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Climate change poses an existential threat. In this dissertation, I explore the uncertain-

ties within, atmospheric changes due to, adaptations for, and mitigation pathways to avoid

catastrophic warming. I begin with an analysis of extreme warming in Global Climate Model

simulations into 2300, continue to an analysis of Washington State energy assistance policy

in a warming world, and end with a coupled economic-climate model to bridge the topics of

atmospheric science and climate policy. I find that prioritizing the reduction of fossil fuel

emissions rather than scaling carbon capture technologies provides the best chance of avoid-

ing local- to global-scale climatological changes. Ultimately, future research must prioritize

equity in climate modeling to better guide us to a greener future.
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Chapter 1

INTRODUCTION

As we exceed 1.2°C warming since pre-Industrial, stopping future warming requires almost

complete cessation of emissions (Forster et al., 2024). In this dissertation, I explore the

uncertainties within (Poletti et al., 2024b), atmospheric changes due to (Poletti et al. (2024a),

Chapter 2), adaptations for (Chapter 3), and mitigation pathways to avoid (Chapter 4)

catastrophic warming. I begin with an analysis of extreme warming in Global Climate Model

(GCM) simulations into 2300, continue to an analysis of Washington State energy assistance

policy in a warming world, and end with a coupled economic-climate model to bridge the

topics of atmospheric science and climate policy. Ultimately, my graduate research has led

me to a variety of topics: the physical climate system and the carbon cycle, complex GCMs

and simple globally averaged models, traditional atmospheric science and state-level policy

research. Within the surface-level dissonance of these topics lies a through line: a deeper

understanding of our climate futures and what we must do to equitably transition into a

green future.

1.1 Understanding Future Warming and Carbon Budgets

The Intergovernmental Panel on Climate Change (IPCC), the leading body on climate

change research, gives us a 50% (66%) chance of avoiding 1.5°C warming by 2100 if cumulative

CO2 emissions are held below 580 (420) GtCO2 (Rogelj et al., 2018). Recent studies have

found that the remaining carbon budget as of 2023 is 250 GtCO2 for a 50% chance of avoiding

1.5°C warming (Lamboll et al., 2023).

Estimating the carbon budget is essential for strategic climate policy to avoid exceedance.

The transient climate response to emissions (TCRE) is used to estimate the carbon budget

(Matthews et al., 2009):



2

TCRE =
∆T

ECO2

(1.1)

where TCRE warming per unit of cumulative carbon emissions, ∆T is the temperature

anomaly and ECO2 is the cumulative carbon emissions. Uncertainties in the carbon budget

are primarily caused by uncertainties in TCRE (Rogelj et al., 2018) which are primarily due

to the contribution of non-CO2 emissions (Williams et al., 2020; Jenkins et al., 2021), equi-

librium climate feedbacks (the amount of excess radiation absorbed per degree of warming;

Williams et al. (2020)), and the carbon cycle (Friedlingstein et al., 2006; Mengis et al., 2018).

Therefore, constraining estimates of climate feedbacks is essential to precisely estimate the

remaining carbon budget.

1.2 Uncertainties in Climate Feedbacks

One tool to between understand the climate system and its uncertainties are model

intercomparison projects, in which several different climate models are run using the same

experiments. The Coupled Model Intercomparison Project Phase 6 (CMIP6) includes over

100 models which couple atmosphere, ocean, land, and ice interactions (Eyring et al., 2016).

These general circulation or global climate models (GCMs) are highly sophisticated and run

using supercomputers at over 50 modeling centers. Experiments such as abruptly increasing

CO2 concentrations from Pre-industral, increasing CO2 concentrations by 1% each year, or

experiments which hold surface ocean temperature constant are used to calculate different

statistics about our Earth system, such as equilibrium climate sensitivity, transient climate

sensitivity, and the effective radiative forcing.

The climate feedback parameter, a measure of absorbed excess radiation per degree warm-

ing, is typically estimated using abrupt-CO2 change experiments, wherein CO2 concentra-

tions are abruptly increased from pre-Industrial levels of approximately 280 ppm (and remain

stable for 150 years). Using abrupt-CO2 simulations, we can regress the globally averaged

top-of-atmosphere (TOA) radiation (RTOA) against the near surface temperature (Gregory

et al., 2004):



3

RTOA(t) = F + λT (t) (1.2)

whereRTOA is the top-of-atmosphere radiative anomaly, T is the near-surface air temperature

anomaly, F is the effective radiative forcing (abbreviated as ERF), and λ is the climate

feedback parameter. To estimate equilibrium warming, we can calculate the effective climate

sensitivity (EffCS) as the temperature when excess TOA radiation reaches zero:

EffCS = T (R = 0) =
−F

λ
(1.3)

In contrast to the transient climate response, EffCS is the measure of warming only once

the planet has equilibrated, which occurs on the centennial to millennial scale. However,

the effective climate sensitivity across GCMs is largely correlated with transient warming

(Grose et al., 2018) as well as warming by 2100 (Sherwood et al., 2020), and thus is another

important statistic in constraining the carbon budget. Additionally, uncertainty in both

EffCS and TCRE is caused by the climate feedback parameter (Zelinka et al., 2020; Williams

et al., 2020).

In Poletti et al. (2024b), we compare the climate feedback parameter and EffCS calcu-

lated from abrupt-CO2 quadrupling experiments (approximately 1120 ppm; abrupt-4xCO2)

to those calculated from abrupt-CO2 doubling experiments (approximately 560 ppm; abrupt-

2xCO2) using data from the Coupled Model Intercomparison Project Phase 6 (CMIP6).

Though abrupt-4xCO2 simulations are typically used to calculate EffCS, abrupt-2xCO2 sim-

ulations more closely align with new future warming: in 2022, the global atmospheric CO2

concentration was approximately 418 ppm which is 50% higher than pre-Industrial (Friedling-

stein et al., 2022).

Additionally, it is known that the EffCS estimated using abrupt-4xCO2 experiments

(EffCS4x) is larger than that estimated using abrupt-2xCO2 experiments (EffCS2x) even

when dividing EffCS4x by a factor of two to account for its forcing being approximately twice

that of abrupt-2xCO2 (Meraner et al., 2013; Good et al., 2015; Gregory et al., 2015; Mitevski

et al., 2021; Bloch-Johnson et al., 2021). This fractionally-larger warming at higher forcing

levels can arise from higher EffCS due to more-positive cloud (Bloch-Johnson et al., 2021) or
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water-vapor feedbacks (Meraner et al., 2013), and/or the ERF scaling non-logarithmically

with CO2 concentration (Byrne and Goldblatt, 2013; Etminan et al., 2016; Mitevski et al.,

2022). In contrast, the TCRE is thought to be path-independent (Zickfeld et al., 2012).

However, recent literature has questioned the path-independence of TCRE due to a lag in

the sequestration of CO2 by the ocean and land (Winkler et al., 2024). Similarly, Poletti

et al. (2024b) finds that differences in EffCS4x and EffCS2x are in part due to ocean heat

uptake.

In Poletti et al. (2024b), we normalized the EffCS4x by the model-specific ERF and found

two GCMs(CESM2 and MRI-ESM2-0) out of a 10-model ensemble remained significantly

colder at abrupt-2xCO2 than abrupt-4xCO2 (both in terms of transient warming and EffCS;

Figure 1.1a). The difference in EffCS4x and EffCS2x in these models could not be explained

by the mechanisms above. Using a linear energy balance model,

d

dt
(C(t)× T (t)) = F + λT (t) = RTOA(t) (1.4)

where C is the effective heat capacity of the Earth and t is time, we calculated what per-

centage of the difference in EffCS4x and EffCS2x corresponded with the climate feedback

parameter or with the effective heat capacity. We found that in models where experienced

disproportionate Atlantic Meridional Overturning Circulation (AMOC) in abrupt-2xCO2

(which was the case in CESM2 and MRI-ESM2-0) declined by more than 50% of the de-

cline in abrupt-4xCO2 models, the effective heat capacity was a significant factor in warming

differences (Fig 1.1d-f). AMOC decline impacted both the climate feedback and the heat

capacity in these models, through an increase in low clouds and depth of heat storage in the

Atlantic Ocean. Poletti et al. (2024b) provides insight into uncertainties in the climate feed-

back parameter from cloud effects (which are the largest source of uncertainty in estimates

of the climate feedback parameter; e.g., Zelinka et al. (2020)) and justification for the use

of abrupt-2xCO2 simulations in projecting warming by 2100. However, uncertainties in the

climate system are outweighed by uncertainties in how economic choices will impact 2100

warming.
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1.3 Shared Socio-Economic Pathways

CMIP6 sought to constrain scenario uncertainty through the Shared Socio-Economic

Pathway (SSPs) experiments. The SSPs are defined by their socio-economic storylines (la-

beled 1 through 5 with increasing climate mitigation and adaptation challenges) and the in-

crease in radiative forcing compared to pre-Industrial (from 1.9 W/m2 to 8.5 W/m2; O’Neill

et al. (2016)). SSP1 is a “green growth paradigm” in which net-zero targets are prioritized

and international cooperation occurs whereas SSP5 (called “fossil-fueled development”) in

which emissions are not mitigated despite economic development.

These socio-economic storylines are modeled using Integrated Assessment Modeling (IAMs).

Parameters on climate mitigation and adaptation challenges as well as economic parameters

such as an increasing gross domestic product are input into the IAM, which outputs the sub-

sequent emissions. The concentrations resulting from those emissions are input into GCMs

which output climatological fields such as temperature. CMIP6 simulations typically run to

2100, however there are a set of extended SSP runs (which continue to 2300) are are exam-

ined in Chapter 2. While there are scenarios such as SSP1-4.5 which presume low challenges

to climate mitigation but high warming (or SSP5-1.9, which presumes high challenges to cli-

mate mitigation but low warming), CMIP6 chose a subset of SSP scenarios which are called

“standard pathways.” The standard pathway scenarios include SSP1-1.9 and SSP5-8.5; the

emissions pathways in SSP1-1.9 are used throughout Chapter 4 while Chapter 2 analyzes

the SSP5-8.5 extension run.

1.4 Negative Emission Technologies and Deemphasizing Economic Growth

Certain SSP scenarios seem implausible; as in, how can a world with major challenges to

climate mitigation maintain excess radiative forcing to 1.9 W/m2 (SSP5-1.9)? Negative emis-

sions technologies (NETs) are technologies which reduce CO2 emissions from the atmosphere

and subsequently sequester the CO2 or reuse it as an energy source. SSP scenarios depend on

NETs to reach warming targets. In fact, even the coldest SSP scenario, SSP1-1.9, takes up

more than 15 GtCO2 year using NETs in 2100. IAMs reconcile indefinite economic growth

(seen though monotonically increasing gross domestic product, GDP) with net-zero emis-
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sions targets by employing negative emissions technologies. Ultimately, NETs are necessary

because the SSPs don’t consider climate futures which are agnostic to increasing economic

consumption.

However, not only is GDP a poor indicator of human wellbeing, there are massive in-

equalities in consumption across the globe which are not rectified in SSP scenarios. Energy

inequality exists in every SSP scenario across regions (Rao et al. (2019), Cuaresma (2017),

Figure 4.1) and within regions (Chapter 3 discusses the unequal impacts of energy insecurity

in Washington State under climate change). The average American uses 3 to 4 times more

energy than the global average person and approximately 15 times more than the decent

living standard (Milward-Hopkins et al., 2020). Increases in consumption in high GDP na-

tions lead to increasingly marginal increases in wellbeing; in contrast, low GDP nations see

huge gains in wellbeing from small increases in energy access (Rao and Min, 2018; Milward-

Hopkins et al., 2020; Vogel et al., 2021). Therefore, there may exist climate futures where the

redistribution of current energy usage maximizes wellbeing, without depending in indefinite

economic growth. In fact, less than half of our current energy demand is necessary to provide

a decent standard of living for everyone by 2050 (Rao and Min, 2018). These scenarios are

called agrowth, degrowth, or low energy demand scenarios.

This dissertation will discuss the climatological impacts of extreme warming (Chapter

2), the inequities in energy assistance within Washington state as heat wave risk increases

(Chapter 3), and finally the temperature projections of low energy demand scenarios in

comparison to scenarios dependent on negative emissions technologies (Chapter 4).
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Chapter 2

ATMOSPHERE AND OCEAN ENERGY TRANSPORT IN
EXTREME WARMING SCENARIOS

Adapted from: Poletti, A., Frierson, D., Aerenson, T., Nikumbh, A., Carroll, R., Henshaw,

W., and Scheff, J. (2024a). Atmosphere and Ocean Energy Transport in Extreme Warming

Scenarios. PLOS Climate

2.1 Introduction

CO2 concentrations are higher than in 10 million years (Tripati et al., 2009). Industry-

induced changes to atmospheric compositions have already drastically changed our climate

through extreme weather events (Baker et al., 2018; Clarke et al., 2022), such as heat ex-

tremes (Bartusek et al., 2021; Tripathy et al., 2023), severe droughts, and heavy precipitation

(Karmalkar and Bradley, 2017; Haile et al., 2020). Further, the CO2 which has already been

emitted will remain in the atmosphere for millennia (Archer, 2016; Clark et al., 2016; Lyon

et al., 2021). Long-term consequences of high CO2 concentrations include ice sheet melt and

sea level rise, which will continue to increase for many centuries (Fox-Kemper et al., 2021),

while temperatures stay high and other climate impacts persist (Lee et al., 2023). Yet, global

climate model (GCM)-based investigations into future climate change typically stop at the

end of the 21st century.

CMIP5 (Coupled Model Intercomparison Project Version 5) (Vuuren et al., 2011; Mein-

shausen et al., 2011) had the first scenarios with emissions and concentrations extended to

2300, known as the Extended Concentration Pathways (ECPs). The ECPs were used in

Chapter 12 of the Working Group 1 contribution to the IPCC 5th Assessment report (AR5)

(Collins et al., 2013), most prominently in a section on climate change beyond 2100. Most

of the ECP8.5 experiments analyzed in AR5 were run using Earth-System Models of Inter-

mediate Complexity (EMICs) (Zickfeld et al., 2013; Jahn and Holland, 2013; Meehl et al.,
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2012). Global-mean temperature and Atlantic Meridional Overturning Circulation (AMOC)

at 30°N were analyzed for the few fully-coupled GCMs as well as the ECPs. Within GCMs,

the global temperature increases by 4 to 15 K and the AMOC at 30°N decreases by a factor

of 2 to 6 in RCP8.5 extension experiments in Collins et al. (2013), in 2300 as compared with

the pre-Industrial climate.

Other work using the high radiative forcing ECPs has highlighted some unique aspects

of the very high temperature climates. For studies of sea ice, this includes annually ice-free

conditions in the Arctic (Hezel et al., 2014; Drijfhout et al., 2015); and mechanisms of abrupt

Arctic winter sea ice loss (Bathiany et al., 2016; Hankel and Tziperman, 2001). Another focus

of prior work was the lack of abrupt changes in the AMOC, despite a diversity of changes in

strength across models (Weaver et al., 2012). For the CMIP6 data solicitation the Scenario

Model Intercomparison Project (ScenarioMIP) requested fully coupled runs of a new high-

emissions scenario called the shared socio-economic pathway 5 with 8.5 W/m2 at 2100 (SSP5-

8.5) to be simulated to the year 2300 (hereafter referred to as SSP5-8.5ext)(O’Neill et al.,

2016). In Section 4.7.1.2 of the Working Group 1 contribution to the IPCC 6th Assessment

Report (AR6), the SSP5-85ext simulations are studied, showing global temperature ranging

from 9-17°C above pre-Industrial, global land precipitation increasing by 0.3-0.6 mm/day,

and no September Arctic sea ice (Fox-Kemper et al., 2021).

This study examines the SSP5-8.5ext extreme warming scenario from three different

CMIP6 climate models, with simulations integrated until 2300. In particular, we focus on

the poleward transport of heat in the much warmer climate and on related variables such

as temperature, humidity, precipitation, radiation, and circulation in the atmosphere and

ocean. Since water vapor increases rapidly with temperature, we hypothesize large increases

in the poleward transport of latent energy within midlatitudes, and equatorward transport

within the tropics (Pierrehumbert, 2002; Held and Soden, 2006). Increased latent energy

flux may result in weakened equator-to-pole temperature gradients, which would decrease

the poleward transport of dry static energy and potentially weaken eddies (Frierson, 2007).

Many previous studies have suggested the usefulness of diffusion of moist static energy to

understand changes in atmospheric heat transport in different climate regimes (Frierson,



10

2007; Flannery, 1984; Hwang and Frierson, 2010; Roe et al., 2015; Siler et al., 2018; Armour

et al., 2019). Large weakening of eddies would likely imply large decreases in diffusivity,

which is not always included in energy balance models.

An additional factor of importance is the response of the ocean circulation to increasing

temperature. Since the AMOC plays an important role in determining temperature gradients

at a global scale (Kang et al., 2015; Lin et al., 2019), there will likely be interactions among

the AMOC, temperature gradients, and dynamics. Wind-driven ocean circulation responds

to changes in tropical and midlatitude surface winds associated with processes such as the

poleward expansion of the tropics (Seidel et al., 2008), the poleward shift of midlatitude

eddies (Staten and Reichler, 2014), and changes in strength of the Hadley cell (Hu et al.,

2018; Vecchi and Soden, 2007), among other phenomena.

This paper is organized as follows: Section 2.2 describes the model simulations used in

this study. In Section 2.3 we begin by showing, first, changes in temperature, humidity and

net precipitation, along with the atmospheric circulation, which helps to explain aspects of

the precipitation changes in both the tropics and the extratropics, and second, an analysis

of how the poleward transport of energy changes in the warmed climate, including moist

and dry static energy, and ocean heat transport. We additionally examine the role of cloud-

radiative effects and midlatitude eddy intensity, arguing that both cloud effects and eddy

intensity are important for determining how energy is transported. In Section 2.4 we further

discuss our results and state conclusions.

