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Abstract

Exploring the Timescales and Mechanisms of Polar Amplification

Tyler Paul Janoski

Polar amplification (PA), defined as the enhanced warming of the polar region relative to
the global average, is a robust feature of historical observations and simulations of future
climate. Because PA has yet to be realized in the Antarctic, | mainly focus on Arctic
amplification (AA). Despite the far-reaching consequences of Arctic warming and sea ice loss,
the causes of AA and their relative importance remain contested. This dissertation highlights
some of the most important AA-producing mechanisms by analyzing the different timescales
over which AA develops following an increase in CO: in climate model simulations. First, an
Arctic and global average energy budget analysis is derived for a collection of Coupled Model
Intercomparison Project version 5 (CMIP5) models subjected to an instantaneous quadrupling of
CO2 (4xCOy). I quantify the relative contributions of various AA mechanisms using radiative
kernels for 150 years after 4xCO> and compare mechanisms important at the beginning of the
simulations against those when the models are in a quasi-equilibrium state. To focus on the fast
timescales of AA, a new ensemble of Community Earth System Model (CESM) simulations was

generated to observe the development of AA on ultrafast timescales (< 1 month) and to



investigate the impact of the season in which CO: is increased. Finally, AA mechanisms and
their seasonality are compared to those acting to produce Antarctic amplification (AnA).
Motivated by this analysis, a new Python package called ClimKern was developed to simplify
feedback calculations using radiative kernels and intercompare results based on different kernels.
This work shows that AA occurs on incredibly fast timescales following CO; forcing,
developing within three months in CMIP5 models and on the order of days in the CESM
simulations in which CO; increases in January. The feedbacks important for AA immediately
following COz increase are not the same as those important decades afterward, demonstrating a
strong time dependence of AA mechanism strength. Although sea ice loss and the associated
surface albedo feedback play leading roles in the long-term development of AA, other
mechanisms more clearly explain the rapid development of AA, namely, temperature feedbacks
and the surface latent heat flux response. AnA also develops on ultrafast timescales, though on
timescales greater than one month, AA is considerably greater than AnA. This results from a
stronger SHU response and temperature feedbacks in the Arctic compared to the Antarctic.
Lastly, | find that the magnitudes of feedbacks, especially the surface albedo feedback, exhibit
considerable sensitivity to the kernel choice, indicating that using several different sets of kernels

will make future feedback studies more robust.
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Chapter 1: Introduction

Polar amplification (PA) is the enhanced surface temperature response of the poles to
radiative forcing relative to the global average. Although PA can refer to both stronger-than-
global warming and cooling, the former receives considerably more attention in the context of
present-day increasing anthropogenic greenhouse gas (GHG) emissions. Similarly, Arctic
amplification (AA) has been studied much more thoroughly than Antarctic amplification (AnA)
because of the comparative robustness of AA in observations and projections of future climate.
Consequently, this thesis will mainly focus on the AA component of PA, with AnA discussed
more thoroughly in Chapter 4.

PA is a distinct feature of Earth’s climate throughout history and in future simulations.
Paleoclimate studies have found evidence of PA during the Pliocene (Brigham-Grette et al.,
2013), Last Interglacial (Miller et al., 2022), Last Glacial Maximum (Miller et al., 2010; Shakun
& Carlson, 2010), and the mid-Holocene (Park et al., 2019). On more recent timescales, the
Arctic has warmed anywhere from 2 — 4 times more than the global average over the past few
decades (Chylek et al., 2022; Cohen et al., 2014; Rantanen et al., 2022; Y.-R. Wang et al., 2022)
and the rate of Arctic warming relative to the global average appears to be increasing (Przybylak
& Wyszynski, 2020; You et al., 2021). Nearly all climate model simulations subjected to
increased GHG forcing, beginning with early model simulations (Manabe & Stouffer, 1980;
Manabe & Wetherald, 1975) and continuing through the modern era of climate models (Cai et
al., 2021; Goosse et al., 2018; Hahn et al., 2021; Lainé et al., 2016, 2016; Pithan & Mauritsen,
2014), demonstrate PA. The existence of PA, especially AA, throughout time indicates that PA is

a robust and inherent response of Earth’s climate system to radiative forcing.



The first prediction of PA from increasing GHG concentrations in the atmosphere came
from Swedish scientist Svante Arrhenius in 1896, who combined the theoretic radiative effects of
CO- and decreasing snow cover to reach this conclusion (Arrhenius, 1896). Interestingly,
Arrhenius predicted the seasonality of AA to some degree, namely that AA peaks in boreal
autumn, although he failed to capture the seasonal AA minimum in late spring and early
summer. For a concept like PA that is a century-and-a-quarter old, one might assume that the
polar science community has reached a consensus regarding its causes; however, this is far from
the case. As of the writing of this thesis, there have been hundreds of papers reaching various
conclusions about the mechanisms to which PA owes its fundamental existence. In this thesis, |
do not attempt to reconcile the disparate views on PA, especially AA, but rather add context to
the issue by identifying a deficiency in the existing body of PA research and taking an innovative
approach to revealing the dominant mechanisms of PA.

The rest of the introduction is organized as follows. In Section 1.1, | motivate this thesis
by discussing the importance of a sound understanding of PA and its fundamental causes. In
Section 1.2, 1 go through each proposed mechanism that may play a role in PA and offer brief
physical explanations and overviews of existing research. In Section 1.3, | describe how existing
research typically fails to account for the transient nature of PA and how my dissertation work

will fill that gap.

1.1 The value of studying PA

The areas poleward of 70° latitude together only make up ~6% of Earth’s surface area
and are dwarfed in size by the mid-latitudes and tropics, yet the polar regions have received a

seemingly disproportionate amount of attention from the climate science community. However,



there are good reasons why the poles, and PA specifically, have been a focus of climate science
in recent decades.

Many scientists justify the study of AA solely by noting its effects on the rest of the
globe, especially the mid-latitudes, outwardly forgetting the impact of AA on Arctic peoples.
Approximately 4 million people live to the north of the Arctic Circle (66°30°N), including
indigenous people who have lived in the Arctic for 20,000 years (National Snow & Ice Data
Center, 2020). The rapid warming of the Arctic associated with AA threatens the ways of life of
these Indigenous people. For example, decreasing sea ice area (SIA) and the thinning of sea ice
makes traditional hunting methods more difficult and forms an important cultural loss to the
community (Ahkinga, 2022; Meier, 2022). At the same time, less sea ice invites more
commercial shipping and resource exploitation to the Arctic, producing pollution in the form of
black carbon, disturbing local ecosystems, and causing socioeconomic impacts, especially for
indigenous people (Berkman, 2022; Sheffield, 2021). From an ecological standpoint, the food
sources of Arctic people are disrupted by rapid Arctic warming, with studies finding decreases in
snow geese colonies (Pearce, 2022) and potential changes in the distributions and populations of
Arctic pollinators (Burns, 2022) as examples. Effective adaptation to a warmer Arctic by Arctic
people necessitates a sound understanding of AA so that we, as climate scientists, can construct
well-constrained projections of the future climate.

Outside of the Arctic, AA may be linked to changes in mid-latitude weather, although
this is highly disputed in the community. Studies have found that the Arctic warming and sea ice
loss associated with AA may lead to more frequent and persistent atmospheric blocks, more
extreme winter weather, and shifting jet streams (Cohen et al., 2014, 2018, 2021; Francis &

Vavrus, 2012, 2015; Luo et al., 2018; G.-H. Yang et al., 2023). These changes may be



responsible for both cold air outbreaks in North America and Europe and hot-dry extremes in the
mid-latitudes (Coumou et al., 2018; Hou et al., 2022; Lu et al., 2021; Zhang et al., 2020). Other
studies question this supposed link between AA and changes in mid-latitude weather (Barnes,
2013; Blackport & Screen, 2020a, 2020b, 2021; A. Dai & Song, 2020). One of the main goals of
the ongoing Polar Amplification Model Intercomparison Project (PAMIP) is to provide
coordinated model experiments to elucidate the relationship, if any, between AA and mid-
latitude weather (Doug M. Smith et al., 2019). | refrain from making any claims regarding the
relationship between AA and the mid-latitudes here and simply note that the potential exists.

A more widely accepted consequence of AA is that Arctic warming will induce carbon
cycle feedbacks that have the potential to increase atmospheric GHG concentrations
significantly. The Arctic is a carbon sink and contains ~1,700 Gt and ~560 Gt of organic carbon,
stored in terrestrial and subsea permafrost, respectively (Lindgren et al., 2018; Miner et al., 2022;
Olefeldt et al., 2016; Sayedi et al., 2020; Zubrzycki et al., 2014). Warming permafrost can
liberate this carbon as carbon dioxide and methane, a greenhouse gas with a 100-year global

warming potential ~28 times greater than that of CO> (Forster et al., 2021; O’Connor et al., 2010;

marine hydrates, although estimates of the amount of methane vary widely (Ferré et al., 2020;
James et al., 2016; Sayedi et al., 2020). Because CO; and CHa are well-mixed in the atmosphere,
Arctic carbon cycle feedbacks will alter the global concentrations of these GHGs and, thus, their
global average forcing. Increases in vegetation, or “Arctic greening,” can also amplify or
diminish warming (Blok et al., 2011; Wookey et al., 2009). For example, a longer growing
season and increased productivity in a warmer Arctic may induce larger carbon uptake, forming

a negative feedback (Jeong et al., 2018; Piao et al., 2020), while increasing shrub cover reduces



surface albedo, a positive feedback (Blok et al., 2011). Therefore, global climate change
projections require a thorough understanding of polar warming and PA.

As it stands today, modern climate models, including those part of the fifth and sixth
phases of the Coupled Model Intercomparison Project (CMIP5 & CMIP6), cannot adequately
recreate the magnitude of observed Arctic warming or AA (Z. Cai et al., 2021; Chylek et al.,
2022; Previdi et al., 2021). Even a subsample of the best-performing CMIP6 models fails to
capture rapid Arctic warming since the 1980s (Chylek et al., 2022). The relative
underperformance of climate models in the Arctic render model error a leading source of
uncertainty in multi-decadal projections of the future Arctic climate (Bonan et al., 2021; Z. Cai et
al., 2021; Senftleben et al., 2020). The starting point for addressing these deficiencies in climate
models is to recognize which AA mechanisms they struggle to simulate and, thus, what

processes are ultimately responsible for AA.

1.2 Mechanisms of PA

The Arctic and Antarctic are complex systems at the intersection of the atmosphere,
ocean, and cryosphere, all of which interact with each other. The complex interactions between
different components of the climate systems offer many potential explanations for the existence
(or lack) of PA, which are summarized schematically in Figure 1. Generally, PA is thought to be
the result of local feedbacks, changes in energy transport into the pole, and latitudinal differences
in the radiative forcing from GHG (Hwang et al., 2011; Kay et al., 2012; Previdi et al., 2021;
Stuecker et al., 2018). Feedbacks refer to responses of the climate system that amplify or dampen
a change in surface temperature; those that amplify it are referred to as positive, while those that
dampen it are negative (Sherwood et al., 2015). Similarly, changes in the energy transport into

the polar regions by the atmosphere or ocean can enhance or diminish the local temperature



response, although these are not considered feedbacks in the strictest sense. Note that even
negative feedbacks can produce PA, as long as the feedback is more negative in the global
average than the pole.

It is not an overstatement to say that each of the following PA mechanisms can be a
thesis in and of itself. For this dissertation, | will provide a brief overview of PA mechanisms
and discuss their role in PA based on the results of previous studies. We begin with the radiative

forcing.
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Figure 1.1: Schematic of feedbacks and energy transports in the polar regions. Only the
mechanisms circled in red will be discussed in this dissertation. Note that the radiative forcing from CO.
will also be discussed but is not shown in this figure. Modified from Goosse et al. (2018) under Creative

Commons Attribution 4.0 International License.

