
Radiative Forcing & Feedback
Through the Lens of Solar

Geoengineering

by

John G. Virgin

A thesis
presented to the University of Waterloo

in fulfillment of the
thesis requirement for the degree of

Doctor of Philosophy
in

Geography

Waterloo, Ontario, Canada, 2023

© John G. Virgin 2023



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner: Dr. Christopher Smith
Natural Environment Research Council Research Fellow
University of Leeds

Supervisor(s): Dr. Christopher Fletcher
Associate Professor, Dept. of Geography
University of Waterloo

Internal Member: Dr. Jason Cole
Adjunct Professor, Dept. of Geography
University of Waterloo
Research Scientist, Environment & Climate Change Canada

Internal-External Member: Dr. Rebecca Saari
Assistant Professor, Dept. of Civil & Environmental Engineering
University of Waterloo

Other Member(s): Dr. Ben Kravitz
Assistant Professor, Dept. of Earth & Atmospheric Sciences
Indiana University

ii



Author’s Declaration

This thesis consists of material all of which I authored or co-authored: see Statement

of Contributions included in the thesis. This is a true copy of the thesis, including any

required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iii



Statement of Contributions

This document contains three separate manuscripts that have been published or submitted

to peer reviewed academic journals. The thesis expands the conventional energetic ap-

proach to assessing global climate change through a combination of external forcings and

surface temperature feedbacks through the lens of solar geoengineering. That is, adapting

conventional understanding of forcing and feedback in climate science to analyze potential

feedback loops under a geoengineered climate. The first manuscript (Chapter 2 of this

thesis) explores forcing and feedback in two different versions of an Earth System Model

to understand what is driving differences in each model’s surface response to greenhouse

gas forcing.

Virgin, J. G., C. G. Fletcher, J. N. Cole, K. von Salzen, and T. Mitovski, 2021: Cloud

feedbacks from canesm2 to canesm5. 0 and their influence on climate sensitivity. Geosci-

enti�c Model Development, 14 (9), 5355–5372

The contributions to this manuscript are as follows:

• Conceptualization - J. G. Virgin, J. N. Cole

• Formal Analysis - J. G. Virgin

• Methodology - J. G. Virgin, J. N. Cole

• Supervision - J. G. Virgin, C. G. Fletcher

• Writing - J. G. Virgin

• Review & Editing - J. G. Virgin, J. N. Cole, K. von Salzen, T. Mitovski, C. G.

Fletcher

iv



The second manuscript (Chapter 3 of this thesis) seeks to understand how greenhouse

gas and solar forcing produce non-linear climate responses when combined as a proxy for

a geoengineered climate.

Virgin, J., and C. Fletcher, 2022: On the linearity of external forcing response in solar

geoengineering experiments. Geophysical Research Letters, 49 (15), e2022GL100 200

The third manuscript (Chapter 4 of this thesis) uses an Earth system model to simu-

late an idealized, transient geoengineering experiment with both greenhouse gas and solar

forcing to understand how multiple external forcings can produce climate responses that

feed back on one another from an energetic perspective.

Virgin, J., and C. Fletcher, 2023: Declining geoengineering efficacy caused by cloud

feedbacks in transient solar dimming experiments. Manuscript Submitted to Journal of

Climate

The contributions to Virgin and Fletcher (2022) and Virgin and Fletcher (2023) are as

follows:

• Conceptualization - J. G. Virgin

• Formal Analysis - J. G. Virgin

• Methodology - J. G. Virgin

• Supervision - J. G. Virgin, C. G. Fletcher

• Writing - J. G. Virgin

• Review & Editing - J. G. Virgin, C. G. Fletcher

v



Abstract

Global, annual mean surface temperature continues to rise in the wake of the Paris

Agreement goal of limiting warming to 2�C and pursing efforts to limit warming to less than

1.5�C. Research paradigms have arisen to analyze projections of future warming, as well as

understanding the drivers of anthropogenic climate change since the preindustrial era. One

such paradigm is the characterization of anthropogenic emissions of greenhouse gases as

an external radiative forcing on the climate system, as well as feedbacks from the climate

response to forcing that augment the rate in which the Earth system reestablishes energy

balance. As surface temperatures rise, solar geoengineering has been proposed as a means

to deliberately alter Earth’s energy balance and achieve Paris Agreement goals through

reducing the amount of incoming shortwave radiation from reaching the surface. Through

the lens of the conventional forcing-feedback framework, solar geoengineering is challenging

to frame due to the purposeful introduction of an external forcing in order to suppress

surface warming, and therefore feedback. Furthermore, the potential for multiple external

forcings via solar geoengineering to produce feedbacks from an energetic perspective, even

in the absence of surface warming, is poorly understood. This thesis attempts to adapt the

forcing-feedback paradigm to define potential radiative feedbacks on the climate system as

a result of solar geoengineering through three studies.

First, we perform an analyses of radiative forcing and feedback between two versions

of the Canadian Earth System Model (CanESM) to understand what is physically driving

differences in surface warming. We find little difference in radiative forcing from increased

CO2 between the two model versions. More positive radiative feedbacks produce a larger

amount of warming in CanESM5, primarily from a reduction boundary layer clouds across

the equatorial Pacific that reduced the Earth’s albedo to a greater extent. This analysis

vi



was essential to understand how radiative feedbacks, specifically from clouds, can impact

the rate surface warming.

Next, we analyzed radiative forcing from both increased CO2 and a reduced solar

constant using the Community Earth System Model (CESM). We find that the magnitude

of solar forcing required to offset the positive radiative forcing from quadrupling CO2 is

sensitive to radiative adjustments from both forcings. Radiative adjustments, which are

climate responses from an external forcing in the absence of surface warming that impact

Earth’s energy balance, as a result of reductions in cloud fraction had a dampening effect

on the reduction of the solar constant. This work informed how solar constant tuning,

which we used as a proxy for more realistic representations of solar geoengineering, can

produce changes in cloud fraction that impact planetary albedo and therefore the amount

solar forcing required to achieve energy balance.

Finally, we extend the work of the first two studies by defining and investigating po-

tential geoengineering radiative feedbacks in a transient solar geoengineering experiment

using CESM. We reduce the solar constant over time in an idealized geoengineering experi-

ment that maintains near-zero global mean surface warming in the wake of increasing CO2

and find a decreasing trend in optically thick tropical clouds. Reductions in cloud fraction

reduced planetary albedo, which further decreased the amount of solar forcing needed to

achieve the same net energy reduction at the surface, thus producing a positive radiative

feedback loop in absence of global mean surface warming. This work highlights the need

to understand potential feedbacks from realizable methods of solar geoengineering such as

stratosphere aerosol injections.