2.2 Methods & Models

The SSP5 set of scenarios represents intense development across the world, powered by

fossil fuels (O’Neill et al., 2016). The SSP5-8.5 scenario in particular reaches very large

radiative forcing of approximately 8.5 W/m2 by 2100 (Figure 2.1a), higher than any other

scenario. By 2100 in SSP5-8.5, CO2 concentrations are 1135 ppm, and CO2 makes up 82%

of the radiative forcing in SSP5-8.5 at 2100 (Figure 2.1b) (Meinshausen et al., 2011). It

is generally thought that the emissions in the RCP8.5 scenario were unrealistically large

given the recent trajectory of energy across the world (Hausfather and Peters, 2020), and
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the SSP5-8.5 scenario is probably similarly unlikely during the 21st century. It should be

noted however that all SSP and RCP scenarios (extension or not) are concentration-forced,

not emissions-forced. This means that each concentration pathway could be generated with

a different emissions pathway, and a larger or smaller than expected carbon cycle response.

In SSP5-8.5ext, emissions ramp downwards from 2100 levels to zero in 2250, for fossil

CO2 and non-CO2 emissions. Land-use related non-CO2 emissions are held steady at 2100

values, and land-use CO2 emissions are ramped up to zero by 2150. The other two extension

scenarios in CMIP6, SSP1-2.6 and SSP5-3.4-OS, involve large mitigation efforts, so the SSP5-

8.5ext scenario is the only high radiative forcing scenario run past 2100 in ScenarioMIP.

The SSP5-8.5ext scenario in 2300 has 2162 ppm CO2 (≈ 12.5 W/m2 radiative forcing),

1112 ppb CH4 (0.2 W/m2 radiative forcing), and 410 ppb N2O (0.4 W/m2) (Figure 2.1a).

Land-use forcing is -0.2 W/m2 and other forcing agents, including aerosols, F-gases, and

tropospheric ozone have absolute value less than 0.1 W/m2. The total radiative forcing of

13.0 W/m2 in 2300 is thus almost exclusively due to CO2. The ECP8.5 scenario from CMIP5

had a slightly larger total forcing in 2300, with more forcing from methane, and a different

time dependence. In this study, we focus on the SSP5-8.5 simulations only.

There are three models that have run the SSP5-8.5ext simulations: CanESM5, from

the Canadian Centre for Climate Modeling and Analysis (Swart et al., 2019), MRI-ESM2-0

(Yukimoto et al., 2019), from the Meteorological Research Institute, and IPSL-CM6A-LR

(Boucher et al., 2020), from the Institut Pierre-Simon Laplace. Fan et al. (2020) compares

an ensemble of 16 GCMs to three periods of observed historical warming trends (°C/decade)

from 1901 to 2014. This analysis found that CanESM5 and IPSL-CM6A-LR overestimate

warming trends from 1941 to 2014, which could indicate an overly large sensitivity to radia-

tive forcing in these two models. MRI-ESM2-0 underestimates warming trends from 1941 to

1970 and overestimates warming trends from 1971 to 2014. All three models approximately

reproduce historical warming trends from 1901 to 1940. Much of our analysis consists of

comparison among three climate states. The first time period is the simulated pre-Industrial

climate (piControl), where the atmospheric constituents are set to 1850 levels. We average

over the final 100 years of the piControl simulation to avoid simulation drift during earlier
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portions while the model is equilibrating. The second time period is the average of the years

2076-2100 in the SSP5-8.5 simulations, henceforth referred to as the “intermediate period,”

and the third time period is from 2276-2300 of the SSP5-8.5ext, which we call the “hot

period.” The intermediate period of SSP5-8.5 has been widely studied both in comparison

with the piControl climate, and with the other members of the ScenarioMIP suite of simu-

lations (Tebaldi et al., 2020; Narsey et al., 2022), hence the intermediate period is a useful

comparison point for the “hot period,” which experiences extreme warming.

2.3 Results

2.3.1 Basic Climatological Fields

a. Surface Temperature

Global averaged 2-meter surface air temperature change is plotted for each model in

Figure 2.1b. The globally-averaged temperature change in these three models in the in-

termediate and hot period, as well as the percentage of total warming that occurs by the

intermediate period is shown in Table 2.1 and Figure 2.1b. Roughly half of the total warm-

ing occurs by the intermediate period, and models with more warming experience a smaller

fractional change pre-2100.

The equilibrium climate sensitivities to doubling CO2 of CanESM5, IPSL-CM6A-LR, and

MRI-ESM2-0, calculated using the method derived by Gregory et al. (2004), and compiled

for CMIP6 by Meehl et al. (2020), are 5.6°C, 4.6°C, and 3.2°C, respectively. The transient

climate responses for CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0 are 2.8°C (Swart et al.,

2019), 1.96°C (Boucher et al., 2020), and 1.64°C (Meehl et al., 2020), respectively. The

ratio between the hot period anomalous temperature change and the equilibrium climate

sensitivity are close to 3 for each model; the TCR has a less consistent relationship with the

hot period warming, which is expected since the models have been at a stable forcing for

more than a century by the end of the run (Figure 2.1a). The ratio of radiative forcing in the

hot period (13.0 W/m2) to the forcing of doubling CO2 (3.7 W/m2) is 3.5, which suggests

that the hot period warming is slightly less than would be expected from a linear, equilibrium

response to the radiative forcing. From Figure 2.1b, it is clear that all three models are still
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warming in 2300, despite the near-constant forcing over the previous century.

The 2-meter surface air temperatures averaged over the hot period are shown in Fig 2

alongside their anomalies from pre-Industrial and the percentage of the total change that

occurs during the simulation happens during the 21st century,

=
∆Tintermediate

∆Thot

× 100% (2.1)

In the right-hand column of Figure 2.2, blue coloration indicates regions where there

is more warming between the intermediate period and the hot period than occurs between

the pre-Industrial and intermediate periods (and vice-versa for red coloration). The plots

are presented in descending order of climate sensitivity: CanESM5, IPSL-CM6A-LR, and

MRI-ESM2-0. In each model there are regions where the annual mean temperature over

tropical continents exceeds 40°C in the hot period, and in CanESM5, nearly the entire

tropics exceeds 40°C in the annual mean. In CanESM5, tropical warming happens more

between the intermediate period and the hot period, as indicated by the blue colors in

Figure 2.2g. In IPSL-CM6A-LR, tropical heating occurs approximately equally before and

after 2100 (Figure 2.2h). Whereas, in MRI-ESM2-0, tropical heating occurs primarily before

the intermediate period, as shown by the red coloring in Figure 2.2i. In the hot period in

CanESM5 and IPSL-CM6A-LR, the 0°C annual average contour only exists over Antarctic

and Greenland ice sheets (the topography of which is prescribed). MRI-ESM2-0 also has a

small region below freezing in the Himalayas.

The middle column of 2.2 shows the temperature anomaly during the hot period, com-

pared to the piControl climatology. The changes are greatest for each model in the Arctic,

which is consistent with the polar amplification that has been widely studied (Washington

and Meehl, 1996; Holland and Bitz, 2003; Serreze et al., 2009). In CanESM5 and IPSL-

CM6A-LR the Arctic warming exceeds 30°C, and in MRI-ESM2-0 it gets as high as 25°C. In

each model the average warming north of 60°N is 26.5°C, 23.7°C, and 16.2°C for CanESM5,

IPSL-CM6A-LR, and MRI-ESM2-0 respectively. The Arctic warming of each model is be-

tween a factor of 1.5 and 1.75 greater than the global average, with MRI-ESM2-0 having the

strongest Arctic amplification ratio of 1.74, then IPSL-CM6A-LR with 1.69, and CanESM5
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Global Mean Temperature Anomaly

Model Intermediate Period [K] Hot Period [K] Percentage [%]

CanESM5 8.13 17.5 46.5

IPSL-CM6A-LR 7.10 14.0 50.7

MRI-ESM2-0 4.95 9.3 53.2

Table 2.1: Globally Mean Temperature Anomaly. The temperature anomaly [K] in the in-

termediate period, hot period, and the percentage of warming that has occurred by the

intermediate period.

has the lowest amplification ratio of 1.51. In each model, more than half of the Arctic

warming occurs by 2100 (Figure 2.2g-i). Namely, the impact of Arctic amplification is most

prominent before 2100, likely due to substantial sea ice loss by 2100 (Washington and Meehl,

1996; Holland and Bitz, 2003; Serreze et al., 2009). Ono et al. (2022) showed that the rate

of sea-ice loss with increasing temperature is non-monotonic in SSP5-8.5 because once the

sea-ice extent is sufficiently small, the loss rate is lower than occurs in a cooler climate (even

with greater amounts of warming).

Outside of the Arctic, the greatest warming is seen over subtropical land areas, with

temperature changes that are often 50% higher than the global average warming in each

model. CanESM5 shows particularly large warming over Southern Africa, Australia, and

equatorial South America, with temperature changes that are 70% larger than the global

mean. Equatorial South America has a rather different temperature change across the three

models. There is variability across these models regarding when land warming occurs. In

CanESM5, the pronounced warming over Southern Africa and Australia occurs primarily

between the intermediate and hot periods. In IPSL-CM6A-LR, the warming over Southern

Africa, Australia, and equatorial South America occurs nearly equally before and after the

intermediate period. Finally, in MRI-ESM2-0, warming over those three regions occurs

primarily before the intermediate period.
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b. Surface Humidity

Figure 2.3 shows the surface specific humidity anomalies for the hot period and the

percentage of the total change that occurs by the intermediate period. The specific humidity

is shown in units of Kelvin (which is converted by multiplying by the ratio of latent heat of

vaporization of water and the specific heat at constant pressure of air). This convention has

greater utility for use in interpreting moist static energy (MSE) which we examine later in

the paper.

The tropical specific humidity more than doubles in CanESM5 and IPSL-CM6A-LR and

increases by a factor of 1.6 in MRI-ESM2-0. In CanESM5 and IPSL-CM6A-LR, globally

the majority of specific humidity changes occur after 2100 (Figure 2.3d-f), in part due to

nonlinearity in the Clausius-Clapeyron relation. Exceptions to this include the Atlantic

Ocean east of Greenland in CanESM5 and IPSL-CM6A-LR, parts of west and central Africa

in CanESM5, and parts of the tropics and Northern Hemisphere (NH) land in MRI-ESM2-0,

in which there are larger changes in the intermediate period.

In all three models, the spatial pattern of the percentage change in specific humidity that

occurs prior to 2100 is similar in structure to that of surface temperature in regions outside of

the Arctic. In CanESM5 and IPSL-CM6A-LR, the Southern Hemisphere sees more warming

in the hot period than the intermediate period (blue coloration in Figure 2.2g-i), which

contributes to larger increases in specific humidity in the Southern Hemisphere in the hot

period. While the Arctic warms more in the intermediate period than the hot period (red

coloration in Figure 2.2g-i), the specific humidity changes occur mostly in the hot period (in

CanESM5) or equally in either period (IPSL-CM6A-LR); this is due to the nonlinearity of

the Clausius-Clapeyron equation under the very large Arctic temperature changes.

Figure 2.4 shows the relative humidity anomalies of the hot period and intermediate

periods relative humidity anomalies from pre-Industrial for the hot period, the intermediate

periods, and as well as the difference between the hot and intermediate period. The surface

relative humidity change is characterized by small increases over most ocean areas in each

model (Figure 2.4). Exceptions to this are in the Arctic, where relative humidity decreases

in each model.
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The relative humidity changes above land masses are very different from model to model.

The IPSL-CM6A-LR model shows substantial drying over nearly all continental regions

by 2300. This drying occurs primarily before the intermediate period, especially in the

Arctic and the Amazon. CanESM5 has even larger relative humidity changes over some

land locations like the Amazon and the Congo Rainforest but has increasing humidity over

Arctic and some tropical locations. The drying in the Amazon occurs primarily before the

intermediate period, while the majority of drying in the Congo Rainforest occurs after 2100.

The relative humidity change in the MRI-ESM2-0 model is qualitatively similar to that of

CanESM5 with significantly less amplitude change. It is expected that global warming causes

declines in relative humidity over land (Sherwood and Fu, 2014; Byrne and O’Gorman, 2016,

2018; Lee et al., 2023). Specific humidity over land tends to increase proportionately to

specific humidity over ocean; thus, the percent increase in specific humidity with climate

change is controlled by ocean warming, which is smaller than land warming (Sherwood and

Fu, 2014; Byrne and O’Gorman, 2016).

Figure 2.5 displays the zonal mean of specific and relative humidity, comparing the hot

period to pre-Industrial. Specific humidity in the Arctic increases by a much larger fraction

than in the tropics. In latitudes greater than 60°N, average moisture increases by factors of

5.1, 4.4, and 2.9 for CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0 respectively. The large

increase in Arctic moisture content can be explained by the large Arctic warming observed

in all three models, since the relative humidity in Figures 2.4 and 2.5 show a slight decrease.

c. Precipitation

Precipitation minus evaporation (net precipitation) patterns are shown in Figure 2.6. The

three columns display net precipitation anomalies for the hot period from pre-Industrial, the

intermediate period from pre-Industrial, and the hot period from the intermediate period

(left to right). Precipitation changes are characterized by a wet-get-wetter pattern that

is familiar in global warming scenarios, in which precipitation increases in ascent regions

such as the deep tropics, and along the Kuroshio, Gulf Stream, and decreases in subtropical

descent regions (Held and Soden, 2006). Nearly all locations in the polar regions of both
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Figure 2.3: Maps of the Specific Humidity Anomaly (a, b, c) Anomalies of surface specific

humidity relative to pre-Industrial, and (d, e, f) the percent change from the intermediate

period to the hot period, calculated as the ratio of the surface specific humidity anomaly in

the intermediate period and the anomaly in the hot period.
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Figure 2.5: Zonally Averaged Specific and Relative Humidity. (a) The specific humidity (la-

beled “huss”) and (b) relative humidity (labeled “hurs”) zonal means, for the hot period

(solid) and pre-Industrial (dashed).

hemispheres show increases in precipitation. Many subtropical areas experience drying, as

do locations on the equatorward edge of the midlatitude storm track, which is in line with the

multi-model-mean precipitation patterns taken during the first century of the ScenarioMIP

runs (Fan et al., 2020). Poleward shifts of circulation, which are analyzed in the next

subsection, in part determine the subtropical drying. Drying in sub-Saharan Africa occurs

preferentially between the intermediate and hot periods for all models (Figure 2.6). In

particular, the drying in tropical Africa between the intermediate and hot periods suggests

that the more familiar CMIP wetting response in this region (e.g. between the pre-Industrial

and intermediate periods in Figure 2.6) is not fundamental, corroborating the general lack

of confidence in this wetting (Yang et al., 2014; Giannini et al., 2018).

There are several areas with significant model-to-model differences in the pattern of

precipitation. Equatorial Africa moistens in IPSL-CM6A-LR while it dries or exhibits more

complex patterns in the other two. These precipitation changes over land explain some of the

differences in the surface relative humidity changes. The Atlantic Inter-Tropical Convergence

Zone (ITCZ) also exhibits a southward shift in the MRI-ESM2-0 model. While the magnitude

of net precipitation changes are roughly equal before and after the intermediate period,
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changes near the ITCZ occur differently across the models. In CanESM5, north of the

Pacific ITCZ has a positive net precipitation anomaly in the intermediate period, but a

negative anomaly between the intermediate period and the hot period. Similar areas of

drying north of the ITCZ in the later period can be seen in the other two models as well.

d. Atmospheric Circulation

The zonally-averaged streamfunction in pre-Industrial (black contours) and the hot pe-

riod anomaly from pre-Industrial (colors) is plotted in Figure 2.7a-c. The zonally-averaged

streamfunction at 500hPa for the pre-Industrial (dotted), the intermediate period (dashed),

and the hot period (solid) is plotted in Figure 2.8. The change in the zonally-averaged

streamfunction has a complex structure, due to distinct physical processes occurring at dif-

ferent heights and latitudes. In each of the three models, there are streamfunction changes

associated with the increase in tropopause height (Hu and Vallis, 2019), the weakening of

the Hadley cells (Vecchi and Soden, 2007), and the widening of the Hadley Cells (Lu et al.,

2007).

The increased depth of the Hadley cells can be identified by the positive anomaly above

the NH Hadley cell, and the negative anomaly above the Southern Hemisphere (SH) Hadley

cell (these anomalies occur between approximately 300 and 100 hPa and between 30°S and

30°N; 2.7a-c). The maximum Hadley circulation strength in the hot period is 55%, 57%,

and 85% in the NH compared to the maximum in pre-Industrial, and 73%, 84% and 82%

in the SH compared to pre-Industrial, in CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0,

respectively. However, the changes to the NH and SH Hadley cells occur at different times.

The decrease in SH Hadley cell (and the SH Ferrel cell) strength occurs predominantly

between the intermediate and hot period for all models, while the decrease in the NH Hadley

cells occurs both before and after the intermediate period (Figure 2.8).

We measure the Hadley cell width as the boundary between the Hadley and Ferrel cells at

500 hPa, which is calculated as the latitude at which the 500 hPa meridional streamfunction

crosses zero for the first time between the equator and the pole. Time series of the Hadley cell

boundaries in the NH and SH are shown in Figure 2.9, both as a function of year and of global
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temperature change. The SH tropical expansion is as large as 5.4 degrees in the CanESM5

model, and is relatively similar as a function of global warming across the three models

(Figure 2.9). The NH Hadley Cell extent, on the other hand, shows significant variability

across models, and even within a single time series. In CanESM5, the NH Hadley cell extent

vacillates between the years 2100 and 2200 (Figure 2.9), before contracting to below pre-

Industrial values. From Figure 2.8, it is clear that the zero crossing of the streamfunction

in CanESM5 is less well-determined in the hot period, in that there is a range of latitudes

near 30 degrees that are close to zero streamfunction. This ambiguity in the Hadley Cell’s

northern extent in CanESM5 may be a factor in the variability in the NH Hadley Cell

boundary after 2100 in Figure 2.9. Other studies have proposed possible mechanisms for an

insignificant NH Hadley cell width change, including enhanced equatorial warming reversing

seasonal Hadley Cell expansion (Zhou et al., 2019), dynamic processes due to sea ice loss

and ocean heat transport (Chemke et al., 2019), or a large change in natural variability

(Grise et al., 2019). A more detailed analysis of the large-scale circulation in CanESM5 and

other extreme warming scenarios is required to fully understand the mechanisms involved

in NH Hadley Cell contraction. IPSL-CM6A-LR, by contrast, exhibits large NH tropical

widening, even more than its SH tropical widening (in final extent and in rate of expansion;

Tables 2.2-2.3). The larger SH Hadley Cell expansion in CanESM5 and MRI-ESM2-0 (when

compared to the NH) is consistent with previous literature (Watt-Meyer et al., 2019).