1.2.1 Radiative Forcing
The radiative forcing (RF) refers to the radiative imbalance imposed at some vertical

level, most commonly the top-of-atmosphere (TOA) or surface, by a change in some external
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factor; this is most often increasing atmospheric CO2 concentrations, which is what I will focus
on but can also be, for example, changes in atmospheric aerosols or solar irradiance (Previdi et
al., 2021). Interestingly, the relationship between RF from COz-increase and PA depends on the
vertical level considered. CO, as a GHG, absorbs outgoing radiation from the Earth and re-emits
it downwards to the surface. Because warmer surfaces emit more outgoing longwave radiation
(OLR) via the Stefan-Boltzmann law, CO- produces a large TOA forcing in the tropics compared
to the poles (Merlis, 2015; M. Zhang & Huang, 2014). This is reinforced by latitudinal
differences in the vertical structure of temperature in the atmosphere and secondary effects from
differences in cloud cover and water vapor (Merlis, 2015). Thus, the RF from COz is typically
thought to oppose PA from a TOA perspective (Previdi et al., 2021; K. L. Smith et al., 2018; M.
Zhang & Huang, 2014).

The reverse is true when the CO2 RF is considered at the surface. CO2 and water vapor
have overlapping spectral bands, which means that in atmospheric columns with high humidity,
the radiative effect of enhanced CO> is diminished (Chen et al., 2023; Huang et al., 2017).
Consequently, the surface CO2 RF is stronger in the low-humidity poles compared to the humid

tropics, which may contribute to PA.

1.2.2 Surface albedo feedback

We now turn our attention to radiative feedbacks and start with the conceptionally
simplest: the surface albedo feedback. As shown in Fig. 1.1, sea ice and snow cover are highly
reflective to incoming insolation, reducing the amount absorbed by the surface. By melting snow
and reducing sea ice, the surface albedo feedback amplifies warming in the poles. Studies have
consistently identified the surface albedo feedback as an important PA mechanism in the Arctic

(A. Dai et al., 2019; Graversen et al., 2014; Manabe & Stouffer, 1980; Manabe & Wetherald,



1975; Pithan & Mauritsen, 2014; Screen & Simmonds, 2010b; Winton, 2006) and, to a lesser
extent, the Antarctic (Goosse et al., 2018; Hahn et al., 2021).

One feature of the surface albedo feedback that is important to consider is that it only acts
during polar day, when there is sunlight to reflect, but AA has been shown to peak in the fall and
winter (Hahn et al., 2022; Lu & Cai, 2009; Previdi et al., 2021). This does not mean that the
surface albedo feedback is unimportant, as a recognized mechanism relates this feedback to
Arctic warming later in the year. As sea ice melts, the ocean mixed layer absorbs solar radiation
that would have been reflected to space. The warmer ocean mixed layer, facilitated by reduced
sea ice, warms the Arctic lower troposphere in the fall and winter via turbulent heat fluxes
(Boeke & Taylor, 2018; Chung et al., 2021, 2021; A. Dai & Jenkins, 2023; Hahn et al., 2021;

Jenkins & Dai, 2022). | further discuss this mechanism in Chapters 2 through 4.

1.2.3 Lapse rate feedback

The basis for understanding the lapse rate feedback is to recognize that very little of the
longwave radiation emitted by the surface makes it out to space; it is absorbed and re-emitted by
gases and other constituents (e.g., clouds) in the atmospheric column. Consequently, the
effective radiating level to space is well above the surface (Broccoli, 1996). Depending on the
vertical structure of temperature in the atmosphere, the “lapse rate,” a change in surface
temperature may induce a greater or lesser change in temperatures at higher levels. In the global
average, temperatures aloft (i.e., in the mid-to-upper troposphere) are predicted to increase more
than surface temperatures in response to increasing GHG concentrations, producing a negative
lapse rate feedback by enhancing energy loss to space (Previdi et al., 2021). However, warming
at the surface is greater than warming aloft in the Arctic and Antarctic, producing a positive

lapse rate feedback by reducing energy loss to space (compared to what would occur with



vertically uniform warming). This “bottom-heavy” warming in the polar regions is partially due
to the climatological surface inversion during polar night, which suppresses vertical mixing
(Boeke et al., 2021; Feldl et al., 2017; Graversen et al., 2014; Hahn et al., 2020). However, some
studies debate the role of the climatological surface inversion and, instead, attribute the bottom-
heavy warming in the Arctic to sea ice loss and atmospheric heat transport (Cardinale & Rose,
2023; Hahn et al., 2020; Jenkins & Dai, 2021). The lapse rate feedback is often recognized as a
primary mechanism of PA (Dai & Jenkins, 2023; Feldl et al., 2020; Graversen et al., 2014; Hahn
et al., 2020; Pithan & Mauritsen, 2014; Zhang et al., 2018), although new evidence challenges

this interpretation (Beer & Eisenman, 2022; Jenkins & Dai, 2021).

1.2.4 Planck feedback

The Planck response or feedback is governed by the Stefan-Boltzmann law and is the
most fundamental response of the climate system to increased CO; — bodies emit longwave
radiation proportional to their temperature to the fourth power. The nonlinearity of this relation
produces a latitudinal structure in the Planck feedback where the cold poles produce a smaller
increase in OLR per degree of warming than the warmer lower latitudes (Feldl & Roe, 2013a,
2013b; Henry & Merlis, 2019). Thus, the polar regions must warm more than lower latitudes to
balance a given magnitude of heating through enhanced OLR. The Planck feedback is, therefore,
consistently found to contribute to PA, especially in the Arctic (S. Cai et al., 2021; Feldl & Roe,
2013a, 2013b; Goosse et al., 2018; Hahn et al., 2021; Henry & Merlis, 2019; Langen et al., 2012;

Pithan & Mauritsen, 2014; Stuecker et al., 2018; R. Zhang et al., 2018).

1.2.5 Water vapor feedback
Water vapor is an important GHG that enhances downward longwave radiation from the

troposphere as its concentration increases (Cao et al., 2017; Ghatak & Miller, 2013; Ruckstuhl et



al., 2007). It is traditionally thought that the water vapor feedback opposes PA from both TOA
and surface perspectives because of the Clausius-Clapeyron relationship — the relationship
between saturation vapor pressure and temperature is highly nonlinear such that the same
increase in temperature produces a larger increase in saturation vapor pressure at higher
background temperatures than at lower background temperatures. As a result, the tropics
experience a greater increase in specific humidity with warming and a stronger water vapor
feedback than the poles (Previdi et al., 2021; Ruckstuhl et al., 2007; You et al., 2021). Most
studies have found that the water vapor feedback either opposes or does not affect AA or AnA
(Crook et al., 2011; Goosse et al., 2018; Jenkins & Dai, 2021, 2022; Pithan & Mauritsen, 2014;
Stuecker et al., 2018; R. Zhang et al., 2018). However, there are an increasing number of studies
that find the opposite — that the water vapor feedback does contribute to PA in the Arctic (Beer &
Eisenman, 2022; Z. Cai et al., 2021; Ghatak & Miller, 2013; Henry et al., 2021; You et al.,
2021). Some of the proposed mechanisms through which the water vapor feedback may cause
AA include the induction of bottom-heavy Arctic warming (Henry et al., 2021) and the spectral
bands of water vapor becoming saturated at high levels of humidity in the tropics (Ruckstuhl et
al., 2007; You et al., 2021).
1.2.6 Cloud feedbacks

Cloud feedbacks are among the most complex and uncertain feedbacks in both the global
average and the poles. Understanding cloud feedbacks requires understanding the radiative
effects of low clouds and high clouds (see Fig. 1.1). Low clouds affect both the longwave and
shortwave radiative budgets. In the context of longwave radiation, low clouds are near the
surface temperature and, according to the Stefan-Boltzmann law, have a small impact on OLR at

the TOA, at the surface, however, low clouds increase the emissivity of the lower troposphere
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and produce more downward longwave radiation to the surface (Cao et al., 2017; Kay et al.,
2012; Vavrus et al., 2011). In the shortwave part of the spectrum, low clouds are highly
reflective and increase atmospheric albedo, reducing the amount of incoming insolation received
by the surface (Dutta et al., 2021). High clouds differ from low clouds in that they produce a
much weaker increase in atmospheric albedo than low clouds, reducing their shortwave radiative
effect while effectively trapping OLR and emitting at a colder temperature (Dutta et al., 2021).
The total cloud feedback accounts for the shortwave and longwave changes induced by clouds at
all levels in the troposphere.

The global average cloud feedback is thought to be positive, with considerable variability
among the latest generation of climate models (Zelinka et al., 2020). The total cloud feedback in
the Arctic has been found to be either less positive than the global average or negative in
reanalysis and climate model studies, opposing AA from a TOA perspective (Goosse et al.,
2018; Hahn et al., 2021; Pithan & Mauritsen, 2014; Previdi et al., 2021; R. Zhang et al., 2018).
The opposite is true at the surface, where the cloud feedback has been found to contribute to AA,
especially in winter (Jenkins & Dai, 2021; Lainé et al., 2016; Pithan & Mauritsen, 2014; Previdi
et al., 2021). Notably, cloud feedbacks in the global average and Arctic appear highly model-
dependent, obscuring their role in PA (Dutta et al., 2021; Zelinka et al., 2020; R. Zhang et al.,

2018).

1.2.7 Atmospheric heat transport

The poleward atmospheric heat transport is comprised of the dry static energy (DSE)
transport and the moisture transport. The transport of DSE to the poles from lower latitudes is
related to the latitudinal temperature gradient — the stronger the gradient, the greater the DSE

transport. Considering that, by definition, PA acts to decrease the latitudinal near-surface
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temperature gradient, studies have generally found that decreases in DSE transport into the
Arctic will dampen AA (Audette et al., 2021; Dutta et al., 2021; Graversen & Burtu, 2016;
Graversen & Langen, 2019; Hwang et al., 2011; Langen & Alexeev, 2007), although studies call
this into question (Clark et al., 2022; Henry et al., 2021).

On the other hand, the poleward moisture transport is expected to increase because of a
stronger latitudinal gradient in specific humidity (Graversen & Burtu, 2016; Previdi et al., 2021).
Although the increase in poleward moisture flux is typically not enough to overcome decreases
in DSE transport from an energy standpoint (Dutta et al., 2021; Graversen & Langen, 2019;
Hwang et al., 2011), it has a much larger effect on Arctic climate and can ultimately produce
AA, even when the total energy transport into the Arctic decreases (Graversen & Burtu, 2016;
Graversen & Langen, 2019; Hofsteenge et al., 2022; Woods et al., 2013). This occurs because
enhanced poleward moisture transport increases downward longwave radiation over the Arctic
both directly and by increasing Arctic cloudiness (Gong et al., 2017; H.-M. Kim & Kim, 2017;
Previdi et al., 2021). In contrast to the Arctic, the Antarctic’s high elevation and the fact that
water vapor decreases rapidly with height diminish potential increases in moisture transport into
the polar cap, thus leading to a comparatively weak effect on AnA (Hahn et al., 2020; Singh &
Polvani, 2020).