Keywords: geoengineering, climate sensitivity, energy budget, cloud feedbacks, radia-

tive forcing, earth system model
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Chapter 1

Introduction

1.1 Radiative Forcing & Feedback

The global climate is a system of energy 
ows. The Earth receives radiant energy from the

sun in the form of ultraviolet radiation and primarily emits energy back to space in the

form in infrared radiation. Over long timescales, the climate system relaxes toward these

two energy 
ows balancing each other, pushing the system to be in an equilibrium state

where the net radiative 
ux at Earth's top of atmosphere (TOA) is close to zero. Earth's

annual mean atmosphere energy budget is shown in Figure 1.1. The atmosphere acts as an

intermediary to the 
ux of radiation in both the shortwave (SW) and the longwave (LW)

wavelengths, where SW is categorized into radiation between 0.1 and 4 microns and LW

categorized as> 4 microns. The Earth's variable surface topography, clouds, and gaseous

absorbers (e.g., carbon dioxide (CO2), H2O) in the atmosphere all interact with radiation

in some form to augment the 
ows of radiant energy either through re
ection, absorption

and remission, or latent and sensible heat 
uxes (Kiehl and Trenberth, 1997).
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As noted in Figure 1.1, the atmosphere is more transparent to SW radiation reaching

the surface than LW radiation escaping to space. The Earth's atmosphere is more opaque

in the LW, meaning that less radiation is fully transmitted from the surface to space due

to the presence of gaseous absorbers and clouds, which fully absorb and re-emit radiation

along speci�c wavelengths in the LW. For example, the 15� m wavelength band is fully

opaque, where 100% of radiation is absorbed in Earth's atmosphere due to the presence of

CO2 (Hartmann, 2015). In contrast, the 8-14� m band, or \atmospheric window", is nearly

completely transparent to LW radiation in the atmosphere (see Figure 1.1). The vertical

distribution of temperature also impacts the total 
ux of thermal infrared radiation as

well where outgoing longwave radiation (OLR) approximately scales to the fourth power

of temperature.

In the SW, transmittance of radiation from the sun to the Earth's surface is impacted by

both absorption and scattering in the atmosphere. The optical depth of the atmosphere

is de�ned as the proportion by which it reduces an incident beam of solar radiation by

both the combination of extinction due to absorption and scattering. Clouds and gaseous

absorbers (e.g., water vapour) both contribute to the atmosphere's optical depth (see

\absorbed atmosphere" and \re
ected" in the yellow lines in Figure 1.1).

Changes to the 
ows of radiant energy in the climate system by the introduction of

an external agent is de�ned as radiative forcing (RF) (Ramanswamy et al., 1991). The

principle RF example is anthropogenic emissions of well mixed greenhouse gases (GHG)

such as CO2, methane (CH4), and nitrous oxide (N2O). Global emissions of GHG, measured

in tonnes of CO2 equivalent, reached 55� 5.2Gt in 2022 (Forster et al., 2023). In terms of

radiation, the e�ective radiative forcing (ERF) from all anthropogenic sources aggregated

over 1750-2022 was 2.91 W m-2 (� 0.72 W m-2, 5-95% con�dence interval).
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Figure 1.1: Schematic showing Earth's annual mean atmosphere global energy budget. Yellow
arrows denote shortwave radiation, red arrows denote longwave radiation, and the green arrow
denotes latent and sensible heat 
ux from thermals and evapotranspiration. This �gure was
adapted as shown here by Forster et al. (2021) and originally produced in Kiehl and Trenberth
(1997).

E�ective radiative forcing is de�ned as the total RF from an external agent, which

is comprised of both an instantaneous component and a radiative adjustment (Sherwood

et al., 2015; Hansen et al., 2005). The instantaneous component of the RF is the direct

radiative 
ux change as a result of changes in atmospheric composition (Figure 1.2a). In the

case of an increase in CO2 concentration, the instantaneous component, or instantaneous

radiative forcing (IRF), is the increase in downwelling LW 
ux towards the surface as a

result of absorption and remission from CO2. Observational evidence of the IRF from all
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historical forcing agents show that the radiative impact from increasing GHG emissions

has increased in the twenty-�rst century, where Kramer et al. (2021) estimated the total

historical IRF from 2003 to 2018 increased by 0.53� 0.11 W m-2. This result was not only

driven by increased GHG emissions, but also from a reduction in aerosol emissions as well.

Figure 1.2: Conceptual diagram comparing the atmosphere and surface response to perturbation
for a) the instantaneous radiative forcing (IRF), b) the e�ective radiative forcing (ERF), and c)
the full system response (atmosphere+surface). This �gure has been adapted from Figure 2 in
Hansen et al. (2005).

Studying Earth's radiation budget through analysis of RF has signi�cantly advanced

our understanding of both anthropogenic climate change and the climate system as a whole

(Wetherald and Manabe, 1975; Hansen et al., 1997, 2005; Zhang and Huang, 2014). The

taxonomy of RF has evolved to re
ect our scienti�c understanding as well. As noted

in the previous paragraph, the IRF is only one component of the total ERF. Radiative

adjustments, which are de�ned as the radiative 
ux from the total atmosphere response

after a forcing agent has been introduced (Figure 1.2b), are a key source of study as

well (Chung and Soden, 2015; Sherwood et al., 2015). Radiative adjustments occur from

changes in state variables that perturb atmosphere infrared opacity or planetary albedo.

Changes in clouds, air temperature, water vapour, and surface albedo all result in either

4



more or less radiation escaping to space, which alters Earth's TOA energy budget.

Earth system models (ESMs) are particularly useful for studying the RF of speci�c

climate forcers such as aerosols, GHGs, or land use change. With the ability to constrain

model components (e.g., the ocean), one can isolate speci�c responses from ESMs. By

de�nition, the ERF term excludes the surface response, which practically manifests in

academic study by �xing the ocean sea surface temperatures (SSTs) and sea ice variables

(Pincus et al., 2016). The atmosphere responds comparatively fast in relation to the

ocean, which has led to radiative adjustments being de�ned as \rapid" adjustments as

well (Gregory et al., 2004). Therefore, the ocean's response to forcing, which is on longer

timescales of years to decades to centuries, is de�ned as a feedback (Hansen et al., 1984;

Cess et al., 1990). Where there is no feedback (e.g. in a �xed-SST experiment design with

ESMs), net TOA 
ux 6=0 as the Earth's blackbody response (also known as the Planck

response) is constrained and OLR from the surface cannot increase without changes in

temperature (Figure 1.1, see \radiation emitted by surface", and Figure 1.2a & b).

When the surface is not constrained and is allowed to respond to external forcing,

changes in SSTs impact other variables such as clouds, air temperature, and surface albedo

that further perturb Earth's energy budget, which then feed back onto the surface (Figure

1.3). This forcing-feedback framework is a classic method of study with both ESMs and

other, simpler climate models that has been rigorously analyzed in climate science and

continues to inform our understanding of climate change today. For modelling global mean

surface temperature, the relationship between forcing and feedback is expressed linearly,

where the change in net TOA radiative 
ux from forcing is balanced over time by changes

in temperature (Gregory et al., 2004).
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Figure 1.3: Conceptual diagram showing forcing (left) and feedback (right) through their impact
on planetary albedo and atmosphere infrared opacity. This �gure has been adapted from Figure
1 in Sherwood et al. (2015).