Time series of the Ferrel Cell boundary in the NH and SH as well as the SH stormtrack

latitude are shown in Figure 2.10, both as a function of year and of global temperature change.

The boundary between the Ferrel Cell and the Polar Cell also expands with warming in each

model (Figure 2.10). In every model there is greater expansion of the NH Ferrel Cell than

the NH Hadley cell, which is especially pertinent in CanESM5, where the NH Hadley cell

boundary shrinks equatorward, while the NH Ferrel cell boundary expands poleward. The

absolute location of the SH Polar-Ferrel boundary, however, is always at higher latitude than

the NH boundary; however, both the SH and NH Polar-Ferrel boundaries approach a limit

in their poleward extent. Barnes and Hartmann (2012) postulate that there is a poleward

limit to cyclonic wave breaking in midlatitude jets and that the SH jets have already reached
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Hadley-Ferrel Boundary Polar-Ferrel Boundary ITCZ Stormtrack

CanESM5 -0.14 ± 0.08 / -2.0 ± 0.05 1.6 ± 0.1 / -0.71 ± 0.02 -1.6 ± 0.07 3.0 ± 0.16 / -2.6 ± 0.05

IPSL-CM6A-LR 1.7 ± 0.05 / -1.0 ± 0.03 2.9 ± 0.5 / -0.55 ± 0.04 -0.77 ± 0.07 3.1 ± 0.20 / -1.3 ± 0.06

MRI-ESM2-0 0.37 ± 0.05 / -0.90 ± 0.03 0.87 ± 0.19 / -0.38 ± 0.13 -0.87 ± 0.11 0.16 ± 0.08 / -0.78 ± 0.06

Table 2.2: Latitudinal Changes in the Hadley-Walker Circulation. The Latitudinal change

in the Hadley-Ferrel Boundary, Ferrel Cell Boundary, ITCZ, and jetstream location in degrees

per century. The first value is for the NH and the second value is for the SH (except for

the ITCZ which has one location in the NH). The Hadley-Ferrel and ITCZ locations were

found by interpolating for subgrid zeros in the 500hPa streamfunction. The outer Ferrel Cell

boundary was found by interpolating for subgrid zeros in the zonally averaged zonal wind.

The stormtrack was found by interpolating for subgrid zeros in the numerical derivative of

surface zonal wind with respect to latitude. Values which do not have a p-value less than

0.05 are italicized. All of the regressions are over on yearly averages.

this extent. This is consistent with the lesser poleward motion we see in the SH Polar-Ferrel

boundary compared to that in the NH.The bottom row of Figure 2.7d-f shows the zonally

averaged zonal wind anomalies. The jet stream, defined by the maximum in zonal wind,

rises along with the tropopause, decreasing in pressure by 50 to 100 hPa, with a larger rise

in the models that warm more. Changes in zonal wind below the tropopause are on the

order of several m/s, representing large fractional changes in wind strength especially near

the surface. The large poleward shift of the SH jet streams are consistent with the time

series of the SH stormtrack, measured as the maximum surface zonal wind, which shows a

decrease in latitude between approximately 3.0 and 7.5°(Figure 2.10).

All three models produce an equatorward shift of the ITCZ in the warm period. Based

on surface wind convergence in the piControl runs, the ITCZ is at 2.8-4.5°N. By 2300, the

convergence shifts to approximately 1.2-2.6°N. The vast majority of the equatorward shift

of the ITCZ occurs after 2100, especially in CanESM5 where the ITCZ shifts more than

3 degrees northward by 2100 and 4° southward after. The changes in ITCZ location are

consistent with the changes in tropical precipitation seen in Figure 2.6 and described above.
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Hadley-Ferrel Boundary Polar-Ferrel Boundary ITCZ Stormtrack

CanESM5 -0.01 ± 0.01 / -0.32 ± 0.01 0.27 ± 0.02 / -0.12 ± 0.003 -0.23 ± 0.01 0.50 ± 0.02 / -0.41 ± 0.01

IPSL-CM6A-LR 0.34 ± 0.01 / -0.20 ± 0.01 0.58 ± 0.03 / -0.11 ± 0.01 -0.14 ± 0.01 0.63 ± 0.04 / -0.26 ± 0.01

MRI-ESM2-0 0.12 ± 0.01 / -0.27 ± 0.01 0.29 ± 0.06 / -0.11 ± 0.04 -0.24 ± 0.04 0.05 ± 0.02 / -0.23 ± 0.02

Table 2.3: Latitudinal Changes in the Hadley-Walker Circulation against Warming. The

Latitudinal change in the Hadley-Ferrel Boundary, Ferrel Cell Boundary, ITCZ, and jet-

stream location against global mean temperature anomaly (degrees/K). The first value is for

the NH and the second value is for the SH (except for the ITCZ which has one location in

the NH). See table 2 for methods. All values included have a p-value of less than 0.05. All

of the regressions are over yearly averages.

Figure 2.8: Time Evolution of the 500hPa Streamfunction. The streamfunction (1010 kg/s)

at 500hPa for CanESM5 (a, red), IPSL-CM6A (b, green) and MRI-ESM2-0 (c, blue). The

solid lines represent the hot period, the dashed lines represent the intermediate period, and

the dotted lines represent the pre-Industrial period.
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Figure 2.9: Time Evolution of the Hadley-Ferrel boundaries and ITCZ locations. (a, b, c)

The 30-year running mean NH and SH Hadley-Ferrel Boundary location and ITCZ location

versus time, and (d, e, f) global mean temperature anomaly from 1850 to 2300. The time

and zonally averaged pre-Industrial values are denoted by an X. In the time series figures

(top row), the historical data (1850-2015) are denoted by the dashed lines, while the SSP-Ext

runs (2015-2300) are denoted by the solid lines. In the temperature anomaly figures (bottom

row), the time-mean historical data is denoted by a circle.
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Figure 2.10: Time Evolution of the Polar-Ferrel boundaries and SH Stormtrack locations.

The 30-year running mean of (a, d) the NH Polar-Ferrel Cell boundary, (b, e) the SH

Polar-Ferrel Cell boundary (c, f) and the SH storm track location versus time (top row), and

versus the global mean temperature anomaly (bottom row) from 1850 to 2300 . The time

and zonally averaged pre-Industrial values are denoted by an X. In the time series figures

(top row), the historical data (1850-2015) are denoted by the dashed lines, while the SSP-

Ext runs (2015-2300) are denoted by the solid lines. In the temperature anomaly figures

(bottom row), the time and time-mean historical data is denoted by a circle. The piControl

stormtrack latitudes for CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0 are 48.7S, 48.8S, and

47.9S respectively.
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2.3.2 Poleward Energy Transport

a. Latent Energy, DSE, and MSE Transport

The northward transport of latent energy is plotted for both pre-Industrial control and

the end of SSP5-8.5ext in Figure 2.11a. Since the moisture content increases by such a large

amount with warming, it is not surprising that the latent energy transport also amplifies

quite a bit. In the SH extratropics, for instance, the maximum southward flux increases

from less than 3 PW to over 4 PW in each model, with larger increases in models with more

temperature change.

The CanESM5 model has a 3 PW increase in southward latent energy transport at

55° S (Figure 2.12a). In the NH extratropics, the maximum northward latent heat transport

increases by 1-1.8 PW, depending on the model. At 45°N, poleward of its initial extratropical

maximum, the northward latent energy flux in the CanESM5 model increases by 2 PW. In

both the NH and SH extratropics, the latent heat transport increases more on the poleward

side of the maximum than the equatorward side. The latitude of maximum poleward flux

shifts poleward in both hemispheres in each model, and the fractional increase in flux reaches

a factor of 3-4 in regions poleward of the flux maximum, as compared with 40-100% increase

of the maximum value itself. These moisture transport changes are consistent with the large

increases in precipitation at high latitudes in each model.

The equatorward latent energy transport within the tropics in the pre-Industrial con-

trol is driven by the Hadley circulation. Despite large increases in humidity in the deep

tropics, the equatorward transport in the NH tropics does not increase much, meaning the

decrease in Hadley cell strength (Figure 2.7) nearly compensates. The SH tropical trans-

port increases more, especially in the IPSL-CM6A-LR model, but the reduction in Hadley

circulation strength also reduces the magnitude of the equatorward moisture flux change.

The northward transport of MSE is plotted in Figure 2.11b, and its change in Figure

2.12b. The structure of the transport is similar in pre-Industrial and warmed climate, with

poleward transport in both hemispheres. The poleward transport increases in all models,

but with varying magnitudes. The increase in poleward flux is especially large in CanESM5

(maximum change of 1.7 PW), and small in MRI-ESM2-0 (maximum change 0.6 PW). IPSL-
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CM6A-LR shows the most asymmetric increase between NH and SH, with an average of twice

the increase of poleward MSE flux in the SH as in the NH. The average fractional increase in

poleward MSE transport in the SH extratropics is 35% in CanESM5, 25% in IPSL-CM6A,

and 10% in MRI-ESM2-0.

In each model, there is a part of the high northern latitudes where the poleward MSE

transport decreases. This feature is most prominent in MRI-ESM2-0. Hwang et al. (2011)

argued that models with lesser flux increase into the Arctic were more likely to have stronger

polar amplification, due to a diffusive response to high latitude warming causing a diminished

energy flux into the Arctic. We return to this Arctic feature later in the paper.

In the NH, the CanESM5 model experiences a large equatorward shift of the maximum

MSE flux, of approximately 10 degrees latitude, while the other two models keep the same

latitude of maximum northward flux. The maximum in the SH in the CanESM5 model also

shifts equatorward by a slightly smaller amount, while the MRI-ESM2-0 and IPSL-CM6A-

LR models have a slight poleward shift. The equatorward shifts in maximum MSE flux in

the CanESM5 indicates especially large increases of MSE flux in the subtropics. We provide

a more detailed explanation for the unique behavior of the CanESM5 model’s MSE flux

maxima in the following subsections, based on the tropical cloud radiative effect changes.

The northward transport of DSE is plotted in Figure 2.11c and is the difference between

Figures 2.11b and 2.11a. The large decrease in poleward transport in the extratropics and

increase in poleward transport in the tropics is clear in all models. These oppose the latent

energy transport, and thus create a smaller change in MSE transport than in either DSE or

latent energy flux individually. Opposition of the latent energy transport by DSE transport

occurs at nearly every latitude in each model, and the changes are plotted together in Figure

2.12a to facilitate comparison. The most prominent exception is in the subtropics (especially

visible in the CanESM5 model), where the poleward flux of both the DSE and latent energy

increases in both hemispheres. The CanESM5 model has a particularly large decrease in

southward DSE transport in the SH extratropics, where it decreases by over 50% in some

places. In all models, the poleward DSE flux decreases particularly strongly in the regions

between 35 and 60°. The resulting DSE flux exhibits a poleward shift in the maximum
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extratropical flux, or the establishment of a new local maximum at high latitudes.

We next consider the compensation percentage, defined as:

C =
−∆FDSE

∆FLatent

× 100% (2.2)

where C is the compensation percentage, FDSE is the dry static energy flux, and Flatent is

the latent heat flux. The compensation percentage C represents the effectiveness of the DSE

transport in compensating for the increased latent energy transport, with 100% meaning

there is no change in the MSE flux. Compensation percentages within the tropics are larger

than 100%, reflecting the fact that the DSE transport increases faster than the latent energy

transport. In the Northern Hemisphere between 40 and 60 degrees, compensation percentages

are around 75% for each model. In the Southern Hemisphere, percentages are much lower:

65% in MRI-ESM2-0, and 50% in IPSL-CM6A-LR and CanESM5.

How is the compensation percentage in the CanESM5 model in the SH so small, despite

the large change in DSE flux? Examining the moisture flux change, one can see that the

poleward latent energy transport increases by up to 3 PW, a number that is larger than

the poleward transport of DSE in the pre-Industrial period. Thus 100% compensation is

impossible within the SH midlatitudes, assuming the DSE transport remains poleward. The

picture that emerges is of a SH storm track in which the latent energy transport increases

substantially, working off of large humidity gradients (Figures 2.3-2.4) despite decreases in

DSE transport, driven by some combination of weaker temperature gradients and weaker

eddies. We examine these factors later in the paper.

b. Ocean Heat Transport

The ocean component of the anomalous northward energy transport is plotted in Figure

2.12b. This is calculated by integrating the anomalous surface flux after subtracting out the

global mean, so includes the effect of both changes in ocean heat transport and differential

storage. Since no model is in energy balance by 2300, the differential ocean heat storage

is non-negligible. When heat storage is occurring more at the higher latitudes, e.g., in the

Southern Ocean, there is an anomalous equatorward energy transport in this metric.
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Figure 2.11: Northward Energy Transport. Northward transport of energy from (a) latent,

(b) moist static energy, and (c) dry static energy and (d) the Atlantic Ocean. Pre-Industrial

transports are dotted and hot period transports are solid. The CanESM5 ocean heat trans-

port data for the hot period is averaged between 2156 and 2180, due to data availability, so

it is denoted with a dashed line to indicate the different averaging period.
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Figure 2.12: Northward Energy Transport Anomaly. The change in northward transport of

energy (hot period minus pre-Industrial) from (a) latent (dashed) and DSE (solid), as well

as from (b) ocean transport (dashed) and MSE (solid).

In all three models, the ocean component opposes the MSE transport change. The change

in ocean transport is especially close to being equal and opposite to the MSE transport

change in the MRI-ESM2-0 model on a latitude-by-latitude basis, while in the CanESM5

model, the ocean transport averages around half of the poleward MSE transport change. The

anomalous cross-equatorial transport is strongly negative in the MRI-ESM2-0 model, with a

value of -0.5 PW, and is approximately half this value in other two models. An examination

of the anomalous northward transport of energy in the Atlantic Ocean, plotted in the pre-

Industrial and warmed climate in Figure 2.11d, shows that the cross-equatorial anomalies

in Figure 2.12b are primarily due to reductions in strength of the AMOC. In Figure 2.11d,

the x-axis only goes as far south as 30°S, due to the end of the ocean basin. CanESM5 only

outputs data on ocean heat transport to the year 2180, so in that model we use an average of

years 2156 to 2180 to represent the warmed period. In all models, the pre-Industrial ocean

circulation transports a large amount of heat northward across the equator, with a similar

value of 0.55-0.6 PW, while north of the equator there is substantial model spread in the

poleward ocean heat flux. The MRI-ESM2-0 model has 50% larger flux in the pre-Industrial
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period than the other two models at 45°N.

Warming causes a large decrease in the northward transport of energy in the Atlantic in

all three models. AMOC damping is a result of large buoyancy fluxes that help to inhibit

deep overturning circulation (Putrasahan et al., 2019). While buoyancy changes are primar-

ily driven by surface fluxes (Kostov et al., 2019), this buoyancy flux can also come in the

form of melting sea ice, as melt water can cause abrupt changes in the salinity of surface

waters (Weijer et al., 2012; Li et al., 2021). The MRI-ESM2-0 model has a slightly negative

Atlantic cross-equatorial transport in the warmed climate, indicating a complete collapse

of the AMOC; this collapse is consistent with the model’s behavior under abrupt-doubling

and -quadrupling experiments (Poletti et al., 2024b). The AMOC collapse in MRI-ESM2-0

is consistent with the warming pattern in the intermediate period which shows decreased

warming south of Greenland, also called the North Atlantic Warming Hole (NAWH; Fig-

ure 2.2i) (Zhang et al., 2010; Jackson et al., 2015). The AMOC collapse is likely also the

primary cause of the southward ITCZ shift in the Atlantic identified in Figure 2.6i, as the

reduction in oceanic heat transport must be met by an northward transport of MSE, which

contributes to the convergence of winds occurring farther south (Zhang and Delworth, 2005;

Yu and Pritchard, 2019). The slowdown in circulation and the accompanying ocean heat

flux decrease can help explain the equatorward shift in the ITCZ shown in each model.

Another consistent feature in the ocean heat flux change in Figure 2.12 is the decrease in

strength of the ocean heat divergence within the equatorial region. The subtropical cells are

wind-driven, and along with the decrease in strength of the surface winds throughout the

tropics, visible both in the change in zonal winds in Figure 2.7 and in surface wind change

plots as a function of latitude and longitude (not shown), the upwelling and overturning

circulation must weaken. In turn, the MSE fluxes increase in each model to compensate for

the decrease in ocean heat transport.

c. Cloud Radiative Effect

Clouds can have large contributions to the local and global energy budget, and hence are

useful in understanding how energy moves in an extremely warmed climate. The radiative
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impact of clouds is presented as longwave and shortwave components as well as the net

radiative effect in Figure 2.13. The longwave CRE is simply the difference between the

longwave top of atmosphere radiation in clear sky and in all sky conditions. The SW cloud

term is found using the Approximate Partial Radiative Perturbation (APRP) method to

decompose the shortwave radiation budget into its contributing mechanisms (in this case

clouds) (Taylor et al., 2007). APRP allows us to remove surface effects (such as ice melt) to

the shortwave budget from the shortwave cloud effect (Zelinka et al., 2014). The net radiative

anomaly is defined as the sum of the longwave CRE and the shortwave APRP cloud effect.

Figure 2.13 shows fields of each metric for cloud radiation as the hot period anomalies from

the pre-Industrial average values.The two models have global mean longwave CREs of -4.9

and -2.6 W/m2 respectively. The longwave CRE in CanESM5 behaves very differently, and

accounts for a total increase in downward longwave radiation. The average longwave CRE

anomaly in CanESM5 is 7.0 W/m2.

Although the global mean values differ, the broad patterns of the changes in longwave

CRE are fairly consistent among models, with decreases over regions of marine stratocumu-

lus and strong increases in the tropics. The much larger region of positive longwave CRE

anomaly around the equator in CanESM5 is in part due to the large increase in tropical tem-

perature, which increases the depth of deep convective clouds. This is an expected positive

feedback to global warming that is well supported by theory, and is on the cusp of being

constrained observationally, with rising high clouds currently being observable in the North-

ern Hemisphere (Hartmann and Larson, 2002; Zelinka and Hartmann, 2010; Aerenson et al.,

2022). Upward movement of clouds is also associated with increases in tropopause height,

visible in both the streamfunction and zonal wind panels (Figure 2.7). The particularly large

meridional extent of the positive longwave CRE region in CanESM5 suggests an expansion

of high clouds throughout the poleward branches of the Hadley circulation. The lack of

shortwave cloud cooling in that region points to a potential role of cirrus clouds, which have

a large impact on longwave radiation, but are optically thin to solar wavelengths (Lynch,

1996), but we are limited by data availability in our ability to understand this feature.

