greenhouse gases), and
changes to the land surface. “Climate
driver” has the same meaning.

Coupled Model Intercomparison Pro-
ject

The World Climate Research Programme
has established this project to coordi-
nate, analyze, and archive a range of
simulations and projections from multi-
ple climate models.

Climate prediction

Climate predictions simulate evolu-
tion from initial conditions representing
observed states of the climate system at
a particular times. Climate predictions
are classified based on their temporal
extent as subseasonal (weeks), seasonal
(months) or decadal (years), and repre-
sent combined impacts of predictable
climate variability and assumed future
changes in atmospheric composition.
Climate projection

A climate projection is the simulated re-
sponse of the climate system to a sce-
nario of future emission or concentra-
tion of greenhouse gases (GHGs) and
aerosols, and is generally derived using
climate models. Climate projections de-
pend on the emission/concentration/ra-
diative forcing scenario used, which is in
turn based on assumptions concerning,
for example, future socio-economic and
technological developments that may or
may not be realized.

Detection

Demonstrating that an observed change
in climate is inconsistent with internal
climate variability. Changes in the cli-
mate become detectable if they are
large when compared with internal cli-
mate variability.

Downscaling

Methods to transform global Earth sys-
tem model results into more detailed,
local to regional scale information that is
better suited to adaptation planning and
impact studies.

Earth system model

A coupled atmosphere—ocean general
circulation model in which a representa-
tion of the carbon cycle is included, al-
lowing for interactive calculation of at-
mospheric CO; or compatible emissions.
Additional components (e.g. atmos-
pheric chemistry), may be included. Cou-
pled atmosphere—ocean general circula-
tion models provide a comprehensive
representation of the climate system,
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among the most comprehensive of the
suite of climate models currently availa-
ble.

Ensemble

A collection of model simulations char-
acterizing a climate prediction or projec-
tion. Differences in initial conditions and
model formulation result in different
evolutions of the modeled system and
may give information on uncertainty as-
sociated with model error and error in
initial conditions in the case of climate
forecasts and on uncertainty associated
with model error and with internally
generated climate variability in the case
of climate projections.

Greenhouse gas

Greenhouse gases are gaseous constitu-
ents of the atmosphere, both natural
and anthropogenic, that absorb and
emit radiation at specific wavelengths
within the spectrum of thermal infrared
radiation emitted by the Earth’s surface,
by the atmosphere itself, and by clouds.
This property causes the greenhouse ef-
fect. Water vapour (H,0), carbon dioxide
(CO3), nitrous oxide (N,O), methane
(CH4), and ozone (0s) are the primary
greenhouse gases in the Earth’s atmos-
phere. There are also a number of en-
tirely human-made greenhouse gases in
the atmosphere, such as the halocar-
bons and other chlorine- and bromine-
containing substances.

Industrial period

The period in history, beginning around
the mid-18th century and continuing to-
day, marked by a rapid increase in indus-
trial activity powered by the combustion
of fossil fuels, and associated increases
in emissions of carbon dioxide.

Internal climate variability

Variations in climate driven by processes
internal to the climate system, including
modes of climate variability — natural
variations in climate with identifiable
characteristics affecting particular re-
gions over certain time periods. These
modes include the well-known El Nifio—
Southern Oscillation as well as other
such modes that recur in various parts of
the world over varying time periods.
Likelihood

The chance of a specific outcome occur-
ring, where this might be estimated
probabilistically. In this report the likeli-
hood of a result occurring is based on
quantified measures of uncertainty ex-
pressed probabilistically (based on sta-
tistical analysis of observations or model
results, or expert judgment). Likelihood
is expressed quantitatively.

Mitigation

A human intervention to reduce the
sources or enhance the sinks of green-
house gases. A source is any process, ac-
tivity or mechanism — natural or human
— that releases greenhouse gases to the
atmosphere. Conversely, a sink is any
process, activity or mechanism — natu-
ral or human — that removes green-
house gases from the atmosphere. In ad-
dition to referring to greenhouse gases,
mitigation also applies to reducing emis-
sions of other substances that have a
heating effect on the climate.

Model (Climate model)

Complex computer simulation of the cli-
mate system usually including interact-
ing simulations of the atmosphere,
ocean, ice and land surface. The climate
system can be represented by models of
varying complexity. Climate models are
developed and used at climate research
institutions around the world to make
projections of future climate, based on
future scenarios of greenhouse gas and
aerosol forcing. See also Earth system
model.

Paris Agreement

The Paris Agreement under the United
Nations Framework Convention on Cli-
mate Change (UNFCCC) was adopted on
12t December 2015 in Paris, France, at
the 21st session of the Conference of the
Parties (COP) to the UNFCCC. The agree-
ment, adopted by 196 Parties to the UN-
FCCC, entered into force on 4" Novem-
ber 2016. One of the goals of the Paris
Agreement is to hold the increase in the
global average temperature to well be-
low 2°C above pre-industrial levels and
pursue efforts to limit the temperature
increase to 1.5°C above pre-industrial
levels. Canada ratified the Paris Agree-
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ment in 2016. The Paris Agreement is in-
tended to become fully effective in
2020.

Permafrost

Permafrost is soil, rock or sediment that
is frozen for more than two consecutive
years. In areas not overlain by ice, it ex-
ists beneath a layer of soil, rock or sedi-
ment, which freezes and thaws annually
and is called the "active layer".
Radiative forcing

The net change in the energy balance of
the Earth system due to an external per-
turbation, measured in units of watts
per square meter (W/m?).

Scenario (forcing scenario, emission
scenario)

A plausible representation of the future
based on a coherent and internally con-
sistent set of assumptions. A forcing sce-
nario is a possible future evolution of
greenhouse gas concentrations and
other anthropogenic forcings. An emis-
sion scenario describes a possible future
evolution of emissions of greenhouse
gases, and other climate drivers. They
assist in climate change analysis, includ-
ing climate modelling and the assess-
ment of impacts, adaptation, and mitiga-
tion. The likelihood of any single emis-
sions path described in a scenario is
highly uncertain.

Sink

Any process activity or mechanism that
removes a greenhouse gas, an aerosol or
a precursor of a greenhouse gas or aero-
sol from the atmosphere. For example,
methane is removed from the atmos-
phere primarily through photochemical
reactions that destroy it chemically. Car-
bon dioxide is removed from the atmos-
phere through uptake by plants during
photosynthesis (a “land sink”) and
through dissolving in ocean water (an
“ocean sink”).

Source

A source is any process, activity or mech-
anism — natural or human — that re-
leases greenhouse gases, an aerosol, or
a precursor of a greenhouse gas or aero-
sol to the atmosphere.

Uncertainty

In this document, “uncertainty” is used
mainly in the statistical sense, to mean
guantified measures of likelihood. Un-
certainty may be based on statistical
analysis of observations or model re-
sults, or on expert judgment. “Uncer-
tainty” is also used occasionally in this
document to express the unreliability of
projections of future events.

Unified modelling framework

In this document, this extends
across ASTD the same concept as ap-
plied under the CCCma Integrated Mod-
elling System. Sometimes this term is
used to refer to the integration of mod-
elling systems across the existing sepa-
rate  Numerical Weather Prediction
(NWP) and Climate modelling sys-
tems. At one end of the spectrum, a uni-
fied modelling framework would be a
loose collection of model components,
with some degree on interoperabil-
ity. On the other extreme, a single
model configuration might be used for
both NWP and climate applications,
which is sometimes referred to as seam-
less prediction. However, a single model
is likely not optimal for performance or
quality given the significant scientific,
technical and organizational issues asso-
ciated with it.

30