The forcing-feedback framework has been used extensively to quantify uncertainty with

respect to climate sensitivity in ESMs. Climate sensitivity, or the amount of warming the

Earth would exhibit as a response to a positive ERF, is easily quanti�ed using the linear

framework. The most commonly used metric is warming as a response to an instantaneous

doubling of atmosphere CO2 concentration{ e�ective climate sensitivity (ECS) Charney

et al. (1979). The term \e�ective" in ECS as it is de�ned here is a deliberate reference to

the modelled linear relationship between radiative forcing and warming, where ESMs are

forced with an abrupt doubling or quadrupling of CO2 and then global, annual mean surface

warming when the system reaches equilibrium is estimated by linear regression Andrews

et al. (2012). Given this is an extrapolation, it is not representative of warming once an

ESM reaches true equilibrium Knutti et al. (2017). Furthermore, this simpli�ed approach

does not encompass all feedbacks and assesses warming on relatively shorter timescales

(centuries). Earth system sensitivity (ESS) is intended to be a more holistic term as it

accounts for feedbacks on longer timescales such as changes in vegetation, permafrost, ice
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sheets, and atmospheric chemistry (Knutti and Rugenstein, 2015). However, the feedbacks

incorporated into the de�nition of ESS span millennia that many ESMs do not explicitly

resolve. Therefore, e�ective climate sensitivity, while a simpli�cation, is still a useful

emergent property of ESMs that gives insight into both forcing and feedback as they have

been discussed thus far.

1.2 Geoengineering

Geoengineering is de�ned as deliberate manipulation of Earth's energy budget via an-

thropogenic means. The term is broad in scope and meant to capture a wide array of

proposed methods to modify radiant energy 
uxes (Figure 1.4). Sometimes referred to as

emergency climate intervention, the concept of purposeful human intervention of Earth's

energy budget is not a new one, as albedo modi�cation and various other concepts have

been suggested over the past 50 years (Caldeira and Bala, 2017). However, in the wake of

the 2016 Paris Agreement goals of limiting global, annual mean surface temperature rise

to < 2� C and pursuing e�orts to limit warming to < 1.5� C, geoengineering as a potential

means to o�set the positive ERF from increasing GHG emissions has received more atten-

tion from academia (this thesis being no exception). Geoengineering can be separated into

two categories| solar radiation modi�cation (SRM) and carbon dioxide removal (CDR).

CDR techniques encompass both technological means to remove CO2 from the atmosphere

such as direct air capture, as well as enhancement of natural carbon sinks such as refor-

estation and Biochar (Figure 1.4). In contrast, SRM techniques aim to reduce the amount

of direct SW radiation incident on the Earth from reaching the surface. There are some

other proposed geoengineering techniques that attempt to manipulate LW radiative 
ux

in the atmosphere such as modifying cirrus cloud opacity, which is neither CDR nor SRM
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(Mitchell and Finnegan, 2009).

Figure 1.4: Conceptual diagram showing an overview of potential geoengineering strategies.
Filled in black arrows indicate shortwave radiation, white arrow heads indicate enhancing natural

ows of carbon, dotted arrows indicate sources of cloud condensation nuclei (Lenton and Vaughan,
2009).

Two proposed SRM techniques that adapt on naturally occurring processes in Earth's

climate are stratosphere aerosol geoengineering (SAG) and marine cloud brightening (MCB)

(Latham et al., 2012; Rasch et al., 2008). MCB is an iteration on the naturally occurring

process of water droplets near the planetary boundary layer (PBL) nucleating on su�ciently

small enough aerosol particles to form cloud droplets, thus increasing the optical depth of

stratocumulous clouds (Latham, 1990). MCB would seed these clouds with aerosols to

produce more CCN of an e�ective radius, which would increase optical depth and there-
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fore planetary albedo. SAG's naturally occurring analogue is volcanic eruptions. The

1991 Mount Pinatubo eruption ejected approximately 20 Mt SO2 into the stratosphere,

which produced a transient negative ERF and o�set a portion of warming from greenhouse

gas emissions (Stenchikov et al., 1998). SAG would involve injections of SO2 into the

stratosphere to mimic this e�ect, albeit with speci�c targets and objectives in mind.

Of all proposed geoengineering techniques, research into the e�ectiveness, impacts,

cost, and technical implementation of SAG has progressed the most over the past decade

(Kravitz and MacMartin, 2020). Modeling studies using ESMs with SAG experiment

designs have provided some con�dence in its e�ectiveness to avoid more severe impacts of

climate change with sophisticated injection techniques (Tilmes et al., 2018; Kravitz et al.,

2017). However, there is also some level of con�dence in the trade o�s associated with SAG,

such as stratosphere ozone reduction (Tilmes et al., 2009). There is substantial uncertainty

as well given both the lack of a historical precedent, �eld research, and inherent knowledge

gaps and large uncertainty in our understanding of the climate system. Of particular

importance is the uncertainty in the e�ciency of SAG from an energy budget perspective,

where geoengineering e�ency (GE) is de�ned as the ERF, in W m-2, per some unit of

geoengineering (e.g., per Tg injection of SO2). Outside of the physical impacts, SAG also

presents a challenge in international governance as well due to its relatively inexpensive

cost compared to projected changes to GDP as a result of climate change, coupled with

its global scope (McLaren and Corry, 2021).

Some of the trade o�s with SAG and SRM more generally can be characterized sim-

ply by virtue that any adverse impacts from increased atmosphere CO2 concentration is

not addressed, such as ocean acidi�cation (Robock, 2008). From a governance perspective

alone, deployment of SRM could catalyze emissions intensive activities as the perceived

risk would be reduced. Furthermore, if any implementation of SAG is not strategic in its
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deployment to try and reduce the disparity of impacts, some developing regions may be

disproportionately impacted from either �rst order (e.g., air quality from aerosol depo-

sition), or second order (e.g., impacts on regional climate regimes). Reliance is another

note of caution for any implementation of geoengineering, where increased SAG alongside

GHG emissions would necessitate persistent and larger injections in order to prevent a fast

\termination" e�ect on Earth's climate (Jones et al., 2013). Notably, this risk assumes a

chronic increase in net GHG emissions throughout the deployment of some form of SRM.

From a geopolitical perspective, SRM could be used as a tool for targeted adverse regional

climate impacts should the implementation measures become more sophisticated. Lastly,

there may also be direct impacts on natural vegetation or agriculture from reduced SW

radiation reaching the surface (Robock, 2008). However, some research has speculated

that more di�usive radiation reaching the surface, coupled with the CO2 fertilization e�ect

on plants and its positive impact on net primary productivity, could o�set this (Glienke

et al., 2015). Vegetation impacts from SRM and CDR are still highly uncertain and model

dependent.
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Figure 1.5: Median projected surface temperature (left) and precipitation changes (right) by
the end of century for a climate with geoengineering (\with geo", subplot b) and without geo-
engineering under RCP8.5 (\no geo", subplot a and c). In this scenario, SRM is used to meet
Paris Agreement targets by 2100. The \with geo" simulation output here is produced from an
emulator trained on an ensemble of models participating in GeoMIP(MacMartin et al., 2018).