1.2.8 Oceanic heat transport

For the last PA mechanism, we turn to ocean heat transport. Most modeling studies
indicate that the poleward energy transport by the ocean into the Arctic will increase as the
climate warms (Beer et al., 2020; Bitz et al., 2006; Chung et al., 2021; al Hajjar & Salzmann,
2023; Held & Soden, 2006; Hwang et al., 2011; van der Linden et al., 2019; H. A. Singh et al.,

2017, 2018). Most energy from increased oceanic heat transport goes into warming the surface
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and melting sea ice, implying a positive contribution to AA (Bitz et al., 2006; Holland & Bitz,
2003; Marshall et al., 2014, 2015). Further evidence for the importance of oceanic heat transport
comes from the fact that increases in oceanic heat transport into the Arctic tend to occur in boreal
fall and winter, coinciding with the seasonality of AA (Chung et al., 2021; Previdi et al., 2021;

H. A. Singh et al., 2017, 2018).

1.2.9 Interactions between PA mechanisms

Although I have gone mechanism-by-mechanism through this section, it is critical to
remember that all of these feedbacks and changes in energy transports interact. One example is
that of sea ice loss, atmospheric heat transport, and the lapse rate feedback. Melting sea ice
exposes the overlying atmosphere to heat fluxes from the ocean below, producing near-surface
heating that contributes to the positive lapse rate feedback in the Arctic (Boeke et al., 2021; A.
Dai & Jenkins, 2023; Feldl et al., 2020; Jenkins & Dai, 2021). The atmospheric heat transport
similarly contributes to a positive lapse rate feedback in the Arctic, although studies differ in
their conclusions on where in the atmospheric column this occurs (Feldl et al., 2020; Hahn et al.,
2020; Henry et al., 2021). Interactions such as these make attributing PA to particular
mechanisms difficult. If one were to “turn off” a particular mechanism in a climate model to
evaluate its role in PA, other mechanisms would respond in turn, obfuscating the contribution of
each mechanism. Nevertheless, previous studies have taken this approach by turning off or
“denying” the surface albedo feedback (Graversen et al., 2014; Graversen & Wang, 2009), the
lapse rate feedback (Graversen et al., 2014), atmospheric heat convergence response (Graversen
& Langen, 2019), and cloud feedbacks (Middlemas et al., 2020; Vavrus, 2004).

A thorough analysis of the interactions between PA mechanisms is beyond the scope of

this dissertation. However, the following chapters of work present a new methodology of looking
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at PA that eliminates certain interactions (e.g., related to sea ice loss) by examining the transient

development of PA following an abrupt increase in atmospheric COz.

1.3 Timescales of PA

Having gone through some of the most prominent mechanisms proposed for PA, one
might feel like they are left with more questions than answers. Even the most straightforward of
feedbacks, like the surface albedo feedback, contain nuance that obscures their true roles in
causing a phenomenon as ubiquitous in observations and climate models as PA. In this
dissertation, | argue that one often overlooked aspect of PA that contributes to the controversy
and general confusion in the polar science community surrounding this topic is the neglect of the
different timescales of PA.

The vast majority of dedicated PA studies choose one time period, whether in
observations or model output, and consider PA as a time-averaged response to radiative forcing.
contributions to AA are calculated from the response of model simulations to an abrupt
quadrupling of atmospheric CO2 (4xCO2) compared to preindustrial levels. The response is
defined as the difference in the last 30 years of a collection of 150-year-long 4xCO- simulations
and the climatology of preindustrial control simulations. The choice of analyzing relatively long
timescales after 4xCO- results in a comprehensive analysis of the time-averaged quasi-
equilibrium response — the Arctic has lost most of its sea ice, and the remaining climate system

component still in disequilibrium is the ocean, which can take thousands of years to finish
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60, which they take to represent the transient response to CO- forcing. Even in AA attribution

often exclusively considered.

I do not suggest that the focus on time-averaged responses is misplaced — considering
time averages is, in many cases, more than sufficient for reaching robust conclusions about the
climate system’s response to GHG forcing; it also has the advantage of smoothing over internal
variability and seasonal cycles, making results easier to digest. However, PA, especially AA, is a
highly seasonal and inherently transient response to radiative forcing. Arctic and global average
climate components respond on timescales spanning orders of magnitude. For example, cloud
and water vapor responses to increased CO2 may occur on the order of days to weeks,
stratospheric cooling on the order of weeks to months, sea ice loss on the order of months to
years, and deep ocean responses on the order of centuries to millennia (Dickinson & Schaudt,
1998; Previdi et al., 2013; Sherwood et al., 2015). Consequently, it is likely that the relative
importance of PA mechanisms varies with time, which is unfortunately lost upon averaging over
only one period. Few studies have emphasized the importance of considering transient PA

The lack of studies focusing on the timescales of PA is the primary motivation for this
dissertation. Could adding this nuance to the existing body of PA research help explain the
disparate conclusions reached by the multitude of PA studies? In Chapter 2, | explore the short
(sub-annual) and long (multidecadal) timescales of AA in a collection of climate models. Then,
in Chapter 3, I focus exclusively on the very short or “ultrafast” (< I month) timescales of AA in

large ensembles of simulations. Chapter 4 extends the focus on ultrafast PA to include the
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Antarctic. Finally, in Chapter 5, I discuss ongoing and future work on this subject and summarize

the main conclusions of this dissertation.
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Chapter 2: Arctic Amplification: a rapid response to radiative

forcing

Published as: Previdi, M., Janoski, T. P., Chiodo, G., Smith, K. L., & Polvani, L. M. (2020).
Arctic Amplification: A Rapid Response to Radiative Forcing. Geophysical Research Letters,
47(17), 2020GL089933. https://doi.org/10.1029/2020GL 089933

2.1 Introduction

One of the prominent features of recent climate change is an enhancement of near-surface
warming over the Arctic, referred to as Arctic amplification (AA). This enhanced warming
relative to lower latitudes has had and will have important impacts on a range of human and
natural systems, both within and outside the Arctic (AMAP, 2017; Osborne et al., 2018). Thus,
understanding its causes is critical for developing robust climate model projections and preparing
for the consequences of global change. AA has long been attributed to the retreat of sea ice and
snow cover at high northern latitudes (A. Dai et al., 2019; Hall, 2004; Manabe & Stouffer, 1980),
which acts as a positive feedback on climate warming by increasing the surface absorption of
shortwave radiation and the exchange of heat between the ocean and atmosphere. The
importance of other processes has also been highlighted, however. These include temperature
feedbacks that affect the emission of longwave radiation (Pithan & Mauritsen, 2014), and
changes in poleward heat transport by the atmosphere (Cai, 2005; Graversen & Langen, 2019)
and ocean (Marshall et al., 2015; Singh et al., 2017). These physical processes operate on very
different timescales. Thus, examining the timescales of AA can provide insight into which

processes are most important to its existence.

We here examine AA timescales using climate model simulations from the fifth Coupled

Model Intercomparison Project (CMIP5) that were forced with an instantaneous quadrupling of
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atmospheric CO2 (4xCO,). Additional details about the CMIP5 data are provided in section 2. In
section 3, we assess the timescales of AA in CMIP5 simulations. We show that AA develops

very rapidly (within the first few months) following 4% CO2, and we evaluate changes to the top-
of-atmosphere (TOA) energy budget in order to understand this response. Conclusions from our

analysis are presented in section 4.
2.2 Methods

2.2.1 CMIP5 data

We analyze simulations from the following 21 global coupled climate models that were
included in CMIP5: ACCESS1-0, ACCESS1-3, bcc-csm1-1, BNU-ESM, CanESM2, CCSM4,
CNRM-CMB5, CSIRO-Mk3-6-0, FGOALS-g2, FGOALS-s2, GFDL-CM3, GFDL-ESM2G,
inmcm4, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC5, MIROC-ESM, MPI-ESM-LR, MPI-
ESM-P, MRI-CGCM3, and NorESM1-M. These models were selected because they provided
all of the necessary output for our energy budget analysis (see section 2.2). For each model, we
analyzed the following monthly mean atmospheric fields: surface (skin) temperature, surface
pressure, surface air temperature, air temperature and specific humidity, zonal and meridional
wind components, TOA radiative energy fluxes (all-sky and clear-sky), and surface energy
fluxes. Additionally, we examined two monthly mean ocean fields (seawater potential
temperature and the net surface heat flux), and one monthly sea ice field (sea ice concentration).

For each model, these fields were obtained for 2 different CMIP5 experiments (Taylor et
al., 2012): a control experiment with constant pre-industrial boundary conditions (piControl), and
a forced experiment (initialized from piControl) in which the atmospheric CO> concentration was
instantaneously quadrupled (abrupt4xCQO2). A single ensemble member (rlilpl) is used from

each model for each of these experiments.
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We compute responses to 4x CO; as the difference between the forced experiment and
the monthly climatology of the control experiment (i.e., abrupt4xCO2 minus piControl). The
monthly climatology is based on the last 50 years of piControl. For reference, the total length of
the abrupt4xCO2 simulations is ~150 years, and the piControl simulations range in length from

430 years to over 1,000 years.

2.2.2 Energy budget analysis
The perturbation energy budget of a column extending from the TOA to the base of the
ocean mixed layer (ML) can be written as:

AH = AR + AAHT + AOHT (2.1)
where H is the net heating of the column, R is the net downward TOA radiation, AHT is the
convergence of the atmospheric heat transport, OHT is the convergence of the ocean heat
transport within the ML, and A denotes the response to 4xCQO,. We quantify the terms on the
right-hand side of equation (2.1) in order to gain insight into the physical processes driving
warming in the CMIP5 simulations.

The TOA radiation response AR is decomposed as:

AR = ARcoz + ARy + ARyy + ARgipeao + ARcioua (2.2)
ARco? is the 4x CO; radiative forcing. The remaining terms on the right-hand side of equation
(2.2) represent feedbacks due to the responses of surface and tropospheric temperatures (ART),
tropospheric water vapor (ARwv), surface albedo (ARaibedo), and clouds (ARcioud). The
temperature feedback is further decomposed as:

AR = ARp + AR (2.3)

where ARp is the Planck response representing the TOA radiation change due to vertically

uniform warming, and AR(r is the tropospheric lapse rate feedback. Following previous studies
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(Goosse et al., 2018; Pithan & Mauritsen, 2014), we express the Planck response as a local
deviation from the global mean:

ARp. = ARp — AR (2.4)
where the prime and overbar denote the local deviation and global mean, respectively.

The 4xCO; radiative forcing was not available for the CMIP5 models used in our
analysis. We therefore computed ARco using the Parallel Offline Radiative Transfer (PORT)
model (Conley et al., 2013). Our estimate of the CO- forcing includes the effect of stratospheric
temperature adjustment, which is calculated in PORT assuming fixed dynamical heating (Fels et
al., 1980; Ramanathan & Dickinson, 1979). To compute the remaining terms on the right-hand
side of equation (2.2), we employ the radiative kernel technique (Soden et al., 2008), using
kernels from version 5 of the Community Atmosphere Model (Pendergrass et al., 2018). For
ARclioud, We use the kernels to adjust the CMIP5 cloud radiative effect response to account for the
responses of the non-cloud variables (Soden et al., 2008).

The AHT convergence is calculated as a residual in the atmospheric column energy

budget:
AHT =52 — R + R (2.5)

where dE/dt is the time rate of change of the atmospheric energy storage and Rsec is the net
downward surface energy flux (on the models’ atmospheric grid). Similarly, we compute the

OHT convergence as a residual in the ML energy budget:

dOHC
dtML - FSFC (26)

OHT =

where dOHCwmL/dt is the time rate of change of the ocean heat content (OHC) in the ML and Fsrc

is the net downward surface heat flux into the liquid water column (on the models’ ocean grid).
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We define the ML depth as the shallowest depth at which the temperature differs from the

surface temperature by at least 0.2 K (Carton et al., 2018).