In the shortwave cloud term, there is increased radiation absorbed over much of the sub-
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tropics, indicating a reduction of stratocumulus and cumulus clouds, and decreased radiation

over parts of the deep tropics and high latitudes. Without cloud fields at varying heights and

optical depths, such as is provided by the COSP cloud simulator package (Bodas-Salcedo

et al., 2011), we cannot determine what cloud types are contributing to these radiative

anomalies.

The differences in the longwave and shortwave cloud radiation result in global net radia-

tive effects of 9.5 W/m2 for CanESM5, 0.1 W/m2 for IPSL-CM6A-LR, and MRI-ESM2-0 has

a net radiative effect that is balanced to order one thousandth of a W/m2. Cloud feedbacks

are considered the largest source of variability in climate sensitivity (Dufresne and Bony,

2008; Held and Soden, 2006; Sherwood et al., 2020; Zelinka et al., 2020), and Virgin et al.

(2021) found that equatorial low cloud and non-low cloud reduction is the primary cause

of the high climate sensitivity of CanESM5 compared with the previous generation of that

model. The cloud feedbacks are likely an important cause of the particularly large MSE

transport increase away from the equator in the CanESM5 model, with MSE transport away

from the cloud-induced heating. We return to this feature in the Discussion section.

d. Eddies, Lapse Rate, and Diffusivity

We next examine factors that characterize and affect extratropical eddies to better un-

derstand the energy transports presented in Section 2.3.2.a. The average standard deviation

of daily sea-level pressure is used to estimate the eddy intensity in each model. The stan-

dard deviation is calculated from daily fields of sea-level pressure, where the seasonal cycle

is removed and the pre-Industrial mean is subtracted out. Standard deviation of sea-level

pressure calculated in this way indicates the strength of synoptic scale systems and eddies.

The eddy strength is shown in Figure 2.14 as an average over the last 25 years of the

simulation and a percent change compared with pre-Industrial. At the end of the run each

model shows a large area of low eddy intensity in the tropics, with high intensity in the

midlatitudes and polar regions. There is some positive change in eddy strength in the

tropics, but since the pre-Industrial value in those regions is near zero, the large fractional

changes are not indicative of large absolute changes. All three models exhibit a weakening
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of midlatitude surface eddies, each model showing the largest fractional change off the west

coast of continents. CanESM5 has the strongest reduction, with many midlatitude regions

experiencing a decrease of more than 40%. IPSL-CM6A-LR has fewer regions that decrease

by more than 40% and follows a very similar spatial pattern to CanESM5. MRI-ESM2-0

has a much weaker response, especially in the Northern Hemisphere, where very few regions

decrease by more than 10%.

One potential cause of the widespread eddy weakening, the lapse rate, is shown in Figure

2.15. The lapse rate in the hot period and its anomaly from pre-Industrial are plotted, with

lapse rate defined as the difference between the temperature at 300 hPa and the surface

divided by the difference in geopotential height at 300 hPa and surface. The change in lapse

rate in all models is dominated by an increase in the poles, and a decrease in the tropics

and subtropics. The lapse rate in the tropics/subtropics decreases due to the decrease in the

saturated adiabatic lapse rate at higher temperatures and humidity (Wetherald and Manabe,

1988). Polar amplification of surface warming, on the other hand, is surface-trapped, and

causes an increase in the lapse rate (Pithan and Mauritsen, 2014).

CanESM5 has the largest global-averaged reduction of lapse rate, with a change of -1.24

K/km, then IPSL-CM6A-LR has a change of -1.17 K/km, MRI-ESM2-0 has the smallest

net change of -0.66 K/km. Throughout the subtropics and midlatitudes, the models show

a decrease in lapse rate (as seen in CMIP3 models in Frierson (2006)), with an especially

prominent decrease in the CanESM5 model. When the lapse rate decreases, the static

stability of the atmosphere increases, so that the eddy kinetic energy is lower, resulting

in a decrease in surface eddies (Yuval and Kaspi, 2020). Even though increased moisture

content can offset this (and indeed is the original cause of the lapse rate change), the dry

static stability is thought to be most relevant because baroclinic instability always has some

unsaturated component (Emanuel et al., 1987; Zurita-Gotor, 2006). It is also possible for

the static stability decrease in high latitudes to cause an increase in eddy intensity over the

poles.

To investigate how the energy transport is influenced by changes in eddy intensity, we

first examine the surface MSE in Figure 2.16. Since the surface geopotential is the same in
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both time periods, MSE is equal to

MSE = Cp∆T + Lvq (2.3)

Where Cp is the specific heat under constant pressure, T is temperature, Lv is the latent

heat of vaporization, and q is the specific humidity. The MSE increases substantially due to

temperature and humidity increases. The increase is largest in the tropics in each model due

to the increase in humidity. This results in an increase in the equator-to-pole MSE difference

in each model. The increase in MSE gradient likely explains some of the tendency of the

flux to increase, but does the weakening of eddies also play a role?

The surface diffusivity, calculated as the vertically integrated MSE flux divided by the

meridional gradient in MSE is plotted in Figure 2.17 to answer this question. Although

both the flux and the gradient of MSE increase with warming, the flux increases more in the

SH in all models, leading to a decrease in the diffusivity. In the NH, changes in diffusivity

are smaller, and not consistent among the three models. The CanESM5 and IPSL-CM6A-

LR models each show a small decrease in diffusivity when averaged between 25 and 50°N,

while MRI-ESM2-0 shows approximately zero change over the same latitude band. This is

consistent with the NH eddy changes in the MRI-ESM2-0, which show slight increases in

that model as compared to the pre-Industrial level.
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Figure 2.14: Maps of Varibility in Sea Level Pressure. (a, b, c) The standard deviation of

daily sea level pressure fields (hPa) in the hot period, and (d, e, f) the percentage change

since pre-Industrial.
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Figure 2.15: Maps of the Lapse Rate. The lapse rate in (a, b, c) the hot period, and (e, e, f)

the change since pre-Industrial, calculated as the difference between the temperature at the

surface and 300 hPa, divided by the difference in geopotential height at the same levels.
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Figure 2.16: Maps of Moist Static Energy. The surface moist static energy (J/kg) in (a, b,

c) the hot period, and (d, e, f) the changes since pre-Industrial.
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2.4 Discussion & Conclusions

Global warming extension scenarios run for several centuries into the future provide

a unique laboratory for analysis of climate dynamics in a much warmer world. Despite

the lack of certainty about emissions into the distant future and the unlikeliness of this

particular pathway, these simulations provide an interesting opportunity for the study of

climate changes of the future. Even if these climates are never realized, the large amplitude

changes can help with understanding of smaller perturbations. For instance, many of the

climate changes that have been observed in the recent past and are expected in the next

50 years are seen in a more extreme manner in these simulations. These include increases

in moisture content and transport, poleward shifts of the storm tracks and Hadley cell

boundaries, weakening of tropical surface winds, and reductions in the AMOC strength.

Global mean temperature increase for these simulations range from 9.3 K to 17.5K, with

moisture content increasing by at least a factor of 1.5 in each model, and with moisture in

CanESM5 increasing by more than a factor of 2. While many of the changes we observe are

proportional to the global mean temperature, some are not, such as the weakening of the

AMOC.

The climate metrics shown can be used together to understand the physical mechanisms

responsible for many of the dynamical changes. The massive increases in latent energy trans-

port are balanced by corresponding decreases in DSE transport, although the compensation

is imperfect. The increase in moisture flux is so large in some cases (e.g., the Southern

Hemisphere in CanESM5) that perfect compensation is impossible if the DSE transport is

to remain poleward. In all models, eddy intensity decreases substantially, likely due to the

decreases in lapse rate and decreases in meridional temperature gradient. The eddy intensity

decrease is associated with a decrease in MSE diffusivity. Ocean heat transports and cloud

radiative effects each influence MSE fluxes and can help understand the difference in energy

transports among models.

The CanESM5 model has the largest warming, and thus stands out in many of the

diagnostics. In terms of energy transports, the difference between CanESM5 and the other

two models is most prominent around the equator. The sharp increase in poleward MSE
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flux in the tropics of CanESM5, described Section 3a, is likely in part due to a transport

of MSE away from the large cloud radiative heating in the deep tropics. The Hadley cell

transports away any excess of energy input in order to assure that temperature gradients

remain flat, and eddies also increase to seamlessly connect the transports. The fact that the

Hadley circulation decreases in strength (Figure 2.7, 2.8) means that this increased transport

must be due to some combination of increased gross moist stability (Neelin and Held, 1987;

Frierson, 2007) or increased eddy moisture fluxes.

In addition to the cloud radiative terms, another contributor to the increased MSE flux

in the CanESM5 model is the oceanic heat transport (Figure 2.12). The CanESM5 model

experiences the largest decrease in ocean flux divergence in the deep tropics, indicating a

decrease in transport by the subtropical cells. This wind-driven circulation declines due to

the decrease in wind speed throughout the tropics. In response to the decreased tropical

ocean circulation, the Hadley cell and atmospheric eddy energy transports increase. In all

models, AMOC declines lead to a reduced southward energy transport across the equator.

This is especially strong in the MRI-ESM2-0 model and leads to a southward shift of tropical

precipitation.

There is much opportunity for additional climate model experiments similar to the SSP5-

8.5ext simulations. Due to the simulation protocol, many aspects of the Earth system that

would certainly be changed under such extreme warming are kept fixed. These include the

land ice sheets, vegetation types, and the carbon cycle. It would be interesting to examine

an intercomparison of fully coupled models that include these processes.

High radiative forcing is one unique aspect of the ECP8.5 and SSP5-8.5 extension sim-

ulations, but the extended run length is also important. A recent model intercomparison

project aims to understand the century-to-millenium timescale effects of climate change.

LongRunMIP is a collection of model simulations that are all at least one thousand years

in length, and they each are forced with a constant increase of CO2 concentrations (Rugen-

stein et al., 2019a). Most LongRunMIP simulations have smaller radiative forcing than the

ECP8.5 and SSP5-8.5 extension pathways. Studies from LongRunMIP have focused on time-

dependent climate sensitivity (Rugenstein et al., 2019b), the spatial structure of feedbacks
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(Bloch-Johnson et al., 2020), and estimation of equilibrium climate sensitivity (Dai et al.,

2020). On centennial to millennial timescales, midlatitude dynamics including the Atlantic

basin, dominate global feedback responses (Rugenstein et al., 2019a).

It would also be useful to have a broader range of simulations of warming past 2100.

The SSP protocol recommends extension past 2100 of only the extremely high radiative

forcing SSP5-8.5ext scenario analyzed here, and the extremely low radiative forcing SSP5-3.4-

OSext and SSP1-2.6ext scenarios. Having a range of scenarios with more realistic emissions

pathways that are run past 2100 would allow for better quantitative predictions of lasting

climate impacts. If there are rapid changes in radiative forcing, or a more sensitive climate

than expected, it may be that SSP5-8.5ext simulations will be useful for the understanding

of climate impacts in the 22nd and 23rd centuries. Global climate change will not stop in

2100, so it will become increasingly important to understand climate impacts past that date.
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Chapter 3

EQUITABLY ADAPTING TO EXTREME HEAT IN
WASHINGTON STATE

Adapted from: Poletti, A. N. & Nabayan, J. (2022) Policy Briefs “Identifying and

Supporting Underserved Communities through State Energy Assistance” and “Prioritizing

Transparency in the Low-Income Heat and Energy Assistance Program,” Aspen Institute

Tech Policy Hub Climate Cohort

3.1 Introduction

The Western North American heat wave of June-July 2021 resulted in an estimated

1,400 deaths (White et al., 2023) and the highest temperatures ever measured in Canada

and Washington (Philip et al., 2022). Temperatures above 40°C (104°F) were observed,

which is 3.6 standard deviations from the mean decadal June temperature (Thompson et al.,

2022; Philip et al., 2022). Rapid attribution analysis has suggested that this 1-in-1000-year

event was made 150 times more likely because of human-caused climate change (Philip et al.,

2022).

Extreme heat events will become even more likely as temperatures continue to increase

in the coming decades (Masson-Delmotte et al., 2021). Heat waves are the deadliest of

climate extremes, accounting for 2,300 deaths in the United States in 2023 alone (Howard

et al., 2024), and mortality will only increase under climate change (Lüthi et al., 2023) even

when accounting for a decrease in deaths due to extreme cold (Gasparrini et al., 2017).

Mortality and human health risks due to climate change emphasize the need for immediate

climate mitigation and adaptation strategies. Climate mitigation pathways will be discussed

in Chapter 4. In Washington State, the creation of climate resilient communities relies on

equitable access to air conditioning (AC).

However, expanding access to air conditioning comes with several challenges, such as:
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financial burdens on low-income households, energy burden on communities of color, and

strain on the electricity grid. Seattle, once the metropolitan area with the lowest AC usage,

has AC in 53% of homes (Balk, 2018) which is an increase from 44% in 2019. In comparison,

90% of U.S. households had air conditioning in 2020 (Beall and McNary, 2022). Additionally,

the American Housing Survey in 2015 found that Seattle homeowners are twice as likely

to have AC than renters Balk (2018). Additionally, households making a combined annual

income of $100,000 were twice as likely to have AC than households making less than $30,000

(Balk, 2018). Federal energy assistance grants often fall short of what is needed to expand

AC access.

In Washington, the Low-Income Heating and Energy Assistance Program (LIHEAP) was

expanded to allow funds to cover cooling in October of 2021. WA LIHEAP distributed

approximately 1,000 AC units in 2022, primarily to households in King County (Weinberger,

2022). However, LIHEAP is a block grant, meaning WA State receives a fixed amount of

funding from the federal government and awards LIHEAP funds to qualifying households on

a first-come-first-served basis until the money is depleted. Therefore, qualifying, low-income

households may go without LIHEAP funds due to an inability to visit a LIHEAP office

in-person during regular business hours; this disproportionately impacts multiple-income

households, households which are far from a LIHEAP office, and households who do not

speak English as their native language. Additionally, these awards, ranging from $250 to

$1,000 are frequently enough to purchase a heating unit, a cooling unit, or pay energy bills,

but not all three.

Nationwide, Black, Indigenous, and Hispanic households shoulder a larger energy burden

than the average American household (Drehobl et al., 2020). To decrease racial disparities

in energy burden, the Washington LIHEAP Office became an early adopter of new reporting

guidelines from the United States Department of Health and Human Services (US DHHS) by

collecting years of race, ethnicity, and gender data on LIHEAP recipients. However, advocacy

groups, community members, and academics do not have access to the LIHEAP demographic

data or outreach plans to underserved communities. However, across the world, many heat

waves are also associated with blackouts, both inadvertent, when the load exceeds capacity,
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and from rolling blackouts, which are implemented involuntarily in some neighborhoods

to prevent grid failure. The latter are more likely to occur in communities of color and

low-income communities. On days with high forest fire risk, preemptive power outages have

taken place in California to prevent the possibility of aging electrical transmission equipment

igniting wildfires (Guliasi, 2021).

Energy demand in WA is expected to increase by 30% in 2034 and by 100% by 2050

(PNUCC, 2024). These projections find that the largest contributors to increased electricity

demand include the electrification of vehicles, manufacturing, and buildings as well as the

expansion of data centers. Additionally, WA’s reliance on hydroelectricity will be strained

by a changing climate; hydropower production is expected to decrease by 2 to 3.4% an-

nually and 12.1 to 15.4% during the summer by 2040 (Hamlet et al., 2010). Demand for

residential cooling is expected to increase to 4.8% to 9.1% of the total electricity demand

by 2080 (Hamlet et al., 2010). This creates a unique challenge in warmer months, where

hydroelectricity is at a minimum but residential cooling demand peaks. Therefore, utilities

fail to meet future electricity demand with renewable energy projects, WA risks imposing

blackouts on energy-burdened communities.

Currently, WA is an energy exporter (to Oregon, Montana, and Canada), is the leading

state in the production of hydroelectric power (producing 25% of the nation’s hydroelectric

power), and produces 8% of the nation’s total renewable electricity (EIA, 2024). Since WA

serves as a critical energy producer nationally and internationally, the state’s ability to meet

internal electricity demand is of both state-wide and nation-wide importance. Yet, WA

utilities have expressed skepticism that they will be able to scale up electricity production

quickly enough to meet demand.

Large scale renewable energy projects, such as solar farms and onshore or offshore wind

turbines, can take years to plan, build, and connect to the electricity grid. In contrast,

small-scale solar projects, such as residential rooftop solar, cooperatively owned solar (or,

community solar), and microgrids. Whereas residential rooftop solar is only available to

homeowners, solar microgrids provide the option for renters to switch to cleaner and cheaper

electricity production. Small-scale solar projects provide energy autonomy, as in, the indi-



51

vidual has control over the means, the cost, and the availability of their electricity generation

(DenHerder-Thomas et al., 2020; Kienbaum et al., 2023). Those with access to small-scale

solar microgrids would be unaffected by rolling blackouts while also selling solar power back

to the electricity grid, increasing the state’s total capacity even during peak summer periods;

this increases individual, community, and state-wide climate resiliency.

Critics of solar projects (large or small-scale) cite Washington’s cloudy weather. However,

two of the leading European countries in solar energy production, Germany and the Nether-

lands, have lower average solar capacity factor than Washington State (11 to 13% compared

to 16%; Global Solar Atlas). Additionally, as Washington’s peak electricity demand shifts to

hot days, peak electricity demand would coincide with peak solar generation, thus increasing

state-wide climate resiliency.

Equitably increasing climate resilience in Washington requires understanding which com-

munities are energy-burdened, are currently underserved, and have the highest climate health

risks to properly prioritize federal energy assistance and small-scale solar. The Clean En-

ergy Transition Act (CETA), passed in 2019, requires Washington’s electricity production

to eliminate fossil fuels by 2045. Additionally, CETA requires that all utilities meet “90%

of low income customer’s energy assistance need by 2050” (RCW, 2019; Thuraisingham,

2021). One way through which utilities alleviate energy burdens on low-income commu-

nities is through the federal Low-Income Heat and Energy Assistant Program (LIHEAP).