ESMs have been a cornerstone of solar geoengineering research with their ability to

simulate a wide variety of experiment designs. Figure 1.51 illustrates the potential for

1This �gure was extracted as is from its source publication. The precipitation colour bar unit is
incorrectly labelled as � C here, where it should be %
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modelling techniques to simulate target-based hypothetical scenarios where a mix of CDR

and SRM are deployed to meet Paris Agreement targets. The changes plotted in Figure

1.5 show similar spatial patterns of surface temperature (i.e. polar ampli�cation) and

hydrological cycle changes as a \no geo" simulation, but smaller in magnitude and satisfying

the Paris Agreement 1.5� C target. Here, SRM was simulated using an ensemble of ESMs

directly modifying the amount of incident SW radiation on Earth's atmosphere as proxy

for SAG. These \solar dimming" style experiments are useful as an accessible experiment

design for ESMs of varying complexity, as experiment designs with SAG need to consider

aerosol-cloud interactions, stratospheric chemistry, and prognostic treatment of aerosols

(Visioni et al., 2021a). Where more ESMs are able to run solar dimming experiments, a

larger ensemble size provides a more robust assessment of structural uncertainty embedded

within ESMs.

Model inter-comparison projects have been essential for both catalyzing solar geoengi-

neering research and providing a means to assess geoengineering impacts through inter-

model uncertainty. The Geoengineering Model Inter-comparison Project (GeoMIP) is a

standard set of experiments designed for modeling groups to run in order to facilitate

inter-model comparison of various proposed geoengineering solutions (Kravitz et al., 2011b,

2015). Designs ranged from simple, such as the G1 experiment where solar dimming o�set

a prescribed increase in CO2 (Figure 1.6a), to more realistic, such as the G6sulfur experi-

ment (Figure 1.6b) where injections of SO2 are prescribed to bring the ERF from Shared

Socioeconomic Pathway (SSP) tier 1 high forcing scenario down to that of a medium

emissions SSP scenario. While the G6sulfur experiment was related to policy relevant

experiments, the G1 experiment and G6Solar experiment are useful to understand geo-

engineering e�ciency from an energy budget perspective| particularly in the context of

radiative adjustments. Radiative adjustments and their impact on the global energy bud-
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get, as well as their potential to impact geoengineering e�ciency through changes in clouds,

temperature, water vapour, or surface albedo, are still poorly understood.

Figure 1.6: Three ESM geoengineering experiment designs from GeoMIP6. This �gure has been
adapted from Figures 1 and 2 in (Kravitz et al., 2015)

1.3 Research Goals

The overarching purpose of this thesis is to demonstrate how the conventional forcing-

feedback paradigm for analyzing feedbacks in the climate system using ESMs could be

adapted to quantify potential radiative feedbacks for geoengineering experiments. These

feedbacks, henceforth referred as geoengineering feedbacks, could advance our understand-

ing of forcing e�cacy for geoengineering techniques given their focus on TOA radiative bal-

ance, which has a �rst-order impact on surface temperature response. While the third and

�nal manuscript is primarily focused on addressing the overarching purpose, the chronol-

ogy of all three manuscripts build on top of one another with the methods, results, and
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conclusions that culminate in the �nal manuscript.

The research goals of this thesis are as follows:

1. Use conventional methods and climate model experiment design to understand how

radiative forcing and individual radiative feedbacks contribute to di�erences in cli-

mate sensitivity and surface warming between ESMs.

2. Understand the physical drivers of surface radiative feedbacks and how they impact

planetary albedo and atmosphere infrared optical opacity, and therefore energy bal-

ance.

3. Leverage the use of �xed-SST experiment design to quantify and di�erentiate ra-

diative adjustments from surface radiative feedbacks and how they in
uence TOA

energy balance, and therefore forcing e�cacy. Extend the analysis of adjustments to

assess solar forcing e�cacy as a proxy for geoengineering.

4. Develop a method for quantifying geoengineering radiative feedbacks in transient

dual-forcing experiments, where CO2 is incrementally increased and the solar con-

stant is decreased. Use this methodology to understand how geoengineering e�ciency

may evolve over time as a result of changes in planetary albedo.

Goals 1 & 2 are addressed in Chapter 2, goal 3 in Chapter 3, and goal 4 in Chapter 4.

These goals are revisited in Chapter 5 as part of concluding remarks.

1.4 Chapter Structure

This thesis is comprised of three manuscript chapters and two supporting chapters. Chapter

1 and 5 are the supporting introductory and conclusion chapters, respectively. Chapters
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2, 3, and 4 are the main body of thesis and contain three manuscripts that were published

or submitted to be published in academic journals. The manuscript chapters follow in the

chronological order that each manuscript was submitted for publication. Each manuscript

chapter is a self contained study and has been reformatted for this thesis document as

written for their respective journal. All references have been aggregated across the �ve

chapters into the references section. While each manuscript stands alone, the results and

conclusions drawn in the order that they are presented are a direct through-line to the

research goals of this thesis as outlined in the previous section.

Chapter 2, the �rst manuscript, is an analysis of radiative forcing and feedback between

two versions of the Canadian Earth System Model (CanESM) using idealized forcing exper-

iments. With respect to CanESM, this manuscript was an attribution study to understand

what was driving a large increase in ECS from CanESM2 to CanESM5. For this the-

sis, Chapter 2 is an analysis of CO2 forcing and surface temperature radiative feedbacks

in a warming climate. The supporting information document published alongside this

manuscript has been reformatted as Appendix A

Chapter 3 shifts the focus onto radiative forcing rather than feedback. Using the

�xed-SST experiment design with the Community Earth System Model, this manuscript

decomposes the IRF and radiative adjustments for idealized CO2 and solar forcings in

order to understand how rapid adjustments from solar constant tuning contribute to its

total ERF. Through the lens of geoengineering, this manuscript explores how the total

troposphere adjustment in idealized solar dimming experiments is driven by both CO2 and

solar forcing, which has implications for trying to model geoengineering in terms of energy

balance. The supporting information document published alongside this manuscript has

been reformatted as Appendix B.