All of the terms in the above equations are calculated on a grid point basis and are
spatially averaged (using area weighting) to form Arctic (70°-90°N) and global means. Terms
are expressed as warming contributions (Goosse et al., 2018; Pithan & Mauritsen, 2014) by
normalizing the energy flux responses (in W m-2) by the magnitude of the global mean Planck
response (3.2 W m? K1),

2.3 Results

2.3.1 AA as a rapid response to CO> forcing

We begin by considering the time evolution of the Arctic (70°-90°N) and global mean
surface air temperature (SAT) in the initial months following 4xCO; (Fig. 2.1a). AA is clearly
evident within the first few months. For instance, averaged over months 1-3 (January-March),
the multimodel mean Arctic SAT response (1.2 K) is already significantly greater than the global
SAT response (0.5 K) based on a t test (p < 0.05). This remains the case through the rest of the
spring (months 4 and 5). However, during summer (months 6-8), Arctic and global SAT
responses are very similar, indicating that AA has essentially disappeared. It reappears
prominently in the fall though, with a peak during October and November (months 10 and 11).
Similar seasonal variability in AA is evident in the second year following 4 xCO. (months 13-
24). This seasonal variability is qualitatively consistent with that seen previously in model

simulations (Lu & Cai, 2009) and in observations (Serreze et al., 2009).
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Figure 2.1: (a) Monthly Arctic (70°-90°N) and global SAT response for the first 30 months
following 4xCO; in the CMIP5 simulations. Lines indicate the multimodel mean and shading the +1-
sigma spread. (b) As in Fig. 2.1a but showing the annual SAT response for the entire 150 years of the
simulations. (c) Annual mean polar amplification factor (PAF) in the CMIP5 simulations. The PAF is

defined as the ratio of Arctic (70°-90°N) to global SAT response. The line indicates the multimodel mean
PAF, and shading denotes the £1-sigma spread.
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It is useful to compare the time evolution of AA in these initial months with the time
evolution of Arctic sea ice (Fig. 2.2). Sea ice loss is insignificant in the first few months
following 4xCO», with a decrease in total sea ice area (SIA) of only ~1-2% in months 1-3. This
suggests that ice loss is unlikely to contribute significantly to AA during these first few months.
In contrast, decreases in SIA become considerable after the first few months, reaching ~20% at
the end of the first melt season (month 9) and ~35% at the end of the second melt season (month
21). Thus, significant sea ice loss during fall — and associated increases in ocean-to-atmosphere
heat flux (e.g., Bintanja & van der Linden, 2013; Boeke & Taylor, 2018; Dai et al., 2019; K.-Y.
Kim et al., 2016; Screen & Simmonds, 2010b, 2010a) — likely contribute to the peak in AA

during this season (Fig. 2.1a).
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Figure 2.2: Relative response of Northern Hemisphere total sea ice area in the first 30 months
following 4xCQ,. The line indicates the multimodel mean and shading denotes the £1-sigma spread.
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We now consider the time evolution of the Arctic and global SAT on longer timescales
(Fig. 2.1b). Both quantities increase rapidly during the first decade or so of the model
simulations, followed by a more gradual increase thereafter. This warming occurs at
proportionately the same rate over the Arctic and the planet as a whole, leading to a nearly
constant PAF (polar amplification factor, defined as the ratio of Arctic to global SAT response)
of just over 2.5, but with some variability during the early years of the simulations (Fig. 2.1c).
The warming occurring during the first decade is associated with an adjustment of the ocean ML
to the imposed CO- forcing. Over ensuing decades, warming occurs more gradually as the deep
ocean comes into equilibrium. The time evolution of surface warming in the CMIP5 simulations
that is documented here is qualitatively similar to the one seen in earlier modeling studies
(Hansen et al., 2011; Marshall et al., 2015) that examined the response to an abrupt change in

greenhouse gas forcing.
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Figure 2.3: Latitude-pressure plots of the multimodel mean air temperature response averaged
over (a) the first 3 months (January-March), (b) the first year, and (c) the last 30 years of the CMIP5
simulations.

We next examine the spatial structure of model-simulated warming. Figure 2.3a shows a
latitude-pressure (or height) plot of the air temperature response averaged over the first 3 months

(January-March) of the model simulations. An AA pattern is already evident within these first
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few months, with lower tropospheric warming over the Arctic that is markedly stronger than that
at lower latitudes. The maximum near-surface warming occurs between 65°-70°N and is
associated with the rapid warming of high-latitude land areas (Fig. A.1). The vertical structure
of the simulated Arctic warming — with the maximum warming concentrated near the surface — is
another characteristic feature of AA. This vertical structure has long been linked to the strong
static stability of the Arctic boundary layer (Manabe & Stouffer, 1980; Manabe & Wetherald,
1975), which limits vertical mixing and thus largely confines surface heating anomalies to the

lowest layers of the atmosphere.

When we consider the temperature response averaged over the first year, we see that the
maximum near-surface warming has shifted northward and now lies between 80°-90°N (Fig.
2.3b). This northward shift is likely a response to sea ice loss that has already become
significant within the first year (Fig. 2.2). The temperature response in the first year also
exhibits tropically-amplified warming in the upper troposphere that is not present (or at least is
much weaker) in the first 3 months. Such tropically-amplified warming is known to result from
increases in tropical convective heating, which are closely tied to tropical sea surface
temperature (SST) increases (IPCC, 2013). Thus, the absence of this feature in the first 3 months
of the model simulations can be explained by the fact that tropical SST responses are minimal
during this time (not shown). Finally, we note that the basic pattern of warming established in the
first year (Fig. 2.3b) is similar to the one seen in the last 30 years of the simulations (Fig. 2.3c).
However, the magnitude of warming is much larger in the latter case (e.g., ~10 K larger in the

Arctic lower troposphere).
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2.3.2 Causes of model-simulated warming

We now examine TOA energy budget responses in order to gain insight into the physical
causes of AA (see section 2.2.2). The first response to consider is the direct radiative forcing
from the quadrupling of CO> (Fig. A.2). CO; forcing is largest at low latitudes and decreases
toward the poles. This meridional structure has been documented previously (Hansen et al.,
1997) and is due to decreases in the climatological surface temperature and tropospheric vertical
temperature gradient with latitude (Merlis, 2015; K. L. Smith et al., 2018; M. Zhang & Huang,
2014), leading to the strongest enhancement of the greenhouse effect at low latitudes when CO;
is increased. Therefore, from the perspective of the TOA energy budget, direct CO; forcing
opposes AA by preferentially warming the tropics. This suggests that other changes to the energy

budget occurring in response to the CO; forcing are needed to explain the model-simulated AA.
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Figure 2.4: Multimodel mean Arctic and global warming contributions from feedbacks and
energy transport responses (see section 2.2.2) for (a) the first 3 months (January-March), (b) the first year,
and (c) the last 30 years of the CMIP5 simulations. Filled (empty) circles indicate that the Arctic minus
global warming contribution is (is not) significantly different from zero at the 95% level based on a t-test.

We evaluate these energy budget responses for the same three time periods considered
above: the first 3 months, the first year, and the last 30 years of the 4xCO, simulations (Fig.

2.4). In the first 3 months (Fig. 2.4a), the tropospheric lapse rate feedback is positive over the
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Arctic, but close to zero in the global mean. Thus, the lapse rate feedback strongly contributes to
the rapid AA response. In contrast, cloud feedback opposes AA, since it is more positive in the
global mean than over the Arctic. All remaining energy budget responses make insignificant
contributions to the multimodel mean AA in the first 3 months (denoted by empty circles in Fig.
2.4a). In essence, this means either that the multimodel mean contributions are small, and/or that
individual models disagree on the sign of the contribution (i.e., contributing to or opposing AA;

see Fig. A.3).

In the first year of the model simulations (Fig. 2.4b), the lapse rate feedback contributes
to AA and the cloud feedback opposes AA, as in the first 3 months. Additional positive
contributions to AA in the first year come from the surface albedo feedback (which makes the
largest contribution), the Planck response, and the OHT convergence response. When we
consider instead the last 30 years of the simulations (Fig. 2.4c), we see that the temperature
(Planck and lapse rate) and surface albedo feedbacks still contribute significantly to AA. This is
in agreement with previous studies (Goosse et al., 2018; Pithan & Mauritsen, 2014) that
examined the long-term response to 4xCO2 in CMIP5 models. We find negative contributions to
AA in the last 30 years from cloud and water vapor feedbacks, also confirming these previous
studies. Additionally, decreases in AHT into the Arctic oppose AA in the last 30 years. AHT
decreases are consistent with reductions in the meridional temperature gradient due to polar-

amplified warming (Hwang et al., 2011).

Given the importance of the temperature and surface albedo feedbacks for AA, it is worth
discussing their physical meaning in a bit more detail. As noted in section 2.2.2, the total
temperature feedback can be decomposed into contributions from vertically uniform warming

(Planck response) and the tropospheric lapse rate response. The Planck response is weaker over
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the colder Arctic relative to the global mean — meaning a smaller increase in outgoing longwave
radiation (OLR) per degree of warming — which contributes to AA. Globally averaged, the
tropospheric lapse rate response is characterized by a reduction in the rate of temperature
decrease with height (i.e., increased static stability), largely reflecting moist adiabatic adjustment
to surface warming in the tropics (Manabe & Wetherald, 1975). Such a response of the
temperature profile leads to a larger increase in OLR than would occur from the Planck response
alone, representing a negative feedback on surface warming. However, the opposite occurs over
the Arctic where there is a decrease in static stability associated with a weakening of the
climatological near-surface inversion (Bintanja et al., 2012). This opposes the basic Planck
response and represents a positive feedback on surface warming. Thus, both the Planck and lapse
rate components of the temperature feedback contribute to AA, as shown in our analysis of the
CMIP5 models. The other main contribution to AA in the first year (Fig. 2.4b) and in the last 30
years (Fig. 2.4c) of the model simulations comes from surface albedo feedback. This feedback is
associated with the loss of snow cover and sea ice, which preferentially warms the Arctic region
by increasing the surface absorption of shortwave radiation. Note that the surface albedo
feedback over the Arctic is negligible in the first 3 months (January-March; see Fig. 2.4a), which
is expected since insolation over the polar cap is minimal during this time.
2.4 Conclusions

We have demonstrated here that AA is a rapid response to radiative forcing, occurring
within the first few months after CO; is instantaneously quadrupled in CMIP5 climate models.
This rapid AA response was found to be caused by a positive tropospheric lapse rate feedback
over the Arctic. The notion of AA as a rapid response is supported by the recent finding that the

rapid adjustment of the atmospheric temperature field to CO> forcing is characterized by polar-

28



amplified warming in the lower troposphere (Y. Wang & Huang, 2019). In this view, fast
atmospheric processes act to establish AA before any significant responses of the ocean and sea
ice can occur. Accordingly, we find that Arctic sea ice loss is insignificant in the first few
months following 4xCO>, suggesting that ice loss cannot explain the rapid AA response.
However, sea ice-related feedbacks do become important for AA after the first few months (even
within the first year).

An important question that arises from our results is: to what extent does the rapid AA
response — and its underlying physical mechanisms — depend on the climate state when the
forcing is imposed? Recall that in our analysis, we examined the CMIP5 abrupt4xCO2
simulations that were initialized from a pre-industrial (piControl) climate state (see section
2.2.1). Furthermore, these simulations were initialized during the month of January, which is
polar night at high northern latitudes. Thus, the models’ climate state in the Arctic when CO
was instantaneously quadrupled was characterized by a strong near-surface inversion, extensive
sea ice cover, and an absence of insolation. The latter implies a negligible contribution from
Arctic shortwave feedbacks (e.g., surface albedo feedback) to the rapid Arctic warming
occurring in the first few months of the simulations (see Fig. 2.4a). Future work should
investigate the climate state dependence of the rapid AA response identified here, for instance by
examining abrupt4xCQO2 simulations initialized at other times of the year.