LIHEAP is a block grant provided to states to disseminate to low-income households. Low-

income households can apply for LIHEAP funds through a local LIHEAP office (also called a

LIHEAP-subgrantee, where the state is the LIHEAP-grantee). Unlike an entitlement which

provides money to all qualified individuals, LIHEAP only provides funds on a first-come-

first-served basis until the grant is gone. Utilities often act as LIHEAP-subgrantees, directly

providing funds to low-income households, or direct low-income households to where they

can apply for funds.

However, only Investor-Owned Utilities (IOUs, privately owned utility providers governed

by the Utilities and Transportation Commission) are beholden to reporting requirements

under CETA. CETA and the WA Utilities and Transportation Commission (UTC) require
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IOUs to develop and implement their plans to transition to 100% renewable energy through

filing Clean Energy Implementation Plans (CEIPs) every 4 years (WA UTC 2019) with

the help of Equity Advisory Groups. CEIPs include how IOUs plan to equitable tackle

the energy burden within their service area, including “reduction of burdens for highly-

impacted communities and vulnerable populations” (RCW, 2019; Thuraisingham, 2021).

Consumer Owned Utilities (COUs, or publicly owned utility providers such as Seattle City

Light, governed by the WA Department of Commerce) are not beholden to these reporting

requirements. It is thought that COUs are more directly accountable to their service area

due to being publicly owned. However, Seattle City Light has refused to make public their

data on alleviating low-income energy burden or how they’ve reduced the energy burden on

highly-impacted communities and vulnerable populations.

During my summer fellowship with the Aspen Institute Tech Policy Hub, I worked with

the WA Department of Commerce and the advocacy group Front and Centered to provide

recommendations on how WA could better identify underserved communities in need of

energy assistance. With limited available data, I identified how current energy assistance

programs failed to support communities of color. I urged the WA Department of Commerce

to collect more demographic data from consumer-owned utilities (COUs) and publish publicly

available data on LIHEAP demographics.

3.1.1 Glossary

Listed here are terms frequently use throughout the recommendations, their abbrevia-

tions, and definitions in alphabetical order.

1. Clean Energy Implementation Plan (CEIP): Every four years, Investor Owned Utilities

are required to submit a report on how they plan to reach CETA targets.

2. Clean Energy Transition Act of 2019 (CETA): Signed by Gov. Jay Inslee, CETA

sets clean energy targets for WA electricity generation, requiring 100% carbon free

electricity by 2045, as well as electrification targets for vehicles and manufacturing.
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3. Consumer Owned Utility (COU): Publicly owned utility provider governed by the WA

Department of Commerce, the ratepayers, and local city council. Examples include

Seattle City Light.

4. Electricity Grid: The transmissions lines which transport power from where it is gen-

erated to users

5. Highly-Impacted Community: CETA defines highly impacted communities as cen-

sus tracts at high risk and vulnerability to environmental health disparities using the

Washington Environmental Health Disparities Map maintained by the Washington

Department of Health.

6. Investor Owned Utility (IOU): Privately owned utility provider governed by the Utili-

ties and Transportation Commission. Examples include Avista.

7. Low Income Heat and Energy Assistant Program (LIHEAP): Created in 1981, LIHEAP

is a federal block grant disseminated to states (and other LIHEAP grantees). Originally

intended to provide heating to low-income households, LIHEAP can now be used for

cooling, weatherization, and upgrading to energy efficient appliances.

8. LIHEAP grantee: An organization (e.g., a state, territorial, or tribal entity) that re-

ceives federal funding through the Low Income Home Energy Assistance Program (LI-

HEAP)

9. LIHEAP subgrantee or LIHEAP Office: An organization (e.g., utility provider or non-

profit) that receives funding from the LIHEAP grantee (the state). Subgrantees directly

interface with households applying for LIHEAP funds.

10. LIHEAP Model Plan: A document that details how a LIHEAP grantee will administer

LIHEAP funds

11. Seattle City Light (SCL): The electricity provider for the Seattle area. The largest

owned publicly owned utility in the nation.
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12. Service Area: The households that a utility provider provides services (electricity,

water, gas, etc.) to.

13. Utilities and Transportation Commission (UTC): An independent WA state agency

that regulates IOUs and transportation companies

3.2 Identifying Underserved Communities of Color

While people of color are more likely to be low income, energy burdened, or renting,

people of color are not the most likely recipients of government benefits. A new study out

of Princeton University, Measuring Social Equity in Urban Energy Use and Interventions

using Fine-Scale Data, found that energy intensity inequities in two cities exist across race

even when controlled for income (Tong et al., 2021). However, 2022 Census data shows that

white, non-Hispanic men are the most likely recipients of government benefits across the US

(King, 2025). Therefore, Washington should expand their demographic reporting beyond

economic metrics, such as income and energy burden, toward socioeconomic demographics

such as race and ethnicity.

While we lack data for Washington state, Washington is not an exception to nationwide

racial disparities. In the Biden–Harris Report Advancing Equity Through the American

Rescue Plan, the White House calls for coordinated efforts to ensure that Black, Indigenous,

and People of Color (BIPOC) households receive energy assistance, since nationwide Black,

Indigenous, and Hispanic households have 43%, 45%, and 20% greater energy burdens, re-

spectively, than the median household. Therefore, Washington State should work to identify

and reduce energy burden disparities in communities of color, in line with federal priorities.

While Washington lacks necessary data to target underserved communities of color, po-

tential racial disparities can still be identified in the state. Using available Washington State

data comparing the racial demographics of zip codes against arrearages, the Energy Project

found that people of color serviced by IOUs still had higher energy burdens after LIHEAP

and COVID-19 benefits were disseminated, highlighting an additional need for energy as-

sistance within these communities (Thompson and Kimball, 2022). Figure 3.1 examines

the percentage of the population that is impoverished and comprises people of color as well
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as their proximity to LIHEAP offices in Washington. Figure 3.1 demonstrates two conclu-

sions: first, there are low-income, predominantly white census tracts where a COU energy

assistance program could disproportionately place funds; second, that tribal reservations are

significantly less likely to be near a LIHEAP office. Therefore, based on COVID-19 relief

funds and geographic demographic information, we can see that solely targeting low-income

communities is not sufficient to decrease racial disparities in energy burden.

3.3 Demographic Reporting Requirements for Consumer-Owned Utilities

Current reporting requirements for COUs are not sufficient to target racial disparities

in energy assistance needed or energy assistance received. Currently, COUs collect data on

whether an energy assistance recipient is low-income, is energy burdened, is renting, has

limited English, or is older than 65 years old, which are reported in the biennial Energy

Assistance Report required of all utilities and submitted to the Department of Commerce.

They do not explicitly collect any data on the race or ethnicity of recipients.

COUs currently are not collecting data on race, ethnicity, or high-impact community sta-

tus because of disparate reporting requirements in the State’s Clean Energy Transformation

Act (CETA). CETA allows the Department of Commerce to request “any [. . . ] information

related to the utility’s low-income assistance programs,” subject to availability, and requires

the utilities to demonstrate progress toward serving any identified underserved community.

CETA defines highly impacted communities as census tracts at high risk and vulnerability

to environmental health disparities using the Washington Environmental Health Disparities

Map maintained by the Washington Department of Health, creating a broad and easy-to-

utilize metric (UWEOHS, 2022). While the highly impacted community metric considers

income, this broad metric also considers exposure to climate impacts and other socioeconomic

factors such as rent burden and increased health risks. Therefore, the highly impacted com-

munity metric can identify geographies with risk factors beyond income. Additionally, since

the highly impacted community metric includes climate and environmental risk, including

this metric in COU reporting will increase climate resilience in Washington.

An energy assistance program can potentially disseminate state and federal funds to
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exclusively low-income households and still exclude highly impacted communities, without

accountability. For example, PSE, an IOU, found in their geographic equity analysis that

25% of their service area was in highly impacted communities, while residents in highly

impacted communities accounted for 35% of low-income energy assistance recipients (Table

3.1). There are two conclusions to draw from this statistic: first, that PSE’s energy assistance

is geographically equitable, and second, that a substantial portion of low-income residents

within their service area reside outside of highly impacted communities. Therefore, economic

metrics such as income and energy burden are insufficient to target underserved geographies

in need of climate resilience.

Though CETA allows the Department of Commerce to request data from utilities on

low-income assistance programs, it does not require utilities to collect these data. Because

of this, highly impacted community analysis has only been conducted by privately owned or

investor-owned utilities (IOUs) through the state’s Utilities and Transportation Committee

(UTC).

My recommendations for how the Washington State Department of Commerce State

Energy Office can encourage COUs to identify and allocate funds toward underserved racial,

ethnic, and/or highly impacted communities are outlined below:

3.3.1 Increasing reporting requirements of COUs for data regarding racial, ethnic, and/or

highly impacted communities

In addition to current reporting requirements from CETA, the Department of Commerce

should request that COUs report the race and ethnicity of each energy assistance recipient

as well as whether the recipient lives in a highly impacted community, subject to availability

and in accordance with CETA Section 120(3)(b) in the biennial Energy Assistance Report.

Current reporting requirements allow COU energy assistance programs to target predomi-

nantly white, low-income communities while remaining in compliance with CETA. Including

race, ethnicity, and highly impacted community data will help COUs and the Department

of Commerce target high-need communities in line with the energy assistance and environ-

mental justice targets in CETA and the Washington Healthy Environment For All (HEAL)
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Act, respectively. The Washington Health Disparities Map is a robust tool for COUs to

determine how many energy assistance recipients live in highly impacted communities so

long as COUs record the recipient’s zip code. Therefore, adding highly impacted community

data to the report should not pose a substantial technical burden on COUs since the data is

readily available.

To identify whether a specific racial, ethnic, or highly impacted community is under-

served, the Department of Commerce should amend the CETA Section 120(3)(b) biennial

energy assistance report to include an analysis that compares the percentage of energy as-

sistance recipients within a specific demographic (i.e., race, ethnicity, highly impacted com-

munity status) to the percentage of residents in the COU service area or LIHEAP office

zip code within that demographic. The Department of Commerce should provide technical

assistance – for example, assisting in securely collecting and housing data or purchasing miss-

ing data – to COUs that lack the tools to securely collect demographic data through public

and public–private partnerships. Providing technical assistance to COUs through these pub-

lic–private partnerships will increase the availability of demographic data, thus removing a

barrier for COUs to comply with these new reporting standards. COUs will also be less

likely to claim that race and ethnicity data are not available if the Department of Commerce

provides accessible technical assistance to collect these data.

Additionally, COUs will need assistance to collect the newly requested data because it

often takes a considerable amount of money and staff time to securely collect demographic

information from energy assistance recipients. Some public and private agencies, such as

existing LIHEAP offices and IOUs, already collect these data and can serve as a model for

COUs collecting these data. Thus, the Department of Commerce should establish partner-

ships between COUs, LIHEAP offices, and IOUs to help COUs collect these data.

3.3.2 Assisting COUs in identifying underserved racial, ethnic, and/or highly impacted

communities, and require them to develop a participation plan for outreach

The Department of Commerce should use the reported data to identify any and all under-

served demographics in the COU service area and require the COU to create a participation
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plan to engage in outreach in these communities. An underserved community or demographic

is one where the percentage of energy assistance recipients within that demographic is less

than the percentage of residents within that demographic in the service area. A participation

plan should include information about which demographics or communities are underserved

and a strategy to increase outreach to those demographics or communities in a way that is

culturally informed. This could include plans to create outreach materials in other languages,

social media campaigns, or even listening sessions in impacted communities.

Since COUs are not experts in community engagement or data science, the Department

of Commerce should take an active role in helping COUs identify underserved demographics.

It is important that the Department of Commerce require participation plans, not only to

ensure that COUs have a plan to increase energy assistance in underserved communities

but also to increase communication between COUs and impacted communities. Essentially,

participation plans are a tool that communities and the Department of Commerce can use

to hold COUs accountable for future actions.

3.3.3 Approving COU participation plans through a public comment period or public hearing

on the participation plans

The Department of Commerce should approve participation plans by first allowing public

comment and ensuring that COUs sufficiently reply to public comments. COU participation

plans should be subject to either a public hearing or a public comment period such that

the community as well as advocacy groups can evaluate how effective and equitable the

participation plan is. The COUs should submit updated participation plans in response

to public comments. Subsequent energy assistance reports submitted by the COU should

indicate whether the participation plan from the previous year was successful. Success would

be measured by whether the percentage of that demographic in the service area and the

percentage of energy assistance recipients within that demographic are equal to or more

than the previous year.

By requiring a public comment period or public hearing on COU participation plans,

advocacy and community groups can formally provide their feedback and informally enforce
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their standards on COU outreach in communities of color. Advocacy groups such as Front

and Centered and the Northwest Energy Coalition have already been a part of the legisla-

tive, rulemaking, and participation plan process and will continue to provide substantive

feedback on COU participation plans in communities of color. In this way, COUs can be

held accountable by both the State Auditor’s Office and the community itself.

The public comment process will provide informal oversight over COUs while continuing

to engage the community at each step of this process. Seeking feedback from the community

itself will greatly improve participation plans to ensure that COUs’ outreach efforts are

effective.

3.3.4 Enforcing the reporting requirements

The Department of Commerce should collaborate with the State Auditor’s Office to

enforce these proposed reporting guidelines and requirements for COUs so that they can

support underserved racial, ethnic, or highly impacted communities. They should develop a

clear metric for determining whether COUs are making progress in assisting highly impacted

communities, which will aid the State Auditor’s Office in formal oversight. The State Auditor

could more easily determine whether a COU is in or out of compliance with CETA when

“demonstrating progress” specifically means that the COU is approaching a proportionate

distribution of energy assistance funds in underserved communities. Therefore, including

race, ethnicity, and highly impacted community data in the CETA Section 120(3)(b) survey

would encourage COUs to increase engagement with communities of color.

Enforceability is an insufficient reason to exclude race, ethnicity, and highly impacted

community data from the energy assistance report. Through CETA section 120(3)(b), Com-

merce can compel COUs to provide only demographic data beyond estimated low-income and

energy burdened households, subject to availability. However, including race, ethnicity, and

highly impacted community data in the CETA Section 120(3)(b) report will encourage COUs

to properly report demographic data to the State. In 2022, the Department of Commerce

requested that utilities report demographic data (such as age and language skills) in their

2022 energy assistance reports. While some utilities stated these data were not available,
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several voluntarily collected and reported these data. Therefore, the “subject to availability”

clause is not a sufficient reason for Commerce to avoid requesting race, ethnicity, and highly

impacted community data, especially after providing technical assistance and working with

the State Auditor’s Office. Finally, COUs will be less likely to claim that race and ethnicity

data are not available if the Department of Commerce provides accessible technical assistance

to collect race, ethnicity, and highly impacted community data, as described above.

3.3.5 Evaluate every 2 years whether these reporting requirements and participation plans

have decreased racial disparities in energy burdens

The Department of Commerce should evaluate every 2 years whether these reporting

requirements and participation plans have decreased the energy burden in communities of

color. An evaluation of the statewide success of increased reporting requests and partici-

pation plans in communities of color may require a statewide assessment of energy burden.

With all COUs providing sufficient data on their service area and energy assistance recipients,

the Department of Commerce should be able to create a statewide assessment. However,

a statewide assessment may require additional budgetary resources or full-time staff. Ulti-

mately, these recommendations on how to better serve vulnerable communities of color are

hamstrung by a lack of demographic data on energy assistance recipient.

3.4 Publicly Available LIHEAP Data through the WA Department of Com-
merce

The Washington State Department of Commerce Community Services and Housing Di-

vision should increase transparency in demographic data collection and outreach within the

Washington LIHEAP Office so that the public can become more involved in how LIHEAP

identifies and allocates funds toward underserved racial, ethnic, and/or highly impacted

communities. Without access to these documents, potential partners such as advocacy and

community groups are unable to aid the Department of Commerce in identifying, engaging,

and building trust in historically marginalized communities. Additionally, the Washington

LIHEAP Office has gone far beyond federal standards for data collection. Lastly, other

states that have not collected these data do not currently have a model for which data to
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collect and how to collect them. Five recommendations for how LIHEAP Office can increase

transparency are outlined below:

3.4.1 Including data reporting requirements for LIHEAP sub-grantees in public-facing doc-

uments such as the LIHEAP Model Plan and/or Sample Vendor Agreement

LIHEAP sub-grantees (also known as local LIHEAP vendors) already collect race and

ethnicity data; however, advocacy groups are in the dark on what these data are. There-

fore, including the data reporting requirements in public-facing documents will make these

requirements more clear to advocacy and community groups and will allow them to request

relevant data from LIHEAP sub-grantees, lobby for new data requirements, and advocate for

resources to be placed in vulnerable demographics. Increasing transparency in Washington

LIHEAP reporting requirements will allow Washington State to serve as a model for other

states that are just beginning to implement new 2023 federal reporting requirements.

3.4.2 Including LIHEAP sub-grantee documents on the Washington Open Data website

LIHEAP sub-grantees sign an annual Vendor Agreement to continue operating as a local

LIHEAP office. These contracts should be public information so that the communities

these LIHEAP sub-grantees serve understand the terms of this partnership. For example,

communities should understand how LIHEAP sub-grantees are compensated, how long their

contracts are for, and what data they’re required to collect. In this way, communities can

help to hold LIHEAP sub-grantees accountable for the terms of their public partnerships.

Currently, the Department of Commerce has uploaded only Fiscal Year 2015 contracts to

the Washington Open Data website. The Community Services and Housing Division should

consider uploading LIHEAP sub-grantee contracts to the Washington Open Data website.

3.4.3 Including LIHEAP demographic data on the Washington Geospatial Open Data Portal

Given that LIHEAP demographic data contain confidential and sensitive personal infor-

mation, the Department of Commerce’s LIHEAP Office should aggregate and anonymize

LIHEAP demographic data for publication on the Washington Geospatial Open Data Por-
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tal. During my initial project on equitability in WA LIHEAP funds, the WA Department

of Commerce stated that they were working on a publicly available dataset on LIHEAP de-

mographics. Two years later, the Department of Commerce has a draft website on LIHEAP

demographics with no publicly available information, no mention of race or ethnicity, and

no availability on the Geospatial Open Data Portal While the LIHEAP demographic data

soon will be publicly available on the Department of Commerce website, these data will be

preprocessed and unavailable for download, making it difficult for a resident to perform their

own analysis. Sharing these data on the Geospatial Open Database website in a geodatabase

format will allow advocacy and community organizations to download and analyze the data

themselves.