Chapter 4 combines the thematic focus of the previous two manuscripts to assess geo-
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engineering feedbacks in transient solar dimming experiments. In contrast to the �xed-SST

con�guration of CESM used for Chapter 3, this study uses the full coupled con�guration

of CESM with an active ocean to simulate an idealized solar dimming experiment where

the solar constant parameter in CESM is dynamically adjusted every year to suppress

global mean surface warming in response to increasing CO2. This experiment is used to

quantify a new type of radiative feedback speci�cally for geoengineering experiments that

have multiple external forcings, as well as a spatially heterogeneous surface temperature

response. The version of this chapter submitted for publication has an appendix, which

has been reformatted here as Appendix C. Lastly, Chapter 5 discusses some limitations

of the methods used across all three manuscripts, as well as avenues for possible future

research.
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Chapter 2

Cloud Feedbacks from CanESM2 to

CanESM5.0 and their In
uence on

Climate Sensitivity

2.1 Overview

The newest iteration of the Canadian Earth System Model (CanESM5.0.3) has an E�ective

Climate Sensitivity of 5.65 kelvin, which is a 54% increase relative to the model's previous

version (CanESM2 - 3.67 K), and the highest sensitivity of all current models participating

in the sixth phase of the coupled model inter-comparison project (CMIP6). Here, we

explore the underlying causes behind CanESM5's increased ECS via comparison of forcing

and feedbacks between CanESM2 and CanESM5. We �nd only modest di�erences in

radiative forcing as a response to CO2 between model versions. We �nd small increases

in the surface albedo and longwave cloud feedback, as well as a substantial increase in
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the SW cloud feedback in CanESM5. Through the use of cloud area fraction output

and cloud radiative kernels, we �nd that more positive low and non-low shortwave cloud

feedbacks| particularly with regards to low clouds across the equatorial Paci�c, as well

as sub/extratropical free troposphere cloud optical depth| are the dominant contributors

to CanESM5's increased climate sensitivity. Additional simulations with prescribed sea

surface temperatures reveal that the spatial pattern of surface temperature change exerts

controls on the magnitude and spatial distribution of low cloud fraction response, but

does not fully explain the increased ECS in CanESM5. The results from CanESM5 are

consistent with increased ECS in several other CMIP6 models, which has been primarily

attributed to changes in shortwave cloud feedbacks.

2.2 Introduction

ECS, de�ned as the global, annual mean surface warming the Earth would exhibit as a

response to a doubling of CO2, is a frequently cited emergent property from simpli�ed

climate models (Charney et al., 1979), as well as modern Earth system models (Andrews

et al., 2012; Vial et al., 2013). The �rst estimates of ECS from two Earth system mod-

els ranged from 2.0 - 3.5 K (Charney et al., 1979). In the latest phase of the Coupled

Model Inter-comparison Project (CMIP6), the range of ECS from participating models

has widened (1.8 - 5.5 K), with the mean shifting towards higher values than the previous

phase of CMIP (3.2 to 3.7 K from CMIP5 to CMIP6) (Flynn and Mauritsen, 2020; Zelinka

et al., 2020). Inter-model spread of ECS is primarily attributed to radiative feedbacks on

the climate system- speci�cally with regards to cloud feedbacks, which are the primary

source of spread across models (Caldwell et al., 2016; Vial et al., 2013; Dufresne and Bony,

2008).
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Understanding cloud feedback uncertainty and its in
uence on the ECS of ESMs has

been an imperative of researchers in recent decades- particularly with regards to properties

such as cloud optical depth, which determine the amount of re
ected SW radiation and

thus help cool the planet (Vial et al., 2013; Tan et al., 2016; Zelinka et al., 2020; Bjordal

et al., 2020). SW cloud feedbacks can be separated based on latitude; middle latitude

SW cloud feedbacks are mostly negative from the optical thickening of clouds due to phase

transition towards liquid in ice/mixed phase clouds (Goosse et al., 2018; Senior and Ingram,

1989). In high latitudes, sea ice loss exposes the ocean surface and increases surface tur-

bulent 
uxes, and therefore humidity, which increases low level cloudiness (Goosse et al.,

2018). In low latitudes, the SW cloud feedback is robustly positive in both ESMs and

large eddy simulations (LES), owing to a reduction in the fraction and thickness of marine

shallow cumulus and stratocumulus clouds near the PBL (Bretherton and Blossey, 2014;

Bretherton et al., 2013; Ceppi et al., 2017). The physical mechanisms behind SW low cloud

feedbacks are tied to multiple thermodynamic, radiative, and dynamical processes- termed

cloud controlling factor (CCF) (Klein et al., 2017). Speci�cally, mechanisms favoring an

increase in low cloud fraction in baseline climatology regimes include stronger PBL tem-

perature inversions (Wood and Bretherton, 2006; Klein and Hartmann, 1993; Bretherton

et al., 2013), colder sea surface temperatures (SST) (Bretherton and Blossey, 2014), less

subsidence (Blossey et al., 2013), and increased free troposphere humidity (Van der Dussen

et al., 2015).

While the sensitivity of marine low cloud cover (LCC) to speci�c factors varies sig-

ni�cantly from model to model, di�ering sensitivities to SSTs have been identi�ed as a

explanatory factor for spread across ESMs (Qu et al., 2014). This link suggests the spa-

tial pattern of surface warming has important implications for low cloud responses (Rose

et al., 2014; Zhou et al., 2015), and therefore the SW cloud feedback and climate sensitivity
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(Andrews and Webb, 2018).

Here, we investigate the causes of increased climate sensitivity in the newest version of

the Canadian Earth System Model (CanESM), which is the highest of all models currently

participating in CMIP6 (Flynn and Mauritsen, 2020). We examine CanESM5's high ECS

particularly in relation to the previous model version that was contributed to CMIP5

(CanESM2). With a particular focus on decomposed cloud feedbacks, we quantify the

di�erences in both forcing and feedback between CanESM2 and CanESM5 in order to

establish a physical link for the shift in ECS. Lastly, we examine the spatial pattern of

warming in CanESM5 and its in
uence of both global mean and local cloud feedbacks as

a potential explanatory variable for CanESM5's high ECS.

2.3 Methods

2.3.1 Models

We compare two versions of CanESM in this study. CanESM2, the second generation earth

system model from the Canadian Centre for Climate Modeling and Analysis (CCCma), con-

sists of their fourth generation atmosphere model (CanAM4), land surface model (CLASS),

terrestrial carbon model (CTEM), CSM ocean model from the National Centre for Atmo-

sphere Research (NCAR), and ocean carbon model (CMOC) (von Salzen et al., 2013; Arora

et al., 2009; Zahariev et al., 2008; Arora et al., 2011; Gent et al., 1998). CanESM5 (Swart

et al., 2019), is the newest generation of the Canadian Earth System Model, uses an up-

dated version of CLASS (version 2.7 to 3.6.2) (Verseghy, 2000), CanNEMO for the ocean

model, which is based on NEMO3.4.1 (Madec, 2012), and Louvain-la-Neuve sea ice model

(LIM2) (Fichefet and Maqueda, 1997; Bouillon et al., 2009).
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The �fth generation atmospheric model (CanAM5) has the same horizontal resolution

as CanAM4 while increasing the vertical layers from 35 to 49 with majority of the ad-

ditional layers added to the upper troposphere and lower stratosphere. While there are

a number of improvements to radiative transfer, aerosol, and surface parameterization,

changes to cloud parameterizations are discussed brie
y given their direct potential con-

nection to cloud feedbacks. Ice cloud parameterizations in CanAM5 largely remain as in

CanAM4 (von Salzen et al., 2013) with the exception of adjustments to uncertain param-

eters. For liquid clouds, the primary change is autoconversion of cloud liquid to rain in

CanAM5, which now uses the parameterization of Wood (2005) instead of the parameter-

ization of Khairoutdinov and Kogan (2000) which was used in CanAM4. The change in

autoconversion parameterization includes the second indirect aerosol e�ect| a process not

considered in CanAM4 (von Salzen et al., 2013).