Finally, in addition to providing insight into the physical causes of AA, our work also has
important practical implications. Specifically, the inherently fast timescales of AA suggest the
potential for near-term mitigation of Arctic warming following a reduction in anthropogenic
forcing. We stress that this should not be taken as license to delay mitigation efforts, since

prolonged delay could result in the passing of tipping points (Lenton, 2012) that would make
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large and deleterious climate change unavoidable. Our results provide a sense of optimism
though that the present trajectory of Arctic change can be altered on societally relevant

timescales through swift action to limit greenhouse gas emissions.
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Chapter 3: Ultrafast Arctic amplification and its governing

mechanisms

Published as: Janoski, T. P., Previdi, M., Chiodo, G., Smith, K. L., & Polvani, L. M. (2023).
Ultrafast Arctic amplification and its governing mechanisms. Environmental Research: Climate,
2(3), 035009. https://doi.org/10.1088/2752-5295/ace211

3.1 Introduction

Arctic amplification (AA), or the enhanced surface warming of the Arctic relative to the
global mean, is a ubiquitous feature of anthropogenic climate change. First predicted by

Arrhenius in 1896 as a response to increasing CO> (Arrhenius, 1896), AA has since consistently

~4 million people, including indigenous peoples who have lived there for 20,000 years (National
Snow & Ice Data Center, 2020). Amplified Arctic warming threatens these peoples’ ways of life
while simultaneously endangering the surrounding Arctic ecosystems (Meltofte et al., 2013;
Moon et al., 2021). Impacts of AA are not limited to the Arctic; a warmer Arctic may lead to the
release of methane, a potent greenhouse gas (GHG), from permafrost (Zubrzycki et al., 2014)
and may influence extreme weather in the midlatitudes (Cohen et al., 2014; Francis & Vavrus,
2012; D. M. Smith et al., 2022). There may, however, be some benefits to global shipping and
agriculture from Arctic warming (Altdorff et al., 2021; Ho, 2010).

Despite AA’s ubiquity, the question of the mechanisms to which AA owes its existence
remains open, limiting our ability to understand and accurately project future Arctic climate.

Some studies have emphasized the role of local feedbacks over the Arctic, which may enhance or
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diminish an initial temperature response; these include temperature feedbacks (Pithan &
Mauritsen, 2014; Stuecker et al., 2018; Winton, 2006), the surface albedo feedback (H. Dai,
2021; Holland & Bitz, 2003; Screen & Simmonds, 2010a), and cloud feedbacks (Cao et al.,
2017; Jenkins & Dai, 2022; Vavrus et al., 2011). Others attribute AA mainly to changes in heat
transport into the Arctic by the atmosphere, specifically through enhanced moisture transport
(Graversen & Langen, 2019; Lee, 2014; Merlis & Henry, 2018; Russotto & Biasutti, 2020) and
the ocean (Bitz et al., 2006; van der Linden et al., 2019; H. A. Singh et al., 2017). This issue is
further complicated by the coupling between different local feedbacks or energy transports,
which may obscure the effect of individual contributions to AA (Chung et al., 2021; Feldl et al.,
2017; Graversen et al., 2014; Hwang et al., 2011; Previdi et al., 2021). For example, although the
lapse rate feedback, a type of temperature feedback, is often considered in isolation, it is strongly
linked to sea ice loss, atmospheric heat transport, and surface temperature response (Boeke et al.,
2021; Feldl et al., 2020).

It is important to note that these proposed AA mechanisms operate on different timescales,
mainly because of the different rates with which climate system components respond to radiative
forcing. However, most previous studies of AA do not discriminate between these different
timescales and focus on the long-term (e.g., multi-decadal) or equilibrium response to an
imposed forcing. An exception to this is the recent study of Previdi et al. (2020), which focused
specifically on the different timescales of AA. In that study, a collection of models from the
Coupled Model Intercomparison Project phase 5 (CMIP5) subjected to an instantaneous
quadrupling of COz relative to preindustrial levels was analyzed, and the contributions of
different AA mechanisms were quantified. It was shown that the relative importance of various

mechanisms depends on the timescale; for example, the lapse rate feedback is the main
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contributor to AA across CMIP5 models in the first three months following the CO»-
quadrupling, but in the last 30 years of the simulations (representing the quasi-equilibrium
response), the surface albedo feedback dominates (Previdi et al., 2020). Thus, to elucidate the
relative contributions of different mechanisms to AA, one must pay careful attention to the
timescale being considered. The main conclusion of Previdi et al. (2020) is that AA is inherently
a rapid response to radiative forcing, fundamentally owing its existence to fast atmospheric

processes.

Although an important first step, the study by Previdi et al. (2020) was hampered by
several factors. First, only 21 CMIP5 models provided the variables necessary to complete an
energy budget analysis. This relatively small sample size made it difficult to robustly
characterize the evolution of AA, particularly on the short timescales of interest where internal
variability (especially in the Arctic) is large. Second, CMIP5 output was only available as
monthly means. This precluded any assessment of the role of sub-monthly processes in AA.
Given the rapid timescale associated with AA, the coarse time resolution of the data and the lack
of multiple realizations posed a key limitation to their conclusions based on CMIP5 data. Finally,
all simulations analyzed in that study had CO- quadrupling on January 1%, leaving open the
question of how the time evolution of AA would differ if CO2 were quadrupled in different
seasons. Bintanja & Krikken (2016) previously explored the impact of the season of CO. forcing
on Arctic warming, but at timescales beyond the initial response. The timing of CO: increase is
particularly important in the Arctic, which cycles through 6-month polar days and nights,
experiencing a very large seasonal cycle.

Here, we seek to overcome these limitations and build upon the work of Previdi et al. (2020) by

analyzing the development of AA using high-frequency (daily) output from climate model
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simulations subjected to an instantaneous quadrupling of CO,. To address the small signal-to-
noise ratio of the Arctic (England et al., 2019; Screen et al., 2014; Swart et al., 2015), we
generate two large ensembles of simulations (50-100 members) in which CO is increased at
different times during the year (either January or July). The questions we seek to answer are as
follows:

e How quickly does AA develop in an ensemble of model simulations subjected to an
instantaneous CO; increase?

e What mechanisms best explain the initial appearance and the subsequent evolution of
AA?

e How does the time of year in which atmospheric CO; is quadrupled affect AA

development?

3.2 Methods

3.2.1 Model description

In this study, we used the Community Earth System Model, Large Ensemble
configuration (CESM-LE). CESM-LE is a fully coupled global climate model (GCM) based on
version 1.1.1 of the Community Earth System Model (CESM), a model included in CMIP5, and
has active atmosphere, land, ocean, and sea ice components. The atmosphere model in CESM-

LE is the Community Atmosphere Model version 5 (CAMDS), with a horizontal resolution of ~1°.

CESM-LE is well-suited for studies of Arctic climate because of its ability to simulate the
modern Arctic sea ice state (Jahn et al., 2016) and its outperformance of other CMIP5 models in

capturing the internal variability of Arctic sea ice (England et al., 2019). Consequently, CESM-
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3.2.2 Experiment design

We generated large ensembles of simulations with CESM-LE, with individual ensemble
members differing only in their initial conditions. The initial conditions were chosen randomly
from an existing ~2200-year-long CESM-LE control simulation with fixed preindustrial forcing
available on National Center for Atmospheric Research (NCAR) machines (Kay & Deser, 2016).
This initialization approach was chosen to better sample climate state variability in the days
following COz increase by ensuring that ensemble realizations are sufficiently different, as
opposed to the method used in Kay et al. (2015), in which small round-off level perturbations are
introduced to initial conditions. The existing control simulation had restart files available every
~5 years. Our ensembles consist of paired 2-year-long CESM-LE runs. The first run in each pair
has fixed preindustrial forcing (piControl), while the second is subjected to an instantaneous
COz-quadrupling relative to preindustrial levels (4xCOy).

To investigate the impact of the time of year of 4xCO on AA, we created two
ensembles, one containing members initialized on January 1% and the other with members
initialized on July 1% of the same model year. Because restart files from the existing CESM-LE
run were only available for Jan 1%, we generated new restart files for July from our January-
initialized piControl simulations. All model output was saved as daily averages.

For the sake of readability, we henceforth refer to the experiment in which CO> is
quadrupled in January as Jan4xCQO; and in July as Jul4xCOs,. Jan4xCO; and Jul4xCO- have 100
and 50 ensemble members, respectively. These ensemble sizes were determined carefully

considering the seasonality of Arctic internal variability and computational constraints, along

35



with the suggestion of a 100-member minimum in the Polar Amplification Model
Intercomparison Project (Doug M. Smith et al., 2019). Given the large internal variability in the
Arctic region, we ran multiple members to ensure that a forced AA signal could be separated

from the variability; we later show results with different ensemble sizes for context.
3.2.3 Energy Budget Analysis

3.2.3.1 FRAMEWORK

We compare the global average and Arctic energy budgets to understand how the CO>
radiative forcing, climate feedbacks, and energy transports contribute to AA. We define the
Acrctic as the region from 70°N — 90°N, with approximately the same fractional land area as the
global average (~0.29). Because of the fast timescales in our analysis, we prefer not to use the
ratio of Arctic to global warming to avoid dividing by near-zero global temperature changes.
Therefore, we generally define AA and warming contributions to AA as the difference between

the Arctic and global averages.

atmospheric column that extends from the top of the atmosphere (TOA) to the surface, with R
representing the net downward radiative flux at the TOA. If we introduce a TOA radiative
imbalance by subjecting the column to some radiative forcing AF, we can relate the imbalance
and forcing as follows:
AR = AF + AAT, + AAHT + ASHU (3.1)
where 4 is the local climate feedback parameter, Ts is the surface air temperature, AHT is
the vertically integrated convergence of the atmospheric heat transport, and SHU is the surface

heat uptake, defined as positive upwards (i.e., into the column). 4 represents the difference
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between the piControl and 4xCO, simulations. Because of the short timescales of interest, we
take AF to be the instantaneous radiative forcing at the TOA from 4xCO,. We compute this
radiative forcing using the Parallel Offline Radiative Transfer (PORT) model with CESM
(Conley et al., 2013). Responses to the instantaneous CO; forcing that affect AR and ASHU are
generally referred to as “feedbacks” for ease of discussion. However, in Section 3.4, we consider
which of these responses may be more appropriately regarded as “rapid adjustments.”
We decompose the net climate feedback parameter 1 as follows (Goosse et al., 2018;
Pithan & Mauritsen, 2014; R. Zhang et al., 2018):
A=A+ Xy (3.2)
where 1, is the Planck feedback, and Ax represents feedbacks due to changes in water
vapor, clouds, the atmospheric lapse rate (LR), and surface albedo. Following past studies
(Goosse et al., 2018; Pithan & Mauritsen, 2014), we further decompose the Planck feedback into
a global mean value 2, and local deviation from the global mean, 1,":
Ao = Ao+ A" (3.3)
The atmospheric heat transport into the Arctic is computed directly from model
covariance fields. The meridional flux of moist static energy into the Arctic can be written as

follows:

v(cpT+gz+Lyq)dxdp
g

__C 2w (s
AHT = S [27 ! (3.4)

with A being the area of the Arctic, C the circumference of the southern latitudinal
boundary of the Arctic, ps the surface pressure, v the meridional component of the wind, cp the
specific heat of dry air, T the air temperature, g the gravitational constant, L, the latent heat of
vaporization of water, and q the specific humidity (Cardinale et al., 2021). The global average

atmospheric heat transport convergence is zero, by definition.
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Because covariance terms involving the zonal component of the wind were not available,
we calculate the AHT convergence as a residual when estimating warming contributions

separately for land and ocean (see section 3.5):
AHT =52 — SHU — R (35)
where Z—f is the time rate of change in atmospheric column energy, SHU is the surface

heat uptake, and R is the net radiative flux at the TOA, as in Eq. 3.1. The AHT calculated as a
residual closely matches the direct calculation (not shown).