The Washington Geospatial Open Data Portal is the central location for advocacy groups,

community members, and academics to download data on Washington State and its resi-

dents. These data allow for open analysis of relevant and current statewide statistics. When

advocacy groups, among others, advocate for data-based policy, they need access to relevant

data. Therefore, the Washington LIHEAP Office would increase its community engagement

with potential community partners by uploading aggregated and anonymized data to the

Washington Geospatial Data Portal. The Washington LIHEAP Office could consider reach-

ing out to the Washington State Chief Information Officer to better understand the state’s

Geospatial Open Data Guidelines.

In addition, if the LIHEAP sub-grantee is not a utilities provider, the LIHEAP office

should share these demographic data with their local utilities provider. Currently, the Wash-

ington LIHEAP Office gathers data from their sub-grantees. Similarly, LIHEAP sub-grantees

provide limited information to local utility providers, which is reported in the utility’s bi-

ennial Clean Energy Transformation Act Section 120(b)(3) energy assistance report. Since

Washington utilities are not currently required to report on the races and ethnicities of their

energy assistance recipients, LIHEAP sub-grantees also do not do so. Therefore, to increase

transparency across Washington energy assistance programs, LIHEAP sub-grantees should

consider sharing demographic data with their local utility provider.
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3.4.4 Encouraging community listening sessions within LIHEAP sub-grantee outreach plans

LIHEAP sub-grantees should be encouraged to host community listening sessions to

better understand the needs of their communities. Community listening sessions are informal

public hearings, where community members are invited to voice concerns and grievances. The

key to successful community listening sessions is that the LIHEAP sub-grantee meaningfully

listens and addresses the concerns. Based on these community listening sessions, sub-grantees

should submit an outreach plan to the Washington Department of Commerce in their annual

application to provide LIHEAP services.

Currently, LIHEAP sub-grantees outreach plans are internal, which does not allow for

other community organizations to provide input. Community organizations often have in-

sightful information on how to engage with local, vulnerable populations. Community lis-

tening sessions between LIHEAP offices and community members would enhance outreach

plans.The outreach plan should detail how the sub-grantee plans to provide additional sup-

port to identified underserved communities. These outreach plans should be publicly avail-

able for accountability to the public. Additionally, the Washington LIHEAP Office should

evaluate outreach efforts during the following year’s desk or on-site audit. In order to im-

plement this recommendation, the Department of Commerce should modify their Model

Plan.

3.4.5 Distributing standardized outreach materials to LIHEAP sub-grantees

A common community concern is the lack of a consistent and accessible application

process for LIHEAP across district offices. For example, each LIHEAP sub-grantee lists

different required documents for the application process, and some of these document lists

are erroneous. The Chelan County LIHEAP Office requires 12 months of utility bills and 3

months of proof of income, when only 1 month of each is required by the State. The State

standard of 1 month proof of income was implemented during the 2019 COVID pandemic, and

some LIHEAP sub-grantees such as the Chelan County LIHEAP Office may have neglected

to edit their websites after the requirements changed.

In order to standardize the application process and make it easier for applicants to access
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benefits, the Washington LIHEAP Office should provide a collection of standardized LIHEAP

materials, including:

1. Guidelines for what documents LIHEAP sub-grantees can and cannot ask of LIHEAP

applicants,

2. A list of those documents on the Washington Department of Commerce LIHEAP web-

site, and

3. Outreach materials with consistent application information.

These outreach documents should include a streamlined application 1-pager or flyer with

the correct application requirements (Figure 3.2). These outreach documents can be used

both non-digitally as a flyer/mailer, or digitally on the local LIHEAP office website or on

social media (Figure 3.3).

3.5 Conclusions

Between when these recommendations were written (2022) and today, Washington State

has made little progress in ensuring that energy assistance funds are reaching vulnerable

and highly impacted communities. 25% of low-income homes remained energy burdened in

Washington (DOC, 2023). Currently, there is no publicly available data on where LIHEAP

funds are distributed within the state. Additionally, Consumer Owned Utilities have not

been held to the same regulatory standard as Investor Owned Utilities. COUs which have

expanded energy assistance programs and outreach have done so only on a voluntary, opt-in

basis without providing demographic data to the Department of Commerce (DOC, 2023).

On the federal level, LIHEAP, along with other essential government assistance programs,

are on the chopping block (Powers, 2025). As the world continues to warm, it’s integral

that climate adaptations both correct past and prevent future inequities. That goal depends

on the continued funding of energy assistance programs and the transition to clean energy

across the State of Washington.



65

Figure 3.1: Demographics compared to energy assistance access and eligibility (a) The per-

centage of the population below 200% of the federal poverty level (FPL) per census tract,

and (b) the percent of the population that is non-White. The LIHEAP office locations are

in green. Data from Washington Geospatial Open Data from February 2022.
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Figure 3.2: LIHEAP Application Guide. A sample LIHEAP application guide, including a

clear, accessible list of required documents. The guide is customizable, so LIHEAP sub-

grantees can add their own contact information.
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Figure 3.3: LIHEAP Outreach Material. Sample social media posts aimed toward house-

holds with (a-b) undocumented members, in English and Spanish, and (c) indigenous house-

holds
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In Highly Impacted Community % of Total Contract Accounts % of Contract Accounts who Received Energy Assistance

No 72.9% 61.1%

Yes 27.1% 38.9%

Total 100% 100%

Table 3.1: Adapted from the PSE 2022 CETA Energy Assistance Report: A comparison of

the difference between the percentage of their customer base and the percentage of energy

assistance recipients who reside in highly impacted communities in the PSE service area. See

the Chapter 3 data availability section to access Washington State Department of Commerce

Utility Reports.

Data Availability

Chapter 3 uses the following datasets:

1. Global Solar Atlas. World Bank Group, ESMAP, SolarGIS. https://globalsolaratlas.info/map

2. State of Washington Geospatial Open Data Portal. WaTech Geospatial Program Office.

Accessed February 2022. https://geo.wa.gov/

3. Scharff, A. (2022) Washington State Department of Commerce 2022 Utility Reports.

Accessed at: https://deptofcommerce.app.box.com/s/6bfjpocil9l9fhjs79akavkzcsym311o
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Chapter 4

EVALUATING LOW ENERGY DEMAND SCENARIOS IN
FAIR

4.1 Introduction

The path to net-zero carbon emissions is neither simple nor certain. Physical uncertainty

stems from uncertainties in the transient climate response to cumulative emissions (TCRE;

defined in Section 1.2; Matthews et al. (2009)) and uncertainty in temperature changes which

persist after carbon emissions have ceased (defined as the zero emissions commitment or ZEC;

(Jones, 2019; Jenkins, S. et al., 2022; Koven et al., 2023)). Scenario uncertainty stems from

uncertainties in how zero-emissions are achieved from a socio-economic perspective, which

impacts the form and severity of climate consequences onto vulnerable and impoverished

communities (Hoegh-Guldberg et al., 2019; Ebi and Hess, 2020; Sadai et al., 2022).

The linearity of TCRE implies that there is path-independence of emissions scenarios, as

in, different emissions pathways over time will yield the same final temperature if they reach

the same final cumulative CO2. ZEC, an estimate of additional temperature change after

net-zero emissions are reached, is a deviation from the linearity (or path-independence) of

TCRE (Jones, 2019; Sanderson et al., 2024). Sanderson et al. (2024) proposes a framework

for diagnosing ZEC50 and ZEC100, the temperature change which occurs 50 and 100 years

(respectively) after net-zero emissions are reached and maintained, using emissions-driven

experiments. Though models agree that ZEC is likely close to zero, the sign remains uncertain

with (MacDougall et al., 2020) finding a range of -0.36 to 0.29°C and (Sanderson et al., 2024)

finding a range of -0.33 to 0.28 in ESMs fifty years after net-zero. Recent literature finds

that ZEC is likely negative over centennial timescales because the uptake of atmospheric

CO2 due too land sinks outweighs warming due to the ocean equilibrating (Tarshish et al.,

2023). However, ZEC remains a highly uncertain emergent and transient property without

an analytical framework, creating challenges for emissions policy (Jenkins, S. et al., 2022).
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Other limits to the path-independence of TCRE include the lagged response of ocean and

terrestrial carbon sinks (Winkler et al., 2024) and asymmetry in warming versus cooling due

to carbon land sinks (Zickfeld et al., 2021).

CMIP6 attempts to project uncertainties in climate consequences from different climate

mitigation and adaptation strategies using the shared socio-economic pathways (SSPs). De-

spite their wide use, the SSPs have been widely criticized for being inequitable and unre-

alistic (Hasegawa et al., 2015; Sonja and Harald, 2018; Low and Schafer, 2020). SSPs are

designed with a combination of Integrated Assessment Models (IAMs) and Global Climate

Models (GCMs). One of the original IAMs balances the marginal cost of climate damage

with the cost of climate mitigation (Nordhaus, 1992). The IAMs used in the SSP scenarios

model economic interactions between regions under scenario constraints (such as population,

gross domestic product, and challenges to mitigation and adaptation) and implement a car-

bon price to decrease the effective radiative forcing (O’Neill et al., 2016). These emissions

pathways can then be simulated in MAGICC (an emissions-to-concentration model) and a

concentrations-driven GCM to quantify the physical climate response.

Since increasing productivity (a measure of how efficiently goods and services are pro-

duced which depends on the availability of labor and technology) is a necessary constraint in

the SSPs (O’Neill et al., 2016; Leimbach et al., 2017; Keyßer and Lenzen, 2021), IPCC recom-

mendations based on SSPs only consider a subset of climate futures which continue current

inequities in wealth and energy distribution. For example, Figure 4.1 shows that every SSP

scenario has an increasing gross domestic product (GDP). Prioritizing a growing GDP leads

SSPs to prioritize economic growth over human wellbeing even though GDP is not (and was

not designed to be) a proxy measurement of human wellbeing (Milward-Hopkins et al., 2020;

Steinberger and Roberts, 2010). Not only are human wellbeing gains increasingly marginal

with increases in GDP in high-GDP nations, but Steinberger and Roberts (2010) finds that

the energy and emissions required to satisfy human needs will decrease by 2030.

Even SSP1 which “de-emphasizes economic growth” (O’Neill et al., 2016) maintains en-

ergy inequality across the five IAM regions, where the OECD region (countries within the

Organization for Economic Cooperation and Development nations such as the United States
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and the European Union) consume the most energy per capita and Asia, Latin America,

the Middle East, and Africa consume the least energy per capita (Figure 4.2). Additionally,

income projections across the SSPs find that none of them reach income equality by 2100

(Cuaresma, 2017; Rao et al., 2019). Emmerling et al. (2024) finds that “across all SSPs,

the within-country inequality share rises, whereas, with the exception of SSP4, inequality

between countries decreases” but does not disappear by 2100. Andreoni et al. (2024) finds

that financing negative emissions technologies (which the SSPs depend on to reach net-zero;

Figure 4.3) could double the increase in income inequality. Thus, SSPs put forward futures

which proliferate the same wealth and energy inequities they started with.

SSPs and their corresponding IAMs are tasked with contradictory goals: increasing GDP

while decreasing emissions. To decouple GDP from emissions, the SSPs don’t just need zero-

emission energy sources but negative-emission energy sources. These simulations depend on

between 100 to 1,000 billion tons of CO2 removal through negative emissions technologies

(NETs), with large land use and air pollution costs (Smith et al., 2016; Heck et al., 2018;

Minx and al, 2018; Fuss, 2018). The SSPs use several methods of carbon capture and storage,

including direct air capture (DAC), point source carbon capture and storage at fossil fuel

plants, and bioenergy carbon capture and storage (BECCS). BECCS burns biofuels as a

source of energy while sequestering carbon underground. BECCS captures carbon emitted

from burning biofuels and acts as a sink for atmospheric carbon through growing plants.

Turner et al. (2018) estimates that BECCS can take up 0.0173 to 0.0319 GtCO2 per Mha

each year. Therefore, 21 GtCO2 of BECCS requires 658 to 1,213 Mha of arable land. Thus

the coldest SSPs (e.g., SSP1-1.9) depend on BECCS, and the technology needed to carry out

a substantial removal of CO2 via this approach does not yet exist. In 2022, the Food and

Agriculture Organization (FAO) of the UN estimated that there is 4,781 Mha of agricultural

land globally, which is one third of the global land area (F.A.O., 2024). 21 GtCO2 per year

of BECCS would use 13% to 25% of the Earth’s available arable land. Therefore, BECCS at

this rate would put unnecessary and undue stress on the population’s food supply (Hasegawa

et al., 2015).

Additionally, prioritizing NETs over the cessation of fossil fuel usage delays the energy
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transition, producing marginal benefit to wealthy populations in exchange for the health and

land sovereignty of people of color (Anderson and Peters, 2016; Rao and Min, 2018; Milward-

Hopkins et al., 2020; Vogel et al., 2021; Hickel and Slamersak, 2022; Andreoni et al., 2024).

Thus, this chapter evaluates climate futures that are more equitable by design.

In this chapter, I evaluate climate futures using an IAM which is not constrained by in-

definitely increasing GDP but instead by energy demand and the 1.5°C 2018 carbon budget

of 580 GtCO2. In the Methods section, I describe the Keyßer and Lenzen (2021) IAM (hence-

forth called KLIAM; section 4.2.1), its 17 scenarios, and the choice of the 580 GtCO2 con-

straint. These scenarios differ from one another by the projected energy demand, the speed

of renewables growth, and the quantity of negative emissions technology (e.g., aforestation,

reforestation, point-source coal and oil CCS, and BECCS). Keyßer and Lenzen (2021) tune

the fuel growth rates (the rate at which renewables grow and traditional fuels are phased

out) such that each scenario hits the 580 GtCO2 budget.

With this model, I would like to answer the following questions:

1. How does the socioeconomic pathway to 580 GtCO2 impact 2100 temperature?

2. To what extent can negative emissions technologies reverse warming?

4.2 Methods & Model

4.2.1 Keyßer and Lenzen IAM

The IAMs used in the SSPs (SSP-IAMs) use a production function which projects GDP

under certain parameters, such as: capital produced through labor, technical progress, and

under the assumption that GDP increases every year (Leimbach et al., 2017). Thus, SSP-

IAMs output the fossil fuels emitted to achieve a certain level of production, regardless of

whether that production is demanded. SSP-IAMs are therefore “supply-side,” answering the

question: how much energy, goods, and services could the planet produce with the projected

labor force, technological innovation, and international cooperation? In contrast, KLIAM

takes energy demand as a constraint, which is “demand-side” (Keyßer and Lenzen, 2021).
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Figure 4.1: SSP GDP Projections. (a) The GDP and (b) GDP per capita of the SSP 1

through 5 baselines (as in, no carbon price) in units of billions of 2005 US dollars per year.

Generated from SSP Public Database Version 2.
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Figure 4.2: SSP Per Capita Energy Projections. The final energy per capita across Asia

(purple), Latin America (orange), the Middle East and Africa (green), OECD (dark red),

and Reforming Economies (blue) for SSP1 (solid lines) and SSP2 (dotted line) in units

of millions of EJ per year. Data from the SSP Public Database Version 2. Damerau et al.

(2016) shows the population projections for each region to 2050. The regions with the largest

to smallest populations are Asia, the Middle East and Africa, OECD, Latin America, and

finally the Reforming Economies. Asia has a population approximately 3.6 times as large as

OECD, while the Middle East and Africa have the largest rate of population increase.
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Figure 4.3: SSP Carbon Capture Projections. The carbon capture and storage in SSPs 1

through 5, in units of GtCO2 per year. The dashed line represents 2025. Data from the SSP

Public Database Version 2.
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KLIAM answers the question: what energy mix satisfies projected energy demand? In this

way, KLIAM finds the minimum production needed for a population whereas SSP-IAMs find

the maximum supply produced by a population. In this section, I will describe the inputs,

functions, outputs, and assumptions within KLIAM.

First, KLIAM models eight energy sources to satisfy energy demand. All fuel types, from

renewable (solar, wind, and other) to traditional (coal, oil, natural gas, nuclear, and biofuels)

are prescribed a growth rate. The energy produced by each fuel type is calculated as:

ec(t) = ec(t− 1)(1 + γc(t)) = ec(t− 1)[1 + (γc(t− 1) + δc)] (4.1)

where e represents energy, c represents the fuel type (0: Natural Gas, 1: Coal, 2: Crude

Oil, 3: Nuclear Energy, 4: Biofuels, 5: Hydroelectricity, 6: Solar Photovoltaic, 7: Wind, 8:

Other Renewables), γ is the annual growth rate, and δ is the annual change in the growth

rate. For renewables, the growth rate γ eventually plateaus but it never declines. Therefore:

γc(t) ≥ 0 for c in [6, 7, 8] (4.2)

The total energy supplied is therefore:

esupply(t) =
8∑

c=0

ec(t) (4.3)

Note that for fossil and biofuels, the primary energy calculated here must be converted to final

energy, where final energy is the energy after accounting for loss due to heat in combustion

reactions. For most scenarios, energy demand is calculated in the same manner as ec:

edemand(t) = edemand(t−1)(1+γdemand(t)) = edemand(t−1)[1+(γdemand(t−1)+δdemand)] (4.4)

therefore energy demand growth will eventually decline as it does for all conventional fuels

(as in, natural gas, coal, and crude oil).

Keyßer and Lenzen (2021) created 18 scenarios of which I include 17 (one of the scenarios

titled “Climate Analytics” is largely excluded from the results in the original paper; Table

4.1).
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The low energy demand scenarios include Degrowth and DLE (Decent Living Energy).