2.3.2 Forcing-Feedback Analysis

We consider energy balance at Earth's TOA using the following equation:

N = F + � � Ts (2.1)

Where N is net radiation imbalance (in Wm-2), F is the ERF due to that of an external

agent (e.g. CO2, in Wm -2), � Ts is the global, annual mean surface air temperature re-

sponse (in Kelvin), and� is the net Climate Feedback Parameter (in Wm-2K -1). Equation

2.1 assumes a linear relationship between radiation imbalance and surface temperature re-

sponse (i.e. a constant� ). Under this assumption, an earth system model with a stronger

(more negative)� term will reestablish energy balance with a smaller surface temperature

response than a weak� term. We calculate the net feedback parameter using pre-industrial
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control and abrupt-4xCO2 experiments for each version of CanESM. For CanESM2, we use

150 years of pre-industrial control and abrupt 4xCO2 coupled model output submitted to

the Earth System Grid Federation under run 1, initialization 1, and physics 1 (r1i1p1)

(Taylor et al., 2012). For CanESM5, we use the same experiments submitted for the core

CMIP6 experiment deck under run 1, initialization 1, physics 2, forcing 1 (r1i1f1p2) (Eyring

et al., 2016).

The surface temperature response after the system has reached equilibrium (N = 0

Wm-2) is de�ned as the Equilibrium Climate Sensitivity, which is typically measured un-

der a 2xCO2 ERF (ECS = � F=� ). We use the term \E�ective" above, as opposed to

\Equilibrium" Climate Sensitivity, given the linear assumptions in Equation 2.1, where

Equilibrium Climate Sensitivity is representative of warming once the system as reached

true equilibrium and does not require any form of statistical extrapolation (Knutti et al.,

2017). The extent that the linear approximation accurately represents both forcing and

feedback varies from model to model, where some models exhibit a more linear response

to CO2 than others (Andrews et al., 2012). A time varying net feedback parameter has

been- at least partially- attributable to di�erences in model timescale and magnitude of

\rapid adjustments" in the climate system, where quick tropospheric climate response to

CO2 modi�es TOA energy balance (Smith et al., 2018; Forster et al., 2013; Sherwood et al.,

2015).

We consider the in
uence of rapid adjustments by diagnosing the ERF using two distinct

methods. First, we use an ordinary least squares linear regression between TOA radiation

imbalance (N ) and surface temperature response (�Ts) in abrupt 4xCO2 experiments,

where the extrapolated y-intercept of the regression line equals 2x the ERF (ERFg, Gregory

et al. (2004)). Second, we use 30 year �xed sea surface temperature experiments (piClim-

control and piClim-4xCO2) submitted to the Radiative Forcing Model Inter-comparison

22



Project (RFMIP) (Pincus et al., 2016). The ERF is calculated as the TOA radiation

delta in 30 year annual mean �xed sea surface temperature experiments (ERFh), where

one experiment uses pre-industrial control CO2 and the other uses abrupt 4xCO2 (Hansen

et al., 2005; Pincus et al., 2016). Under the ERFh de�nition, both tropospheric and

stratospheric rapid adjustments from clouds, air temperature, water vapour, and surface

albedo are included along with CO2.

Using the Gregory regression method, we obtain the net feedback parameter as the slope

of the regression line. Furthermore, we quantify the ECS for an abrupt 2xCO2 forcing as

the extrapolated x-intercept of the regression line divided by two. We consider the net

feedback parameter as the linear sum of individual radiative feedbacks within the climate

system:

� = � p + � lr + � wv + � a + � c + Re (2.2)

Where the net feedback parameter is made up of contributions from the Planck (� p), lapse

rate (� lr ), water vapour (� wv ), surface albedo (� a), and cloud (� c) feedbacks. A residual

term is also included (Re) in order to account for nonlinearities. We use a combination

of the radiative kernel and Gregory regression methods to diagnose individual radiative

feedbacks (Block and Mauritsen, 2013; Soden and Held, 2006). Speci�cally, we use six

sets of radiative kernels to calculate TOA 
uxes for temperature, water vapour, and sur-

face albedo responses (Soden et al., 2008; Block and Mauritsen, 2013; Shell et al., 2008;

Pendergrass et al., 2018; Huang et al., 2017; Smith, 2018). Then, each 
ux is linearly re-

gressed against global, annual mean surface air temperature response for 150 years, where

the slope of the regression line is considered the feedback value (in Wm-2K -1). We use the

clear sky linearity test to validate the accuracy of each radiative kernel (Shell et al., 2008),

where the sum of all clear sky feedbacks is compared against the net clear sky climate feed-

back parameter as estimated using the Gregory regression technique with clear sky TOA
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ux. Three radiative kernels passed the clear sky linearity test (relative errors of less than

10%) (Figure A.1), which are used to calculate an ensemble kernel mean for all feedbacks.

The three sets of kernels that passed the clear sky linearity test are derived from: the

Geophysical Fluid Dynamics Laboratory (GFDL) ESM (Soden et al., 2008), the Hadley

Centre Global Environment Model (HadGEM) (Smith, 2018), and from a combination of

the ERA-interim reanalysis data set and the Rapid Radiative Transfer Model (RRTM)

(Huang et al., 2017).

2.3.3 Cloud Feedbacks

Cloud feedbacks cannot be calculated via the standard radiative kernel method due to

nonlinearities associated with cloud vertical overlap (Soden et al., 2008). We estimate cloud

feedbacks using two methods- the adjusted cloud radiative e�ect (CRE) and cloud radiative

kernel method. The CRE response is de�ned as the di�erence between clear and total sky

radiative 
uxes. We adjust the CRE for the e�ects of environmental masking from other

feedbacks using clear sky radiative kernels (Soden et al., 2004). The CRE 'adjustment'

using clear sky radiative kernels takes into account di�erences in temperature and water

vapour between a clear and cloudy atmosphere to isolate the radiative perturbation from

clouds. We also account for the masking e�ect of CO2 forcing by using a globally uniform

proportionality constant of 1.16 between clear and total sky CO2 forcing (Chung and Soden,

2015). After adjusting the CRE, the cloud 
ux response is regressed similarly to noncloud

feedbacks, where the slope of the regression line equals the cloud feedback. This method

is performed twice to yield a value for both the SW and LW cloud feedbacks.

We use cloud radiative kernels and cloud area fraction output from the International

Satellite Cloud Climatology Project (ISCCP), produced from the Cloud Object Simulator
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Package (COSP) (Bodas-Salcedo et al., 2011) in CanESM2 and CanESM5, to diagnose

cloud feedbacks for di�erent cloud top pressures and optical depths (Zelinka et al., 2012a).