The surface heat uptake is equal to the net surface heat flux from the model. It can be
decomposed into radiative and non-radiative components; the former includes contributions from
surface radiative forcing and feedbacks, and the latter contains sensible and latent heat fluxes:

ASHU = AFy. = AFcp, + AFy + AFgy + ATs Y, Ay (3.6)

Fsic is the net surface heat flux, AFco, is the instantaneous 4xCO; radiative forcing from

CESM-PORT at the surface, Fin is the latent heat flux, Fsn is the sensible heat flux, and Asx
represents feedbacks at the surface from changes in temperature, water vapor, clouds, and
surface albedo. The radiative feedbacks at the surface are mostly analogous to their TOA
counterparts in that they quantify radiative perturbations from changes in certain fields at the
surface instead of the TOA. As in Eq. 1, SHU and all of its components are defined such that
positive values indicate the flow of energy from the surface into the atmospheric column. This
(2016). We offer two reasons for this difference. First, SHU should be positive and, therefore,
contribute to Arctic warming in the fall and winter, when the ocean acts as a heat source to the
atmosphere (Bintanja & van der Linden, 2013; Boeke & Taylor, 2018; Chung et al., 2021; H.

Dai, 2021; Screen & Simmonds, 2010a). Second, on the longer, annual timescales analyzed by
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Pithan & Mauritsen (2014) and Lainé et al. (2016), energy added to the surface is ultimately
realized as surface warming; this is not necessarily true on the fast timescales examined in this

study, for which we must account for the storage of heat in the surface.

3.2.3.2 FEEDBACK CALCULATIONS

We use the radiative kernel technique to quantify the radiative perturbations at the TOA
and surface from climate feedbacks (Shell et al., 2008; Soden et al., 2008). We employ the
resolution and underlying radiation code as our CESM-LE simulations and were created with
CESM 1.1.2 fields (e.g., temperature, moisture, and clouds). The kernels were only available as
monthly averages, so they were linearly interpolated with periodic boundary conditions to a daily
resolution to match the model output. Height-dependent kernels and model output were linearly
regridded from the native hybrid-sigma coordinates to standard pressure levels for feedback
calculations.

The TOA temperature feedback was separated into Planck and LR components. For the
Planck feedback, a vertically uniform temperature change equal to the surface air temperature
change was assumed. The LR feedback was calculated as the departure from this vertically
uniform temperature change. We used the change in the natural logarithm of the specific
humidity to compute the radiative perturbation due to water vapor feedback (Soden et al., 2008).
Tropospheric temperature and water vapor feedbacks are vertically integrated from the surface to
the model-defined tropopause. Stratospheric feedbacks are quantified similarly by integrating
from the tropopause to the TOA.

The temperature feedback at the surface was decomposed into surface warming and

atmospheric warming feedbacks, corresponding to changes in outgoing longwave radiation from
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the surface and incoming longwave radiation from the atmosphere received by the surface,
respectively (Pithan & Mauritsen, 2014).
The cloud feedback (AR;yyq) is determined using the “adjustment method” developed by
remove the effects of cloud masking, i.e.:
AR joua = ACRE — (AF — AF°) — Y.(AR, — AR9) (3.7)
where AF and ARy represent the all-sky radiative perturbations at the TOA or surface due

to climate forcing and feedbacks, respectively, and the superscript © indicates the clear-sky

2. This is achieved by normalizing each term (in W m2) by the magnitude of the time-averaged

ensemble-mean global Planck feedback (~3.2 W m?2 K1),

3.3 Rapid AA after 4xCO

We begin by observing the evolution of the global and Arctic average SAT response in
Jan4xCO; (Fig. 3.1a). AA rapidly develops as the ensemble mean Arctic SAT response quickly
diverges from the global average within days after 4xCO.. In the first week, the ensemble mean
Arctic warming is nearly double that of the global average (0.75 K vs. 0.34 K); this difference
grows when the first three months are considered (1.69 K vs. 0.68 K), comparable to the Arctic-
to-global warming ratio reported in Previdi et al. (2020)/Chapter 2 over the same timescale. In
Jul4xCO- (Fig. 3.1b), it takes longer for the Arctic and global average temperature responses to

diverge, corresponding to the well-observed seasonally reduced AA in boreal summer (Lainé et
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al., 2016). Even with the slower start in Jul4xCO, the Arctic warms considerably more than the
global average in the first three months (1.52 K vs. 0.82 K). The pronounced seasonal variability

in Arctic SAT response is the most prominent feature in the later periods of the simulations.
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J|=—— Arctic
= global

T T T
2 N ~ Y 83
NS X NS
Yo

¥
Figure 3.1: (a,b) The average daily Arctic (70°N-90°N) and global change in SAT for the first

two years of (a) Jan4xCO- and (b) Jul4xCO-. Solid lines indicate the ensemble mean and the shading +1

standard deviation. (c,d) Arctic amplification, defined as the difference in the ensemble mean Arctic and

global average change in SAT for (c) Jan4xCO; and (d) Jul4xCO,. The line is opaque where the
difference is significantly different from zero at the 95% confidence level.

To determine statistical significance, we perform a 1-sample Student’s t-test on the time
series of AA, shown in Fig. 3.1c & 3.1d. In Jan4xCO2, AA is statistically significant from day
one and remains significant for almost the entire 2-year period, owing to the large ensemble size.
In Jul4xCO2, AA becomes consistently significant after 25 days and remains so, aside from 2

weeks in the first March. AA, therefore, can be detected well before the first three months
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following CO2-quadrupling seen in Previdi et al. (2020), given sufficient ensemble size and
temporal resolution. Until now, these ultrafast timescales of AA have been relatively unexplored
in the existing body of AA research.

We note that the general features of the SAT and AA responses seen in Fig. 3.1 are
robust to the number of ensemble members considered, although, not surprisingly, the responses
are noisier and less statistically significant for smaller ensemble sizes (Fig. B.1 & B.2). The
considerable noise in the Arctic SAT response (red lines) in Fig. B.1a, B.1c, & B.1e and of Fig.
B.2a & B.2c reflect the large internal variability present in the Arctic and the need for
sufficiently large ensemble sizes in studies of Arctic climate.

Given the prominent role sea ice loss is thought to play in AA, we next explore how sea
ice area (SIA) evolves over the same timescales. Sea ice loss is negligible in the first month of
Jan4xCO> and remains relatively small through the rest of the winter and early spring (Fig. 3.2a,
c), suggesting that sea ice loss plays a minimal role in AA on these short timescales. The decline
in SIA accelerates through the late spring and summer, culminating in a ~30% decrease by the
first September in Jan4xCO>. The minimum in SIA precedes the seasonal AA maximum in
Jan4xCO> by 1-2 months (Fig. 3.1c), implying a large role for sea ice loss in governing the
seasonality of AA through its effects on ocean-atmosphere heat exchange (see additional

discussion in Section 3.4.2).
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Figure 3.2: (a,c) The daily average (a) absolute and (c) percent change in Arctic sea ice area

(SIA) for the first two years of Jan4xCO,. Solid lines indicate the ensemble mean and the shading +1

standard deviation. (b, d) As in (a, ¢), but for Jul4xCO,.

Sea ice loss exhibits a considerably different temporal structure in Jul4xCO> (Fig. 3.2b,

3.4 Mechanism contributions to AA

3.4.1 Radiative Forcing

d). We see a rapid decline in SIA over the first two months (~9% decrease by September), which
then plateaus and slightly reverses through the following fall, winter, and spring. Interestingly,
despite the immediate SIA reduction in Jul4xCO2, AA is larger and more robust in the first
month of Jan4xCQO_ with negligible sea ice loss. We discuss spatial changes in sea ice and their

relationship with the surface air temperature response in Section 3.5.

Having shown that AA becomes statistically significant almost immediately in Jan4xCO-
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and in the first month of Jul4xCO>, we now quantify the time-varying warming contributions of



different AA mechanisms. A natural place to start is the fundamental driver of the climate
response, the radiative forcing (RF) associated with 4xCO; (Fig. 3.3). The magnitude of the
4xCO; RF at the TOA (Fig. 3.3a) is mainly determined by two factors: the climatological surface
temperature and the temperature lapse rate. The climatological surface temperature governs the
RF via the Stefan-Boltzmann law: warmer surfaces produce more outgoing longwave radiation
(OLR) for CO- to absorb and re-emit into the atmospheric column (Huang, Tan, et al., 2016;
Raval & Ramanathan, 1989). The lapse rate determines the temperature of the atmospheric layer
from which OLR is effectively emitted to space; increased CO2 can be thought of as increasing
the height of this layer, or, equivalently, decreasing the effective emission temperature, making
the lapse rate a pivotal factor in determining the TOA RF (Huang, Tan, et al., 2016; Raval &
Ramanathan, 1989). The higher climatological surface temperature and larger temperature
difference between the surface and upper troposphere in the global mean than in the Arctic yield
a larger global mean TOA RF than Arctic mean TOA RF. Thus, when viewed from a TOA

perspective, the CO2 RF opposes AA.
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Figure 3.3: The 7-day rolling average Arctic, global, and Arctic-global 4xCO. instantaneous
radiative forcing from CESM-PORT at the (a) TOA and (b) surface, expressed as warming contributions
to the global and Arctic average SAT responses. Positive values indicate energy entering the atmospheric
column from the TOA or surface. See Section 3.2.3.2 for details on the conversion from radiative forcing

(Wm2) to warming contributions (K).
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A different story emerges when we consider the 4xCO; RF at the surface (Fig. 3.3b),
which is strongly affected by the overlap in the spectral bands of CO2 and water vapor (Huang et
al., 2017; Kiehl & Ramanathan, 1982; Previdi et al., 2021). The forcing is consistently negative
for both the Arctic and global average, indicating that the surface is gaining energy from the
atmosphere. From October to April, the Arctic surface intercepts slightly more energy than the
global average, opposing AA; this reverses in the summer.

Although we have treated the CO2 RF as a standalone AA mechanism in the spirit of
separating the forcing from the climate system response, we remind the reader that the surface
CO2 RF is incorporated into the surface heat uptake term (see Eg. 3.6). The contribution from the
surface CO2 RF to AA is small compared to the other terms in the surface energy budget that are

discussed in section 3.4.3.

3.4.2 Atmospheric column energy budget

Having examined the CO> forcing, we move on to feedbacks and energy transports from
an atmospheric column perspective. We start by focusing exclusively on the first month
following 4xCO- (Fig. 3.4). In Jan4xCO> (Fig. 3.4a), two mechanisms stand out as main AA
contributors: the surface heat uptake (SHU), to be discussed in more detail later, and the lapse
rate feedback. It is worth mentioning how the lapse rate feedback is thought to operate. Globally,
the rate of temperature decrease with height in the troposphere is expected to decrease with
increasing COz-associated with enhanced warming at higher levels in the tropical troposphere —
yielding a negative lapse rate feedback. In the Arctic, however, the climatologically stable
temperature stratification of the lower troposphere traps warming near the surface and produces a
positive lapse rate feedback (Graversen et al., 2014; Pithan & Mauritsen, 2014; Previdi et al.,

2021). In the first month of Jan4xCO,, the SHU and lapse rate feedback warm the Arctic up to
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2.5K and 0.4K more than the global average, respectively, and are both statistically significant.
Therefore, the rapid development of AA on short timescales in Jan4xCO; appears mainly to be a
result of these two mechanisms. Previdi et al. (2020) found that the lapse rate feedback is a
primary mechanism of AA on short timescales, and our results here support this. Other notable
features in Fig. 3.4a are the Planck feedback that significantly contributes to AA only for the first

few weeks and the cloud feedback that opposes AA throughout the first month in our model.
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Figure 3.4: The difference in Arctic and global average atmospheric column energy budget term
responses for the first month of (a) Jan4xCO, and (b) Jul4xCO,, expressed as warming contributions.
These include the surface albedo feedback (Alb), atmospheric heat transport (AHT), cloud feedback
(Cloud), surface heat uptake (SHU), local deviation of the Planck feedback (P’), water vapor feedback (q)
and lapse rate feedback (LR) in the first month. Opaque lines indicate that the difference in Arctic and
global warming contributions are significantly different from zero at the 95% level.