The medium energy demand scenarios include Dec-moderate, Dec-strong, and Dec-extreme

(where dec-moderate has the slowest renewable growth and dec-extreme has the fastest re-

newable growth). The high energy demand scenarios include Moderate, Strong, Extreme

and Utopian (where Moderate has the slowest renewable growth and Utopian has the fastest

renewable growth). IPCC is a high energy demand scenario meant to represent decoupling

of GDP from energy usage (i.e. indefinitely growing GDP but energy use eventually stag-

nating). This chapter will not go into detail on GDP-energy decoupling, but more details

on GDP-energy decoupling can be found in Keyßer and Lenzen (2021). Additionally, there

are alternative scenarios of Degrowth, Dec-Extreme, Moderate, and IPCC which include

carbon capture and storage (“FullNET”) and no negative emissions even from reforestation

(“NoNNE”).

K&L chose the 2018 carbon budget because this was the relevant budget when the model

and scenarios were developed. Future work with KLIAM could create new scenarios tuned

to a more recent carbon budget (such as 250 GtCO2 for a 50% change of avoiding 1.5°C

warming in 2023; Lamboll et al. (2023)) or a 2°C warming target. However, that is outside

of the scope of this chapter.

These scenarios are then evaluated on feasibility of the necessary annual growth of re-

newable energy, scalability of negative emissions technology, and the rate of GDP-energy

decoupling. The energy consumption per fuel source and GDP are shown in Figures 4.4 and

4.5 for each scenario. The total energy consumption, emissions, and cumulative emissions

are shown in Figure 4.6 for each scenario.

In Keyßer and Lenzen (2021), “FullNETs” scenarios allow for the maximum amount of

afforestation, point source carbon capture and storage (CCS) of coal and oil, and bioenergy

carbon capture and sequestration (BECCS). Since each scenario is tuned to reach the same

carbon budget, Full NET scenarios can phase out fossil fuels later in the simulation while

reaching the same budget as a scenario with limited or no NETs. Both afforestation and

point source CCS are self-limiting. The maximum CO2 sequestered by afforestation is 3.6

GtCO2 per year (Harper et al., 2018).
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Additionally, point source CCS of coal and oil is phased out when coal and oil are phased

out. BECCS is a process by which biofuels (e.g., corn and ethanol) are burned, their emissions

are sequestered, and atmospheric carbon is sequestered by additional plant growth. BECCS

sequesters the most CO2 and does not depend on fossil fuels; therefore, BECCS is never

phased out. KLIAM limits the yearly uptake of CO2 from BECCS, as it does afforestation,

anywhere from 0 (No NET scenarios) to 20.4 GtCO2 (the “Full-NET” scenarios), wherein the

maximum land use sink is 24 GtCO2 (which in consistent with SSPs and economic modeling;

Fajardy et al. (2021), Griscom et al. (2017)).

KLIAM does not take population as an input. Several of the energy demand scenarios

are based on the final energy demand in SSP2 or SSP5, providing an implicit population

projection. In the scenario DLE, the final energy demand is based on the per capita energy

use to achieve the decent living standard defined in Rao and Min (2018), but because that

energy demand is constant for several decades, that scenario either assumes a constant pop-

ulation or decreasing energy demand per capita. Future work could consider implementing

population as an input in KLIAM.

4.2.2 Methane Pathways

CH4 is the second most important greenhouse gas, with a global warming potential

(GWP) 28 times that of CO2 (on a 100-year timescale; Forster et al. (2021)) but a significantly

shorter lifetime (approximately 10 years). The contribution of CH4 to current warming and

the cumulative CO2e budget is significant (Jenkins et al., 2021; Rogelj and Lamboll, 2024).

Therefore, to properly project future warming and partition this model, I constructed a

methane pathway.

Methane emissions come from several sources: natural sources (such as wetlands), an-

thropogenic non-energy sources (e.g., landfills), and fossil energy sources (coal, oil, natural

gas). I maintain a constant value in time and across scenarios for natural sources. For

anthropogenic non-energy sources, I assume a gradual decrease over time (constant over all

scenarios). I perform a linear regression on the last 50 years of SSP1-1.9 CH4 emissions for

the following linearization:
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Figure 4.6: The Total Energy, Emissions, and Cumulative Emissions across Scenarios. En-

ergy, emissions, cumulative emissions and temperature time series for the original K&L

scenarios with a methane pathway. (a) The final energy production in EJ, (b) the emissions

in GtCO2 (c) the cumulative CO2 emissions in GtCO2 and (d) the near-surface temperature

anomaly in K for (a-d) each scenario from 2020 to 2100. (e) The 1 σ physical variability of

the final temperature (5-year average) each scenario from the FaiR ensemble (in color), the 1

σ variability of the scenario mean final temperatures (gray), and the total variability across

scenario and ensemble space (black).
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ECH4(t)non−energy = (At+B)ECH4(2019)non−energy (4.5)

where A = -0.0069 MtCH4yr and B = 0.877 MtCH4Ṅote that this linearization eventually

reaches negative CH4 emissions, but not until after the model runtime.

Finally, for fossil energy sources, I model the CH4 emissions by the amount of natural

gas, oil, and coal burned every year. The burning of fossil fuels is not itself a major source

of CH4İnstead, methane is released during the mining, processing, and transportation of

fossil fuels, as in, natural gas leaks or methane released from coal mines. Using International

Energy Agency (IEA) estimates of methane released by coal, oil, and natural gas divided by

historical emissions of CO2 from each fossil source, I estimate the rate that each fossil source

releases methane (IEA 2023):

ECH4,i = α
ECO2,i

GWPCH4

(4.6)

where i refers to which fossil fuel (coal, oil, natural gas) and α is the unitless ratio (0.090,

0.099, and 0.160, respectively) calculated using global 2018 emissions from the IEA Methane

Tracker. Figure 4.7 shows the methane pathway in two representative KLIAM scenarios

(Degrowth and Moderate) compared to SSP1-1.9 and SSP2-2.6.

4.2.3 Coupling to the Finite-amplitude Impulse Response Model (FaIR)

I couple KLIAM to the Finite-amplitude Impulse Response Model (FaIR) to generate

temperature projections for each scenario. FaIR models 30 different gases, including a carbon

cycle where CO2 has four timescales and interacts with CH4 and N2O emissions. In this

analysis, I have chosen to model CO2 and CH4 using KLIAM but not the other gases FaIR

takes into account. This is for two reasons: firstly, CO2 and CH4 are the two most important

greenhouse gases. In Figure 4.8, I see that CO2 and CH4 have the largest contribution to the

total radiative forcing. The short-lived pollutant with the largest impact on the radiative

balance in FaIR are Sulfur compounds, contributing -0.23 W/m2 (2022 median effective

radiative forcing). Future work could consider modeling the impact of fossil fuel burning on

aerosol concentration.
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Figure 4.7: A Comparison of CO2 and CH4 Pathways to SSPs 1 and 2. The (a) fossil CO2

and (b) CH4 emissions for Degrowth (blue), Dec-Extreme (green), IPCC (yellow), Moderate

(red), SSP1-1.9 (black, solid), and SSP1-2.6 (black, dashed), and SSP2-4.5 (black, dotted).
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Figure 4.8: Total, CO2, and CH4 Radiative Forcings. Timeseries of radiative forcing [W/m2]

of CO2, CH4, the sum of CO2 and CH4, and the total radiative forcing from all 30 of the

modeled gasses in FaIR for Moderate-FullNETs.

Secondly, KLIAM only models emissions from energy sources, whereas some CH4 and

most N2O emissions arise from agriculture. When coupling KLIAM to FaIR, I use values from

the Reduced Complexity Model Intercomparison Project (RCMIP) for all other gases. The

RCMIP emissions data provides the emissions for every input gas for every SSP scenario. For

this analysis, I use SSP1-1.9 RCMIP emissions data. I use FaIR with a two-layer ocean and

a more than 6,729-member ensemble from Dvorak et al. (2022). Additionally, the runtime of

FaIR is short enough to allow large ensembles without large computing power. The possible

ensemble size, range of climate and carbon cycle parameters, and inclusion of non-CO2 gases

makes FaIR a natural choice for this work. However, simple models such as FaIR fail to

model certain interactions in the carbon cycle such as carbon-ocean heat feedbacks (Séférian

et al., 2024) which may impact our results. I discuss caveats of our climate model choice in

the conclusions of this chapter. The temperature time series from this ensemble is shown in

Figure 4.6d and the uncertainty is included in Table 4.1 and Figure 4.6e.
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4.2.4 Evaluating Fossil Fuel Pathways for 2023

In this section, I will evaluate how well KLIAM projected fossil fuel pathways from 2018

to 2023 by comparing projections to recent historical data. Additionally, I will present a set

of updated fuel growth parameters for fossil fuels for projections beginning in 2023. Future

work should consider evaluating and updating parameters for renewable energy (solar, wind,

and others) as well as traditional biofuels, hydroelectric, and nuclear.

In this section, we don’t focus on traditional biofuels, hydroelectric power, or nuclear

power because they present a small and decreasing portion of the energy mix. However, nu-

clear power is a form of clean (if not renewable) power which could be a part of decarboniza-

tion pathways; analyses from this perspective may want to update nuclear energy pathways

in this IAM. This section also does not focus on renewable energy. The 2023 growth rate

for global solar is estimated between 25 and 30% (IEA 2024, Graham and Fulghum (2024)).

Renewable energy growth in KLIAM is determined both by its fuel growth parameters (γ

and δ) but also on whether the model over or under supplies energy demand (which depends

on the growth rate of energy demand as well as each other fuel source). Properly projecting

renewable growth over time in KLIAM requires not only updating its growth parameters but

also evaluating whether reducing renewable energy in cases of overshot demand is realistic.

Thus, this section evaluates the five-year period 2018 to 2024 of fossil fuel phase out (or lack

thereof) in comparison to KLIAM projections. Additionally, changing the fuel parameters

and model start year removes the 580 GtCO2 constraint. Therefore, the analysis in Section

4.3.2 will use the original 2018 KLIAM parameters.

I first updated the initial conditions using the IEA World Energy Balances Dataset.

KLIAM models growth in each fuel recursively; therefore, the initial demand for each fuel

source impacts the growth of that fuel over the model runtime. Table 4.2 shows how the

initial value of each fossil fuel for 2018 compared to 2023. Natural Gas, Coal, and total final

energy increased from K&L 2018 values to 2023. Contrastingly, Oil decreased in demand by

7 EJ.

Secondly, I updated the fossil fuel growth parameters. While K&L begins its model run in

2018, its analysis uses IEA data from 2015 to 2017, thus assuming that the growth parameters
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for 2015 would be consistent into 2018. I update these growth parameters using IEA World

Energy Balances, which contains historical data of fossil and renewable fuel consumption up

to 2023.

For each fossil fuel type, I consider the percent change each year, defined as:

γ′
c(t) =

Ec(t)− Ec(t− 1)

Ec(t− 1)
× 100% (4.7.1)

over historical data. I use the average percent change (eqn 4.7.1) from 2020 to 2023 to

estimate γ in 2023:

γ(2023) =
γ′(2020) + γ′(2021) + γ′(2022) + γ′(2023)

4
(4.7.2)

To update the δ parameter, I selected two periods of time: one of fast fossil fuel growth (2000

to 2005) and one of slow fossil fuel growth (2010 to 2015). I then defined δ as the average

yearly change in γ between those time periods. The updated fossil fuel parameters are in

table 4.3.

How well do the K&L parameters project fossil fuel consumption between 2018 and 2023?

Figure 4.9 shows that K&L overestimated oil and natural gas production and underestimated

coal production between 2018 and 2023. The shaded regions in Figure 4.9 show the lowest and

highest demand K&L fossil fuel projections, which I will refer to as the K&L range. Beyond

2023, my updated oil projection sits within the K&L range and is phased out after 2090.

My updated coal projection is significantly higher than the K&L range, as the 2018 K&L

parameters assumed that coal consumption had peaked prior to 2020. My coal projection

phases out by 2080. Finally, My updated natural gas projection is above the K&L range,

especially after 2070 and never phases out. In conclusion, the world is not on track to phase

out fossil fuels by 2050, or even by 2100.
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Figure 4.9: Historical and Projected Fossil Fuel Use. Time series of fossil fuel usage from

1990 to 2100 for K&L 2018 parameters (historical until 2018, projections after 2018; shaded),

the IEA historical data (up to 2023; solid), and projections using updated initial conditions

(Table 4.2) and growth parameters (Table 4.3) from 2023 forward (dashed).

Initial Conditions [EJ]

Fuel K&L (2018) ANP (2023) Difference (ANP - K&L)

Natural Gas 93 95 2

Coal 75 90 15

Oil 181 174 -7

Total Final Energy 414 431 17

Table 4.2: Fossil Fuel Initial Conditions. The initial demand in each fossil fuel source and

total final energy for K&L and ANP. The K&L model begins in 2018, therefore the initial

energy demand stems from 2018. The initial conditions for ANP are for 2023. The change

in initial fuel demand (difference between ANP and K&L) is in the third column.
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γ δ

Fuel Source K&L ANP K&L - ANP K&L ANP K&L - ANP

Natural Gas 2.8 0.83 1.97 -1.7 to -0.3 -0.3 -1.67 to -0.27

Coal -2 2.35 -4.35 -1.7 to -0.3 -0.39 -1.31 to 0.09

Crude Oil 1.8 0.25 1.35 -1.7 to -0.3 -0.18 -1.52 to -0.12

Table 4.3: Fossil Fuel Growth Parameters. The γ (%/year) and δ (%/%/year) parameters

from K&L and updated fossil fuel parameters (labeled ANP) from 2023 IEA data (See the

Data Availability section below).

4.3 Results & Discussion

4.3.1 Temperature & Changes of Avoiding 1.5°C Warming

K&L assumes that any scenario which hits 580 GtCO2 by 2100 will reach the same

final warming. In Figure 4.6c, the cumulative CO2 in many scenarios reaches a value below

580 GtCO2. K&L tuned their scenarios to reach a 580 GtCO2e budget; however, non-CO2

emissions don’t cumulatively add to warming in the same way as CO2. When non-CO2 gases

are not included in cumulative CO2 calculations, the result is Figure 4.6c. Note, that in

Table 4.1, the cumulative emissions calculation including CH4 is closer to 580 GtCO2 than

the cumulative emissions calculation without non-CO2 gases.

I find that when implementing the 6,729-member FaIR ensemble with the 17 K&L scenar-

ios, the 68% confidence interval of the final temperatures is 1.05 to 1.60 K (Table 4.1, Figure

4.6). The ensemble-mean final temperatures have a standard deviation of 0.05K across sce-

narios. The coldest scenarios are Extreme, Utopian, and Dec-Extreme-NoNNE at 1.28 ±

0.26K, closely followed by IPCC-NoNNE (1.28 ± 0.25) and Strong, Dec-Extreme, and IPCC

(1.29 ± 0.26K). Thus, the coldest scenarios are those with the fastest rate of renewables

growth and minimal (or zero) negative emissions technologies. In contrast, the hottest sce-

nario is Moderate-FullNETs at 1.49 ± 0.31K, a scenario with slow renewables growth and

high rates of negative emissions technologies. Furthermore, FullNET scenarios are always
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hotter than their default or NoNNE counterparts by 0.06 ± 5x10-3K (Degrowth-FullNETs –

Degrowth-NoNNE) to 0.19 ± 0.1K (Moderate-FullNETs – Moderate-NoNNE) and are less

likely to avoid 1.5°C warming by 6.9% to 23.3%, respectively (Table 4.1). Therefore, despite

hitting the same carbon budget, dependence on negative emissions technologies is correlated

with higher temperatures. Hotter final temperatures due to negative emissions technologies

likely arise from a delay in phasing out fossil fuels.

However, the 17 K&L scenarios don’t reach the same final CO2 budget; their final cu-

mulative CO2 budgets range from 385 to 532 GtCO2. Therefore, if the variability in final

temperature across scenarios is due to variability in final carbon budget, then the final

temperatures would correlate with final cumulative CO2. However, I find that the final tem-

peratures are more correlated with the maximum cumulative CO2 (r
2 = 0.14) than the final

cumulative CO2 (r2 = 0.80; Figure 4.10). This implies that overshoot scenarios (scenarios

which exceed and return to 580GtCO2) are not equivalent to scenarios which never exceed

580GtCO2.

In Section 4.2.4, I found that natural gas and coal use between 2018 and 2023 was

larger than projected by KLIAM. Given the result that scenarios which delay phasing out

fossil fuels (the FullNET scenarios) result in larger 2100 temperatures and lower chances of

avoiding 1.5°C warming, I hypothesize that running KLIAM on 2023 values (which would

involve updating the initial conditions and growth parameters for 2023 as well as tuning

the scenario delta parameters to the 2023 carbon budget) will result in warmer temperature

projections.

4.3.2 Reversibility of Negative Emissions Technologies

The linearity of temperature anomaly with cumulative carbon emissions is a necessary

construction for estimating transient climate response to emissions and the remaining carbon

budget to avoid a given warming target. If this linearity is independent of the scenario (the

emissions or cumulative emissions pathway), then I expect that overshoot scenarios (where

emissions exceed the carbon budget and then return to that budget using negative emissions)

to reach the same final temperature as a scenario which hits but never exceeds the carbon
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Figure 4.10: Correlation Between Final Temperature and Cumulative Emissions. A linear

regression of the 17 K&L scenario final temperatures against (a) final and (b) maximum

cumulative CO2.
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budget. However, in both the new and old parameter sets, I find that the “FullNET”

(“overshoot”) scenarios are always warmer (due to delaying fossil fuel phase out) and have a

lower chance of avoiding 1.5°C warming than their analogous “NoNNE” (“low cumulative”

emissions, henceforth referred to as “low”) scenarios.

This suggests that there are limits to the linearity of temperature anomaly to cumulative

CO2 emissions. These limits could be due to time lag (i.e., eventually an overshoot scenario

will reach the temperature of a low emissions scenario, but on longer timescales than present

day to 2100), the zero emissions commitment (i.e., the Earth system may warm or cool after

reaching net-zero emissions), non-CO2 emissions (i.e., non-CO2 emissions warm the Earth

system but their relationship with the carbon budget is uncertain), or that TCRE has some

dependence on the scenario (i.e., the Earth system cools on a different slope than it warms).