Speci�cally, we calculate a cloud area fraction response, relative to a pre-industrial control

climatology, for every year, grid point, optical depth, and cloud top pressure bin for each

year in the abrupt 4xCO2 simulation. Then, cloud radiative kernels are applied to the cloud

area fraction response to derive TOA 
ux perturbations. Similar to noncloud feedbacks,

each point is then linearly regressed against global, annual mean surface air temperature

response over 150 years, where the slope of the regression line is equal to the feedback

value.

In this study, we consider low clouds as having their tops� 680 hPa and non-low clouds

with tops � 680 hPa. A key limitation of COSP output is the potential obscuring of low

clouds via shift in the distribution of high cloud fraction (Zelinka et al., 2018). We account

for the obscuring of low clouds via normalizing low cloud fraction by upper level clear-sky

fraction as in Scott et al. (2020). Using this method, non-obscured low cloud responses are

weighted by the area fraction not covered by high clouds.

To further separate cloud feedbacks into contributions from cloud altitude, optical

depth, and amount components, we utilize the re�ned decomposition technique as in

Zelinka et al. (2016). Using this method, cloud kernels are decomposed into individual

components for cloud amount, optical depth, altitude, and residuals, while cloud area frac-

tion anomalies are resolved into contributions from altitude/optical depth shifts and total

amount separately. For a full mathematical breakdown of this decomposition, see Ap-

pendix B in Zelinka et al. (2013) and the supplemental information document from Zelinka

et al. (2016).

For CanESM2, only 40 years of cloud area fraction data (years 1-20 & 120-140) were

available in the abrupt-4xCO2 simulation. To test the impact of sample size on our results,

25



we subsample the output from the CanESM5 abrupt-4xCO2 simulation for the same time

periods as are available from CanESM2 (years 1-20 & 120-140) and �nd highly similar

results to those obtained from the full 150 years (Figure A.2). Furthermore, we �nd very

similar results for LW and SW cloud feedback components from CanESM2 and CanESM5

computed using the radiative kernel method and the adjusted-CRE method (Figure A.3).

This provides con�dence that both methods are accurately capturing the pattern and

magnitude of cloud feedbacks in these models.

2.4 Results

2.4.1 E�ective Climate Sensitivity & Radiative Forcing

We begin by quantifying net feedback, forcing, and ECS for CanESM2 and CanESM5

(Figure 2.1a). Relative to CanESM2, CanESM5 has a weaker net feedback parameter (-

0.64 Wm-2K -1) and higher ECS (5.65 K), meaning that ECS has increased by 54% between

CanESM version 2 and 5. For comparison, we also show the model range of ECS for both

CMIP5 and 6 using horizontal lines below the x-axis in Figure 2.1a, illustrating the high

ECS in CanESM5 relative to all other CMIP6 models (Flynn and Mauritsen, 2020). Both

versions of CanESM exhibit a strong linear relationship between surface air temperature

and net TOA 
ux (correlation coe�cients are 0.92 and 0.95 for CanESM2 and CanESM5,

respectively). For some ESMs, the in
uence of a time-varying climate feedback parameter,

which could be roughly separated into a \fast response" period in the �rst few decades

and a weaker (less negative) feedback over the latter century, had a signi�cant in
uence

on model's ECS values calculated via the Gregory technique (Andrews et al., 2015). Here,

the strong linearity for both versions of CanESM suggests any lack of robustness in the
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Gregory technique is not a primary cause of the ECS increase in CanESM5.

We now turn to the di�erent components of the forcing-feedback framework to elucidate

any changes in either forcing, or feedback, and their in
uence on ECS. We compare the

ERF for CanESM2 and CanESM5 via two methods. The ERFg is determined by the

y-intercept of the Gregory regression plots (�lled in circles on the y-axis in Figure 2.1a).

The ERFg is 7.21 and 7.54 Wm-2 for CanESM2 and 5, respectively. For comparison, we

also show the ERFh as estimated using �xed-SST simulations submitted to RFMIP (open

squares). The ERFh is 7.34 for CanESM2 and 7.60 Wm-2 for CanESM5. Both methods

produce very similar estimates of ERF| within � 5%| which strongly suggests that the

change in ECS between CanESM2 and 5 is not explained by a change in radiative forcing.

However, it is worth noting that we do not investigate the role of the land surface response

in the �xed-SST experiments and its impact on the ERF. Given only the SSTs are �xed,

some of the warming over land is aliased into the ERFh values for both CanESM2 and

CanESM5. Still, the results here show that, even if there is a substantial di�erence in

land surface warming between model versions in the RFMIP experiments, the ERF is still

largely unchanged from CanESM2 to CanESM5. We next decompose the net feedback

parameter for both models to elucidate the any potential di�erences in the strength of

radiative feedbacks.

2.4.2 Radiative Feedbacks

Planck, lapse rate, water vapour, surface albedo, and cloud TOA feedbacks are shown in

Figure 2.1b. Planck and lapse rate plus water vapour feedbacks are roughly equal between

CanESM2 and CanESM5. The surface albedo feedback is more positive in CanESM5,

showing an increase of 0.05 Wm-2K -1 over CanESM2, which is primarily due sea ice loss
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over the Arctic (Swart et al., 2019), as well as a consistently more positive snow albedo

feedback over polar land surfaces (not shown).

Lastly, cloud feedbacks increase in CanESM5| primarily in the SW; the result is a

more positive net cloud feedback (+0.34 Wm-2K -1 relative to CanESM2). The net feed-

back (sum of all individual feedbacks) is also shown in Figure 2.1b to demonstrate the

strong agreement the sum of kernel derived net feedback parameter (�lled circles) and the

net feedback parameter obtained from the Gregory regression technique (�lled triangles).

Strong agreement between both methods indicate that kernel ensemble mean is accurately

capturing the extent of net TOA 
ux perturbation as outputted directly from the models.
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Figure 2.1: a) Net TOA radiation plotted against global, annual mean surface air temperature
change in abrupt-4xCO2 simulations for CanESM2 (blue) and CanESM5 (red). Standard 150
year Gregory regressions using net top-of-atmosphere radiative 
ux (adjusted by a preindustrial
150 year annual mean control climate) are conducted, where the x-axis intercept of the regression
line divided by two is de�ned as the ECS, and the y-axis intercept is de�ned as the ERF. For
comparison, the ERF, as calculated using �xed SST AMIP style runs, is shown for both versions
of CanESM via the open squares along the y-axis. Bars below the x-axis denote the model range
x2 for ECS for both CMIP5 & CMIP6 (Flynn and Mauritsen, 2020). b) Global, annual mean
top of atmosphere radiative feedbacks calculated using radiative kernels (in Wm-2K -1). From left
to right, feedbacks are listed as Planck+2 (a value of 2 was added for display purposes to better
illustrate di�erences in the other feedbacks), lapse rate plus water vapour, surface albedo, cloud,
and net feedback. For comparison, we also show the net climate feedback value obtained using
the standard Gregory regression approach (�lled triangles), as well as the CMIP6 model range
(Zelinka et al., 2020)

We �nd our results in line with literature assessing causes behind similar increases in

ECS observed by many modelling centres participating in CMIP5 and CMIP6 (Flynn and

Mauritsen, 2020; Zelinka et al., 2020; Gettelman et al., 2019; Andrews et al., 2019; Golaz

et al., 2019). The LW cloud feedback is positive for both versions of CanESM| increasing

by 0.06 Wm-2K -1 from CanESM2 to 5 (Figure 2.1b). CanESM2 exhibits a negative SW

cloud feedback (-0.21 Wm-2K -1), while in CanESM5 the SW cloud feedback has become
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weakly positive (0.06 Wm-2K -1), indicating an absolute di�erence of 0.27 Wm-2K -1 (Figure

2.1b).