For Jul4xCO- (Fig. 3.4b), we find an initially positive AA contribution from SHU, but it
becomes negligible and reverses (to oppose AA) within the first week. Instead, the AHT is the
leading AA mechanism for the first week before becoming statistically nonsignificant and being
surpassed by the surface albedo feedback. The surface albedo feedback remains the dominant
AA-producing mechanism for the first month and is related to the rapid decline in sea ice seen in
Fig. 3.2b & 3.2d and reductions in snow cover. Additionally, the water vapor feedback
contributes to AA, albeit weakly.
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Figure 3.5: (a, c, e) The (a) difference in Arctic and global average, (c) Arctic average, and (e)
global average atmospheric column energy budget term responses in Jan4xCO,, expressed as warming
contributions. Opaque lines indicate where the contribution is statistically significant at the 95% level. (b,
d, f) Asin (a, c, ) but for Jul4xCO..

On timescales beyond the first month, other mechanisms become important in shaping
the magnitude and seasonality of AA. As seen in Fig. 3.5a & b, the most striking features of the

time-varying warming contributions to AA for both Jan4xCQO; and Jul4xCO- (Fig. 3.5a & b) are
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the opposing peaks in the surface albedo feedback and SHU in boreal summer. The surface
albedo feedback has typically been thought to be a major player in AA (Bintanja & van der
Linden, 2013; H. Dai, 2021; Holland & Bitz, 2003; Winton, 2006); however, its seasonality does
not match the seasonality of AA (see Fig. 3.1¢c & 3.1d), suggesting that other mechanisms must
act to delay or modify its impacts. The opposing peaks in the surface albedo feedback and SHU
in the summer supports the idea that as sea ice melts, incoming solar radiation that would
otherwise have been reflected out to space is absorbed by the ocean surface. This additional heat

absorbed by the ocean mixed layer is subsequently released to the atmosphere in fall and winter

A few of the other terms in Fig. 3.5 are worth mentioning, notably the Planck feedback.
The Planck feedback reflects a change in outgoing longwave radiation in response to a given
change in surface temperature, and its difference between the Arctic and global average is
thought to be an important contributor to AA (Henry & Merlis, 2019; Pithan & Mauritsen, 2014;
Previdi et al., 2020; Winton, 2006; R. Zhang et al., 2018). Although the Planck feedback
produces a small but statistically significant contribution to AA beginning in the first March of
Jan4xCO; (Fig. 3.5a), only in the following winter does it become one of the main AA-
producing mechanisms. The water vapor feedback also makes small contributions to AA in
boreal summer in both Jan4xCO: and Jul4xCO> (Fig. 3.5a & b). The water vapor feedback’s
peak contribution in the summer may be related to increased moisture transport into the Arctic,
discussed later. Lastly, the atmospheric heat transport (AHT) is very noisy compared to the other

terms and does not contribute robustly to AA (Fig. 3.5a & b).
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Figure 3.6: (a,b) Arctic warming contributions by the dry static energy convergence (Sconv) for
(a) Jan4xCO; (b) Jul4xCO,. The ensemble means and 30-day rolling average ensemble means are
denoted by thin and thick lines, respectively. (c,d) As in (a,b), but for the moisture flux convergence
(Weonv). Note the difference in y-axis scales.

Let us now investigate further into this statistically nonsignificant AHT. Despite the lack
of discernable signal in the total AHT, it is possible that the dry static energy convergence (Sconv)
and the moisture flux convergence (Wconv) into the Arctic, shown in Fig. 3.6, individually
contribute to the development of AA (Held & Soden, 2006). AA is generally associated with
decreases in Sconv iNto the Arctic, resulting from the reduced latitudinal temperature gradient, and
increases in Weony into the Arctic, a product of the strengthening latitudinal specific humidity
gradient (Graversen & Burtu, 2016; Hwang et al., 2011; Previdi et al., 2021). In particular, Weonv
has been suggested to be a main driver of AA in the context of simplified models (Russotto &

Biasutti, 2020). As we can see in Fig. 3.6, over the two years of our model simulations, Sconv IS as
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noisy as the total AHT and does not consistently contribute to or oppose AA in either Jan4xCO;
and Jul4xCO: (Fig. 3.6a & b). Wconv contributes to AA mainly during boreal summer (Fig. 3.6¢
& d); this coincides with periods of positive contributions to AA from the water vapor feedback
seen in Fig. 3.5a & b. This suggests that Weony affects the Arctic atmospheric energy budget both
directly, and indirectly via the water vapor feedback (Gong et al., 2017; Previdi et al., 2021,
Russotto & Biasutti, 2020). However, we stress that the development of AA in Jan4xCO;
precedes any increase in the poleward moisture flux into the Arctic, meaning that the latter

cannot explain the ultrafast development of AA following CO; increase.
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Figure 3.7: As in Fig. 3.5, but for the stratospheric temperature and water vapor feedbacks.

Thus far in this section, we have considered only the tropospheric temperature and water
vapor feedbacks. However, some studies have found that stratospheric feedbacks may play some
role in the surface temperature response to increased CO> levels (Banerjee et al., 2019; Huang,

Zhang, et al., 2016). We have quantified the total temperature and water vapor feedbacks in the

51



stratosphere (Fig. 3.7) and find that both are generally small contributions to AA compared to
tropospheric feedbacks, aside from a brief period in the second spring of Jan4xCQO; in which the

stratospheric temperature feedback contributes up to ~0.55 K to AA in the ensemble mean.

3.4.3 Surface energy budget
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Figure 3.8: The difference in Arctic and global average surface energy budget term responses for
the first month of (a) Jan4xCO; and (b) Jul4xCO,, expressed as warming contributions. These include the
surface albedo feedback (Alb), cloud feedback (Cloud), atmospheric temperature feedback (Tam), surface
temperature feedback (Tsz), water vapor feedback (), latent heat flux (Fiw), and sensible heat flux (Fsn).

Opaque lines indicate statistical significance at the 95% level. The sign convention is such that positive
values correspond to upward (sea-to-air) fluxes.

The bulk of our analysis so far has focused on the atmospheric column energy budget
from a TOA perspective. Given the leading role of SHU in Jan4xCO> in AA development (Fig.
3.4a) and the climatological stratification of the Arctic lower troposphere, we now take a closer
look at the surface energy budget. We decompose the SHU response into contributions from
radiative and non-radiative flux changes, which we show for the first month in Fig. 3.8, except
for the CO2 RF previously discussed in Section 3.4.1. One of the more conspicuous features of
the time-varying surface energy balance is the strong positive contribution to AA by the latent

heat flux (FLn) in both Jan4xCO2 and Jul4xCO: (Fig. 8a & 8b). Over the first few days, FLH
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cools the global average ~1K and ~1.4K more than the Arctic in Jan4xCO; and Jul4xCO»,
respectively. The latent heat flux persists as the dominant AA mechanism at the surface for the
remainder of the first month. In Jan4xCO., AA is further reinforced by the surface temperature
feedback (Fig. 3.8a). In Jul4xCO2, AA is opposed by negative contributions from the sensible
heat flux (FsH) and the surface albedo feedback (Fig. 3.8b). The magnitudes of other positive
contribution terms are smaller than Fpn in the first month, supporting the latent heat flux’s

leading role at the surface in producing ultrafast development of AA.
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Figure 3.9: The (a) difference in Arctic and global average, (c) Arctic average, and (e) global
average surface energy budget term responses in Jan4xCQO,, expressed as warming contributions. Opaque
lines indicate where the contribution is statistically significant at the 95% level. (b, d, f) Asin (a, c, €) but

for Jul4xCO..

To determine if the latent heat flux stays the dominant term over longer timescales, we
show the surface energy budget terms over the entire two-year period in Fig. 3.9. The latent heat

flux remains the largest positive contribution to AA in both Jan4xCO; and Jul4xCO., although
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the surface temperature feedback regularly surpasses it in the fall and winter as AA nears its peak
(Fig. 3.9a & b); the strong positive surface temperature feedback in the Arctic (Fig. 3.9¢c & d)
during these times reflects the large Arctic surface warming and associated enhancement of the
surface upwelling LW radiation, a greater enhancement than occurs in the global average
(Fig3.9e & f). Another prominent feature of the surface energy budget response is the recurring
negative peaks in the surface albedo feedback in terms of both AA (Fig. 3.9a & b) and Arctic
warming contributions (Fig. 3.9¢c & d). As previously stated, atmospheric warming from the
surface albedo feedback in summer is not realized in that season, as the additional heat is
absorbed by the ocean, producing these local minima in albedo warming contributions.
contributions to AA can be seen in Jan4xCO- and in the second year of Jul4xCO; as the energy
stored in the ocean is released into the atmosphere.

The warming contribution of the surface latent heat flux to AA on short timescales (Fig.
3.8 & Fig. 3.9a & b) warrants further discussion. It is well-established that rapid adjustments of
the global hydrological cycle occur following a perturbation in atmospheric CO.. Specifically,
because of the difference in CO- radiative forcing at the TOA and surface (Fig. 3.3), atmospheric
radiative cooling decreases as CO> increases. This decrease in atmospheric radiative cooling
must be balanced in the global mean by a decrease in latent heating from precipitation, and thus a
decrease in the upward surface latent heat flux (Allen & Ingram, 2002; Bala et al., 2010). This is
reflected in the strong negative global FLy anomaly occurring immediately after 4xCO> in both
Jan4xCQO; and Jul4xCO, (Fig. 3.9e & f). Over the Arctic, any fast response of the surface Frn is

much smaller (Fig. 3.9c & d), resulting in a strong positive contribution from this term to AA.
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3.5 Arctic land vs. ocean response

Given the prominent role of SHU in AA development in Jan4xCO: and the potential role
of sea ice, it is useful to consider the responses over Arctic land and ocean areas separately. We
choose a few timescales over which to summarize the development of AA: the first month, the
first three months, and the first year after 4xCO>. The first month roughly corresponds to the
earliest timeframe in which AA is statistically significant in both the January- and July-
initialized simulations, the first three months correspond to the earliest timescale analyzed in

Previdi et al. (2020), and the first year captures the first complete annual cycle following 4xCOx.
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Figure 3.10: (a,c,e) The change in SAT (shading) and sea ice concentration (aqua contours, %)
averaged over the (a) first month, (c) first three months, and (e) first year following 4xCO; in CESM-LE
members initialized January. Hatching indicates areas where the SAT response is not statistically
significant at the 95% confidence level. (b,d,e) As in (a,c,e), but for July.

The spatial distribution of warming, and its relationship to changes in Arctic sea ice, for
these periods is shown in Fig. 3.10. In the first month of Jan4xCO,, there is statistically
significant warming over the entire Arctic domain except the Nordic Seas, with a local maximum
in northern Siberia (Fig. 3.10a). Warming strengthens and spreads to include the entire domain
over the first three months (Fig. 3.10c) and first year (Fig. 3.10e). Although Jul4xCO; exhibits a
greater decrease in sea ice in the first few months, the warming signal appears to be amplified
over land rather than the ocean (Fig. 3.10b & d). By the end of the first year, Jan4xCO, and
Jul4xCO. show similar spatial warming patterns, although overall warming is greater in
Jan4xCO> (Fig. 3.10e & f). By comparing the spatial distribution of SAT and SIC response on
all three timescales, it is apparent that areas of maximum warming are not co-located with areas
of maximum sea ice loss. This key result further demonstrates that mechanisms other than sea ice
loss dominate the surface temperature response at these short timescales; however, we note that
in the summer sea ice melt season (Fig. 3.10b & d), Arctic SSTs are constrained to remain near
the freezing point; thus, we expect greater warming over land where there is no such constraint.