To understand the extent to which negative emissions can cool the Earth system after ex-

ceeding a given carbon budget, I consider four groups of scenarios, Degrowth, Dec-Extreme,

IPCC, and Moderate, which have both FullNET and NoNNE scenarios (henceforth, called

“overshoot” and “low”) already available. I created new scenarios called “high cumulative

emissions” or “high” which reach the same maximum cumulative CO2 as the overshoot sce-

nario but maintain that cumulative CO2 until 2100 (rather than capturing and sequestering

it, as in the overshoot scenario). As above, the “low cumulative emissions” or “low” scenario

is the NoNNE scenario. The emissions, cumulative emissions, and temperature timeseries

for the three emissions pathways across four scenarios (12 total) are plotted in Figure 4.11.

Using these three emissions pathways, I define the efficiency of negative emissions (E) as:

E1(t) =
THigh(t)− TOvershoot(t)

THigh(t)− TLow(t)
× 100% (4.8)

where T is the timeseries of temperature for the high emissions, overshoot, and low emissions

pathways. We can conceptualize the denominator as the warming caused by exceeding the

carbon budget. In contrast, we can conceptualize the numerator as the cooling caused by

negative emissions. Thus, for E = 100%, TLow would have to equal Tovershoot. E1 is plotted

against time in Figure 4.12a and the frequency of E1 values at 2100 is plotted in Figure

4.12d. This efficiency metric, E, is a measure of reversibility; in this subsection, the terms
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efficiency of negative emissions and reversibility will be used interchangeably.

At 2100, the mean reversibility across all four scenarios is 64% with a 68% CI of 58% to

70%. Degrowth is the most reversible scenario, with an ensemble mean efficiency of 70%,

whereas Dec-Extreme is the least reversible at 60%. None of the 6729 ensemble members

reach 100% reversibility by 2100. Not only do negative emissions technologies not fully re-

verse warming done by exceeding the carbon budget by 2100, but there is also significant

scenario variability. As in, the scenario to 580 GtCO2 (when negative emissions are intro-

duced, the rate of negative emissions, and how much is cumulatively taken up by negative

emissions) may play a role in how well negative emissions technologies reverse warming on

these timescales (approaching 2100). In Table 4.4, I extrapolate the ensemble mean efficiency

to find the year when 100% efficiency is reached. I use a least squares linear regression over

the last 40 years of data. There are caveats to this method because efficiency may asymp-

tote approaching 100% and I only use the ensemble means. I find that the scenarios reach

100% efficiency between 2115 (Degrowth) and 2127 (Dec-Extreme), or approximately 15 to

27 years after our climate target of 2100. However, because these scenarios don’t all reach

net-zero at the same time (for example, Degrowth and Dec-Extreme reach net-zero before

Moderate). Therefore, next I will consider efficiency over time since net-zero.

Equation 4.8 can become,

E2(t
′) =

THigh(t
′)− TOvershoot(t

′)

THigh(t′)− TLow(t′)
× 100% (4.9.1)

where t′ is the time after net-zero. Note that each experiment (high, low, and overshoot)

could hit net-zero at different times as well. In fact, high and overshoot reach net-zero at

the same time in all scenarios, but low reaches net zero 2 to 18 years earlier.

E2(t
′) =

THigh(t
′
2)− TOvershoot(t

′
2)

THigh(t′2)− TLow(t′1)
× 100% (4.9.2)

where

t′1 ≤ t′2

.
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Equation 4.9 has the added benefit of accounting for ZEC. Once each scenario reaches

net-zero, there is some temperature change (for this FaIR ensemble it is slightly nega-

tive: -0.02 K ± 0.07 K 40 years after net-zero) unrelated to the negative emissions (or lack

thereof). Therefore, our overshoot scenarios could be cooling both due to negative emissions

and due to ZEC. Since the low experiment reaches net-zero earlier (and because ZEC is a

time dependent value), the temperature change due to ZEC at 2100 will be different than

in the high and overshoot experiments. By normalizing for time after net-zero, this effect is

removed.

ZEC can be estimated through a flat10 experiment where 10 PgC is emitted per year

for 100 years (1000 Pg cumulative carbon) and then stops (Sanderson et al., 2024); ZEC

is the temperature t′ years after emissions cease. It is unknown whether or not ZEC has a

dependence on the amount of cumulative emissions. The experiment used to calculate ZEC

reaches a cumulative CO2 which is much greater than the scenarios in this chapter. Future

work could estimate ZEC across a variety of cumulative emissions scenarios to better remove

it from the efficiency calculations.

E2 is plotted against time since net-zero in Figure 4.12b and the frequency of E2 values

is plotted in 4.12e. At 2100 (which is 38 to 41 years after net-zero), the mean reversibility

across all four scenarios is 65% with a 68% CI of 56% to 74%. Degrowth remains the most

reversible scenario, with an ensemble mean efficiency of 68%. The variability in reversibility

increases for E2 (when compared to E1), approximately doubling in IPCC. Dec-extreme

saw the smallest increase in variability because the time of net-zero for the high and low

experiments only differs by 2 years. Additionally, the ensemble mean efficiency decreased

across all scenarios. In contrast to E1, some ensemble members do reach 100% by 2100:

47 ensemble members (0.7%) in IPCC reach 100% efficiency. When I extrapolate toward

100% efficiency, I find that it takes 56 to 68 years after net-zero to reach 100% efficiency.

As in, reversing warming due to exceeding the carbon budget occurs on decadal time scales.

Thus, these results are consistent with E1: 99.8% of ensemble members do not fully reverse

warming by 2100, and there exists variability in reversibility across scenarios. Additionally,

accounting for ZEC introduces new uncertainty.
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Though these scenarios are meant to be constrained by the 2018 580 GtCO2 carbon

budget, not every overshoot experiment returns to 580 GtCO2 by 2100. Therefore, some

scenarios may have a lower efficiency due to having high cumulative emissions at 2100 in the

overshoot experiment in comparison to the low experiment. Figure 4.12c shows:

ECumulative CO2 =
IHigh − IOvershoot

IHigh − ILow
× 100% (4.10)

where I is cumulative CO2. Equation 4.10 reaches 100% when the overshoot experiment

has the same cumulative CO2 as the low experiment. A value of less than 100% at 2100

shows that the overshoot experiment did not return to 580 GtCO2 during the model runtime.

Future work could extend the model runtime until the overshoot scenarios have reached 580

GtCO2 or until 100% efficiency if reached. Additionally, the table in Figure 4.12f shows how

much CO2 was cumulatively removed and the maximum rate of carbon removal. Future

work could explore how the rate of negative emissions and cumulative negative emissions

impacts reversibility.

To better understand why reversibility is not 100% in the scenarios, the ensemble mean

TCRE for each of the four scenarios is plotted in Figure 4.13. For Degrowth, the overshoot

scenario nearly reaches the same cumulative emissions as the low scenario, but at a higher

temperature. For Moderate, the scenario cools at a distinctly shallower slope while cooling,

indicating that more emissions need to be removed than were emitted to achieve the same

magnitude of cooling as warming. IPCC and Dec-Extreme are further from reaching the

same final cumulative emissions, but similar to Degrowth, these scenarios are approaching

a warmer temperature at the same cumulative emissions as the low scenario. In each case,

additional CO2 may need to be removed to reach 100% reversibility. Additionally, the ZEC

observed in each scenario (the temperature change occurring without a change in cumulative

emissions, as in, where the plotted line is vertical) is not the same. Notable, ZEC appears

to be positive in the Moderate high scenario (while ZEC is negative in all other scenarios).

This may indicate that ZEC has some scenario dependence.

In summary, it is unlikely that any of the modeled decarbonization pathways will reach

100% efficiency (fully reversing warming due to exceeding the carbon budget) before 2100.
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Under mean physical parameters, without adjusting for ZEC, and under a low-energy de-

mand decarbonization pathway, one can expect to reach 100% reversibility from negative

emissions technology by 2115, 15 years after our climate target. When normalizing for ZEC

and under a high-energy demand decarbonization pathway, one can expect to reach 100%

reversibility through negative emissions technologies by 68 years after net-zero emissions are

reached. Under the high-energy demand scenario (Moderate), 518 GtCO2 are taken up over

less than 40 years to achieve 0.34 K cooling (2100 temperature difference between the high

cumulative emissions and overshoot experiments). In contrast, the low-energy demand sce-

nario (Degrowth) has the highest reversibility and the shortest time to fully reverse warming

due to exceeding the carbon budget. Reaching 100% efficiency depends on globally scalable

carbon capture technologies which may stress planetary boundaries, food and water systems,

and worsen existing colonial and wealth inequalities (Heck et al., 2018; Hasegawa et al., 2015;

Hickel and Slamersak, 2022; Anderson and Peters, 2016; Andreoni et al., 2024).
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Figure 4.12: Timeseries and Frequency of Negative Emissions Technology Efficiency. E1, as

defined by equation 4.8, plotted against absolutely time (2020 to 2100). (b) E2, as defined

by equation 4.9, plotted against time since net zero. The shaded regions represent 1 σ from

the ensemble mean (solid). (c) Equation 4.10 plotted against absolute time. The probability

distribution function of (d) E1 and (e) E2 at 2100. (f) A table of the cumulative carbon

capture and storage and the maximum rate of CCS for the four scenarios: Degrowth, Dec-

Extreme, IPCC, and Moderate. The gray dashed lines indicate the 1.5°warming target and

the 580 GtCO2 carbon budget.
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Figure 4.13: The Transient Climate Response to Emissions. The temperature anomaly [K]

plotted against cumulative CO2 emissions in GtC (upper axis) and GtCO2 (lower axis) for

Degrowth (blue, upper left), Moderate (red, upper right), IPCC (yellow, lower left), and Dec-

Extreme (green, lower right). The low cumulative emissions (solid), overshoot (dashed), and

high cumulative emissions (dotted) are plotted for each scenario. The maximum temperature

and 1 σ variability are marked for low (black) and overshoot (gray).
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4.4 Conclusions

As of 2024, the remaining carbon budget is only 235 GtCO2 for a 50% chance of limiting

warming to 1.5°C (Friedlingstein et al., 2025). As the remaining carbon budget decreases, it

is essential to understand how the pathways to net-zero impact temperature. This chapter

investigates whether scenarios reaching the same carbon budget would produce the same

temperature results. I found that when the 17 K&L scenarios (run from 2018 to 2100) reach

580 GtCO2 final temperature exhibits variability. In particular, scenarios which depended

on negative emissions technologies were always hotter (with a lower chance of avoiding 1.5°C)

than similar scenarios. This suggests a potential breakdown in the linearity of the transient

climate response to emissions, the relationship between temperature anomaly and cumulative

carbon emissions.

I introduced a reversibility metric called the negative emissions technology efficiency and

find a time lag wherein negative emissions technologies cannot cool all excess warming due

to exceedance by 2100 within most (if not all) FaIR ensemble members. Uncertainty in the

efficiency of negative emissions technologies comes from variability in the scenarios as well as

variability in the transient climate response to emissions and the zero-emissions commitment

(ZEC). Calculating the efficiency of negative emissions technologies as a function of time since

net-zero accounts for temperature change due to ZEC but also increases uncertainty, partic-

ularly for the high energy demand scenarios: IPCC and Moderate. A better understanding

of how the zero emissions commitment impacts temperature in negative emission simula-

tions is crucial to reducing uncertainty in the reversibility of warming. Scenario variability

in reversibility suggests that the timing of emissions, the amount of cumulative emissions,

or magnitude of warming overshoot may impact reversibility of said warming. Future work

could explore which climate and scenario parameters most impact the reversibility of warm-

ing. Reversibility of warming due to exceedance may be reversible, but on decadal time

scales with between 200 and 520 GtCO2 of cumulatively stored emissions. Thus, overshoot

scenarios trade human well-being during decades of warming beyond our climate target for

the disproportionately high energy demand per capita in wealthy nations - warming which

can only be reversed by heretofore fictional technologies operating on the 100 GtCO2 scale.
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Ultimately, I found that not only is 100% efficiency unlikely among most scenarios and en-

semble members, but the uncertainty in reversibility is large enough that responsible climate

policy cannot and should not depend upon it.

These results are consistent with overshoot literature which finds that the Earth system

does not behave identically during periods of warming and CO2 emissions compared to

periods of cooling and negative emissions, especially in high overshoot scenarios (300 GtC or

1,100 GtCO2 over the carbon budget; (Tokarska et al., 2019; Zickfeld et al., 2021). Notably,

this work finds that overshoot scenarios between 298 and 518 GtCO2 (81 to 141 GtC) also

exhibit asymmetry in cooling versus warming. Additionally, the climate impacts of CO2

removal may have spatial variability due to changes in ocean circulation, particularly the

Atlantic Meridional Overturning Circulation (Schwinger et al., 2022). In conclusion, my

results agree with Zickfeld et al. (2023) that decreasing emissions, rather than depending on

negative emissions technologies, is the best pathway to avoiding 1.5°C warming.

Across all scenarios, low energy demand scenarios with high rates of renewable growth

are the most likely to avoid 1.5°C (or 2°C) warming. Scenarios which maintain increasing

energy demand year-to-year with high chances of avoiding 1.5°C warming depend on a high

rate of renewable energy growth or rapid development of negative emissions technologies. If

renewable energy sources fail to grow at those rates, low-energy demand scenarios such as

Degrowth successfully limit warming with the highest rate of warming reversibility. How-

ever, low-energy demand scenarios were not included in the CMIP6 SSP framework. The

next phase of CMIP must consider low-energy demand scenarios as viable decarbonization

pathways in order to prioritize equity, feasibility, and human well-being.
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Data Availability

Listed below are all of the datasets used in Chapter 4.

1. EI Statistical Review of World Energy. (2024). Energy institute statistical review of

world energy 2023. Energy Institute.

2. Emissions Database for Global Atmospheric Research (EDGAR): Crippa, M., Guiz-

zardi, D., Pagani, F., et al. (2023) GHG emissions of all world countries, Publications

Office of the European Union, Luxembourg, doi:10.2760/953322, JRC134504.

3. IEA,World Energy Balances, IEA, Paris https://www.iea.org/data-and-statistics/data-

product/world-energy-balances, Licence: Terms of Use for Non-CC Material. Accessed

June 2025

4. IEA, Renewables 2024 Dataset, IEA, Paris https://www.iea.org/data-and-statistics/data-

product/renewables-2024-dataset, Licence: Terms of Use for Non-CC Material

5. International Energy Agency (2023), Methane Tracker Database, IEA, Paris. License:

Creative Commons Attribution CC BY 4.0.

6. SSP Public Database Version 2.0: Riahi, K., Van Vuuren, D. P., Kriegler, E., et al.

The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas

emissions implications: An overview, Global Environmental Change, Volume 42, Pages

153-168, 2017, ISSN 0959-3780, DOI:110.1016/j.gloenvcha.2016.05.009. Accessed at

https://tntcat.iiasa.ac.at/SspDb/dsd
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Table 4.4: Comparison of Efficiency at 2100 and 30-35 years after net-zero. The final tem-

perature, the year of net-zero (in the overshoot run), magnitude of overshoot (or the max-

imum cumulative CO2 in the overshoot and high emissions runs), the efficiency parameter

with ZEC and TCRE corrections for 2100 or 30-35 years after Net Zero, and the time to

reach 100% efficiency in absolute time and time since net-zero. New experiments are ital-

icized. The highest efficiency and earliest time of 100% efficiency are bolded. (*) Denotes

the range of values across scenarios rather than the confidence interval.
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Chapter 5

CONCLUSIONS

A World Meteorological Organization Report estimates that 2025 warming could reach

1.55 ± 0.13°C. Therefore, 2025 could become the first year to exceed 1.5°C warming. Thus

far, scientists’ warnings on the human cost of climate change have gone unheeded as nations

repeatedly miss deadlines to submit updated Nationally Defined Commitments to reduce

CO2 emissions (Weikmans et al., 2021; Dunne, 2025), commitments which were already

insufficient to limit warming to “well below 2°C” (den Elzen et al., 2022; Liu and Raftery,

2021; UNFCCC, 2015). Affluence – wealth, income, and energy inequality – is a leading driver

of climate change (Wiedmann et al., 2020), one few scientists and policymakers are poised

to challenge. SSP5, fossil fueled development, reveals the climatological consequences of

warming beyond the Paris Agreement, as seen in Chapter 2. Present day warming has already

worsened existing inequalities, such as access to clean, affordable, and safe energy to power

climate control appliances, as described in Chapter 3. In refusing to constrain affluence in

climate modeling, our climate models depend on fictitious emission-negative energy sources,

which may not even reverse warming, as described in Chapter 4. The dependence of negative

emissions technologies in the SSP storylines in CMIP6, the largest modeling intercomparison

project, reveals that we aim to limit warming at the cost of worsening wealth and colonial

inequalities (Hickel and Slamersak, 2022). It is not and will never be scientific to model only

climate futures that refuse to reduce the main driver of warming: indefinite consumption by

those most wealthy.

Future work in this field must consider growth agnostic scenarios, removing GDP growth

as a necessary constraint. Milward-Hopkins et al. (2020) finds that global energy demand

can be greatly reduced while providing a materially generous and sufficient living for all

people. Yet, the Keysser & Lenzen integrated assessment model is one of few IAMs without

GDP growth as a constraint, but the model is limited compared to those used in the SSP
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scenarios. More sophisticated IAMs which model across several regions and the emissions

pathways of gases beyond CO2 and CH4 (such as N2O or short-lived pollutants) are required

to better understand the climate under a just transition to renewable energy. Additionally,

my analysis could be repeated with the newest version of FaIR (v2.0) (Leach et al., 2020)

and its constrained ensemble to produce more accurate and precise temperature projections.

Ultimately, FaIR, while an accessible climate model, does not properly model the interactions

between the ocean, land and atmospheric carbon, which limits our understanding of how the

Zero Emissions Commitment impacts warming reversibility (Leach et al., 2020; Séférian et al.,

2024; Shum, 2024).

Future analysis should model overshoot scenarios with more sophisticated, emissions-

driven models. Importantly, overshoot scenarios should not be studied in isolation of socio-

economic pathways. In Chapter 4, I found that scenarios with different pathways toward

warming overshoot exhibit variability in warming reversibility. Thus, I urge the next era of

model intercomparison to include degrowth scenarios, overshoot scenarios, and emissions-

driven models within the shared socio-economic pathway experiments. As we approach 2°C

warming, the results from Chapter 4 remain true: the pathway to limiting warming requires

rapid cessation of fossil fuel use and a decrease in energy demand in wealthy regions, to

provide sufficient living and a habitable climate for all.
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