We quantify each individual feedback and forcing change (in terms of ECS increase) in

Table 2.1. While the SW cloud feedback exhibits the largest di�erence between CanESM2

and CanESM5, both the surface albedo feedback and the LW cloud feedback o�er non-

negligible contributions to CanESM5's high ECS. The SW cloud feedback is the cause of

at least half of the ECS increase from CanESM2 to CanESM5 (1.08 K), followed by the

LW cloud and surface albedo feedbacks, respectively. Notably, There is a 3% error between

the kernel ensemble-derived and model ECS values (Figure A.1). As a result, we do not

consider the small contributions from the Planck, and lapse rate + water vapour changes

as they are close to these error bounds (Table 2.1). Furthermore, despite the strong linear

relationship between net TOA radiation and global, annual mean surface air temperature

response for both version of CanESM (Figure 2.1a), the regression derived ERF model

di�erence is opposite sign of the ERF di�erence calculated from �xed-SST experiments

(Figure 2.1a).

Given the importance of the cloud feedback in explaining the change in ECS from

CanESM2 to 5, we devote the rest of this article to investigating the causes of this change

by further decomposing both the SW and LW cloud feedbacks into their altitude, optical

depth, and amount components. Although the change in net LW cloud feedback is small,

we will demonstrate in the following section that this is due to compensating di�erences

in individual components.
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Table 2.1: Contributions of each component in the forcing-feedback framework to CanESM5's
increased ECS (in kelvin). Individual contributions from feedbacks were calculated by substi-
tuting in feedback values from CanESM5 into CanESM2 and recalculating ECS, then taking
the di�erence between CanESM5's ECS and the recalculated ECS. Relative contributions in
parenthesis are de�ned as the percentage of each value of the di�erence between CanESM5 and
CanESM2s ECS (1.98 K). This process was repeated for all individual feedbacks, as well as the
ERF.

.

ERF Planck LR + WV Surface

Albedo

LW Cloud SW Cloud

-0.08 0.04 0.08 0.34 0.39 1.08

(-4.59 %) (1.96 %) (3.85 %) (17.30 %) (19.8 %) (54.38 %)

Decomposition

The SW cloud feedback arises due to changes in cloud amount and/or optical properties.

Cloud optical thickness is dependent on water path and cloud droplet size distribution

(Slingo, 1989). The phase composition of clouds (liquid, ice, or mixed) is linked strongly to

their optical thickness due to liquid droplets and ice crystals having di�erent characteristic

size distributions, where clouds composed of predominantly smaller liquid droplets tend

to be more re
ective (Pruppacher and Klett, 1980). As a result, regions where cloud

composition consists entirely of liquid droplets, or are mixed phase, tend to exhibit higher

albedo. In terms of feedbacks, cloud phase and amount changes have been identi�ed as an

explanatory factor to ECS spread in ESMs (Tan et al., 2016; Zelinka et al., 2016). Thus,

we now decompose the cloud feedbacks using cloud radiative kernels and ISCCP simulator

output for each version of CanESM following the methods described in Zelinka et al.

(2012a,b) to investigate individual cloud feedback processes. We apply the decomposition
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separately to low and non-low clouds.

In Figure 2.2, we decompose LW and SW cloud feedbacks into contributions from

changes in cloud optical depth, cloud altitude, and cloud amount. The LW total cloud

feedback is dominated by contributions from non-low clouds (Figure 2.2a), with small

negative contributions from low clouds (Figure 2.2b). Changes in cloud optical depth or

amount have little radiative in
uence for low clouds given low cloud top temperatures are

close to that of the surface, resulting in similar outgoing longwave radiation (i.e. little

greenhouse e�ect). Furthermore, particularly for CanESM2, the strong non-low LW feed-

back is largely o�set by a negative SW feedback of comparable magnitude. For CanESM2,

contributions to the LW feedback are comparable for optical depth and amount feedbacks|

with largest contribution coming from altitude. The altitude feedback arises from cloud

temperature dependent emission properties, and therefore operates predominantly in the

longwave for non-low clouds. Tropical free troposphere clouds rise and maintain cooler

cloud top temperatures relative to the surface, thereby becoming more e�cient at trap-

ping outgoing longwave radiation (Zelinka and Hartmann, 2010; Gettelman and Sherwood,

2016). For CanESM5, the net non-low LW feedback is approximately equal to CanESM2,

albeit with a di�erent decomposition makeup. Speci�cally, CanESM5 has a more positive

LW altitude and optical depth feedback. However, these increases are o�set by a weaker

cloud amount feedback. For low clouds, the LW feedbacks are all small in magnitude. The

residuals (yellow) are similarly small in both models (Figure 2.2), indicating that nonlinear

processes are less important for understanding the changes between models.
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Figure 2.2: Global, annual mean decomposed cloud feedbacks for CanESM2 & CanESM5.
Feedbacks are partitioned into both LW and SW contributions from cloud amount (blue), cloud
altitude (red), optical depth (green), and residual (orange) terms, for non-low (panel a) and low
clouds (panel b). Low cloud feedbacks are also separated via non-obscured and obscuration terms
in black bars in panel b. For contributions smaller than 0.01 Wm-2K -1, text values were omitted
for the sake of clarity.

In the SW, both models exhibit strong negative feedbacks for non-low clouds and strong

positive feedbacks for low clouds (Figure 2.2). The negative non-low cloud shortwave feed-

back is driven by an increase in cloud amount and optical depth with warming. This result

is consistent with both modelling and theoretical understanding of non-low cloud responses

to warming. Speci�cally, an increasing number of liquid droplets relative to ice crystals

gives rise to more mixed phase clouds, as well as increases the proportion of liquid to ice

in existing mixed phase clouds, resulting in an higher optical depth (Senior and Ingram,

1989), and a positive relationship between mid latitude cloud liquid water content and

the slope of the moist adiabat as the troposphere warms (i.e. a function of temperature)

(Betts, 1987). For low clouds, the SW is dominated by a strong positive amount feedback
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