To test the presence of land- or ocean-amplified warming, we show a time series of the
SAT response averaged over Arctic land and ocean separately (Fig. B.3). In both Jan4xCO: (Fig.
B.3a & c) and Jul4xCO. (Fig. B.3b & d), a seasonal cycle emerges consisting of land-amplified
warming in the summer and ocean-amplified warming in the fall and winter. Fig. B.3d confirms
our suspicion from Fig. 3.10b & d that there is statistically significant land-amplified warming

over the first few months of Jul4xCO..
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To better understand the land and ocean SAT responses, we have calculated the warming
contributions to the Arctic atmospheric column from a TOA perspective for the three time
periods, for the land and ocean separately (Fig. 3.11). As one might expect, SHU is the term with
the largest land-ocean difference over all periods in both Jan4xCO, and Jul4xCO3, with the
ensemble mean SHU response consistently at least three-times more negative over the ocean
than over land. In Jan4xCO,, this tendency for SHU to preferentially warm land is compensated
by temperature feedbacks and AHT in the first few months (Fig. 3.11a & c), yielding little
difference in the Arctic land and ocean temperature responses. The SHU is partially, but not
fully, compensated by the surface albedo feedback on short timescales in Jul4xCO,, producing
the land-amplified warming seen in Fig. B.3b & d.

Given the magnitude of the SHU on short timescales relative to other terms in the TOA
energy budget, we again decompose the SHU into individual terms in Fig. B.4. As a reminder,
the sign of the surface heat flux terms is chosen such that positive indicates the movement of
energy from the surface to the atmospheric column. The sensible heat flux appears to be the main
cause of land-over-ocean SHU warming in the first month and first three months of Jan4xCO;
because it is positive over land and negative over the ocean (Fig. B.4a & c). Over the first year of
Jan4xCO> and all periods in Jul4xCOa, the surface albedo feedback dominates land-over-ocean
warming since it is considerably more negative for the ocean than land (Fig. B.4b, B.4d-f). In
other words, the surface albedo feedback moves a greater amount of energy from the
atmospheric column into the ocean than into land. Thus, the surface albedo feedback and
sensible heat fluxes are the main drivers of the large contribution of SHU to the different Arctic

land and ocean SAT responses.

59



Jan4xCO, Jul4xCO,

a b
- 2 land 2 -]
X 15 B ocean 14
5 ..k =..I& Tem..m
8 0+ .._.._....n-...=.=.!.... aalvw . —— 0_.:[ aaww s — ..s.!.. . T,
£
£ -1 -1 =
2
9 -2 - -2
o
< -3 —3
1 Ll 1 ) § 1 T 1 1 1 T 1 1 1 T
AHT Alb  Cloud SHU LR P q AHT Alb  Cloud SHU LR P! q
[ d
24 2 -
2
e 1A 1 4
: ..FR ' P
S 0-.:[%.._._...“‘-...&.!.... N T 0 F na. L STIR L L . TR L TRER
E -1+ 24T =
3
o -2 -2 1
o
< _3 4 .
T T T T T T T T T T T T T T
AHT Alb  Cloud SHU LR P q AHT Alb  Cloud SHU LR P q
e f
21 2
¥
S 0o U, e, .....i....i..._.-. 0_.:.: oo P TR L L ....i....i..._.-.
£ — ==
E_147F -1 l
2
Y —2 4 -2 4
o
< -3 4 -3 4

T T T T

T T T T
AHT Alb  Cloud SHU LR P! q AHT  Alb Cloud SHU LR P! q

Figure 3.11: (a, c, ) Atmospheric column energy budget terms from a TOA perspective
averaged over the (a) first month, (c) first three months, and (e) first year of Jan4xCO,. The error bars
denote 95% confidence intervals. (b, d, f) As in (a, c, ), but for Jul4xCO..

3.6 Conclusions

In this study, we used two large ensembles of GCM simulations, one in which COz is
instantaneously quadrupled in January, the other in July, and observed how fast AA develops.
We then attributed the AA response to local feedbacks and energy transports using an energy
budget analysis from both TOA and surface perspectives. Finally, we analyzed the spatial pattern
of Arctic warming and decomposed Arctic warming contributions into land and ocean

components. Our results now allow us to revisit the key questions posed in the introduction:
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How quickly does AA develop in an ensemble of model simulations subjected to an
instantaneous CO; increase? Following a quadrupling of CO; in January or July, statistically
significant AA develops in less than a month. In Jan4xCO, AA develops immediately (i.e., on
day 1) after the radiative forcing is applied, whereas robust AA develops after 25 days in
Jul4xCOs,.

To the best of our knowledge, our findings are novel in that AA has rarely been examined
on such short timescales, with previous studies focusing on much longer (e.g., multi-decadal)
timescales. An exception to this is the recent study by Previdi et al. (2020), represented here as
Chapter 2. In that study, which used monthly mean model output, AA was present after three
months following an abrupt quadrupling of COz in January. Our use of large ensembles of daily
output for the present study allowed AA to be detected considerably earlier with the same CO
forcing. Notably, AA precedes any statistically significant decrease in Arctic sea ice in January-
initialized simulations; conversely, AA development tends to lag the response of the sea ice area
in Jul4xCOz>. This demonstrates that the development of AA does not require a decrease in

Arctic sea ice, confirming the findings of Previdi et al. (2020) and supports the results of several

sea ice (Langen et al., 2012; Langen & Alexeev, 2007; Russotto & Biasutti, 2020).

What mechanisms best explain the initial appearance and the subsequent evolution of
AA? From an atmospheric column energy budget perspective, SHU and, to a lesser extent, the
lapse rate feedback are the dominant mechanisms by which AA develops in Jan4xCO,. A similar

positive contribution from the lapse rate feedback on short timescales was also documented by
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Previdi et al. (2020). Jul4xCO2 shows a similar initially positive contribution to AA from SHU,
but it becomes negligible in the first week. Instead, in Jul4xCOg, the surface albedo feedback
appears to be the leading mechanism by which AA develops on short timescales.

Upon decomposing the SHU response, we found that the difference in the Arctic and
global average surface latent heat flux response produces AA on ultrafast timescales. The
difference in 4xCO; surface radiative forcing between the Arctic and global average further
contributes to this ultrafast AA response in Jul4xCQO; but is much smaller. The rapid response of
the surface latent heat flux that we have documented here, which is dominated by a strong
reduction in the global-mean surface evaporation, has previously been recognized as a rapid
adjustment to increasing atmospheric CO: in studies of the global hydrological cycle (Allen &
Ingram, 2002; Bala et al., 2010). However, it is our understanding that this study is the first to
recognize its importance for AA.

On longer timescales (i.e., > 1 month), other mechanisms become important in shaping
the evolution of AA in the simulations. The most prominent contribution to AA in both
Jan4xCO> and Jul4xCO- comes from the summertime surface albedo feedback; increased
moisture flux convergence and water vapor feedback are additional smaller contributions to AA
in the summer. Despite this, AA is absent (or very weak) during the summer months, which can
be explained by the substantially negative SHU contribution and, to a lesser extent, the lapse rate
feedback. The strongly negative SHU contribution reflects the absorption of excess heat by the
ocean mixed layer (mainly due to the surface albedo feedback). This excess heat is released into
the atmosphere later in the year. By autumn, AA begins to strengthen and reaches its peak
intensity at the end of October, with positive contributions from the Planck feedback, lapse rate

feedback, and SHU (Boeke & Taylor, 2018; Chung et al., 2021; Hahn et al., 2021; Jenkins &
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Dai, 2022; Rigor et al., 2002; Screen & Simmonds, 2010a; Serreze et al., 2009; Stroeve et al.,
2012).

We stress that commonly cited AA mechanisms like sea ice loss and the moisture flux
convergence into the Arctic are not unimportant, but rather cannot explain the ultrafast
development of AA after CO- increase. Our results show that the leading causes of AA depend
on the timescale examined, a nuance often overlooked in the existing body of AA research.
Although an abrupt quadrupling of COz is a highly idealized radiative forcing chosen for the
purpose of this study, the evolutions of feedbacks and energy transports are likely important

considerations for any study of AA mechanisms.

How does the time of year in which atmospheric CO; is quadrupled affect AA
development? AA is slower to develop in Jul4xCO- than in Jan4xCO- (25 days vs. one day),
hampered by an immediately negative Arctic lapse rate feedback and a negative contribution
from SHU. This result is unsurprising, given the well-known summertime minimum in AA
(Lainé et al., 2016; Previdi et al., 2021). Despite this, robust AA forms by the end of the first
month in both experiments and persists through most of the following two years. Maximum
Arctic SAT increase in Jan4xCO; and Jul4xCO; occurs over land areas, further evidence that sea
ice loss is not the dominant mechanism in the rapid development of AA.

It is interesting to consider whether the ultrafast SHU and lapse rate responses
documented here (i.e., those occurring in the first few days to weeks of 4xCQO.) may be classified
as rapid adjustments, which are defined as the response to an external forcing that is independent
of global surface temperature change (P. M. Forster et al., 2013). Given that the global SAT

change is small on these fast timescales, the adjustment framework may be appropriate. To the
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extent that it is, it would suggest that AA fundamentally owes its existence to rapid adjustments,
which act to enhance Arctic warming before slower components of the climate system, such as
sea ice, have a chance to respond. The ultrafast response of the Arctic to radiative forcing implies
the potential for significant near-term mitigation of Arctic warming if humanity acts quickly to

reduce atmospheric CO..
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Chapter 4: A tale of two poles: Comparing Arctic and Antarctic
amplification on ultrafast timescales

4.1 Introduction

Polar amplification is the enhanced temperature response of the poles, compared to the
global average, in response to radiative forcing. The majority of climate studies focus on Arctic
amplification (AA) for a good reason — in recent decades, the Arctic has warmed 2-4 times faster
than the global average (Cohen et al., 2014; Rantanen et al., 2022; Y.-R. Wang et al., 2022; You
et al., 2021). Conversely, studies have found observed Antarctic amplification (AnA) to be
considerably weaker or entirely absent (Hahn et al., 2021; Marshall et al., 2014; Doug M. Smith
etal.,, 2019; S. Wang et al., 2021; Xie et al., 2023). The pattern of relatively small AnA
compared to AA persists in projections of future climate, especially in the near term, although
the difference between AnA and AA decreases further into the future (S. Cai et al., 2021,
Casagrande et al., 2020; Hahn et al., 2021; Marshall et al., 2014). Despite its typically less
impressive magnitude, investigating AnA is still a worthwhile endeavor. Warming will lead to
the partial melting of the Antarctic ice sheet, causing global sea level to rise anywhere from
10cm to over 1m by 2100, depending on the emissions scenario (DeConto & Pollard, 2016;
Levermann et al., 2020; Rintoul et al., 2018). Antarctic ecosystems will also suffer drastic
changes from warming (Atkinson et al., 2004; Gutt et al., 2021; Rintoul et al., 2018). Adapting to
a new Antarctic climate requires a thorough understanding of the mechanisms with which it
changes.

Why is polar amplification generally stronger in the Arctic than in the Antarctic? Past
studies have identified several potential causes of this difference. First, Antarctica’s location

surrounded by the circumpolar Southern Ocean induces a stronger ocean heat uptake than that of
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the Arctic, delaying or mitigating Antarctic surface warming (Armour et al., 2016; Marshall et
al., 2014; H. A. Singh et al., 2018; Stuecker et al., 2018). Second, the lapse rate feedback, which
reflects the enhancement or reduction of a surface temperature response from the change in
vertical profile in temperature, is more positive in the Arctic than in the Antarctic (Goosse et al.,
2018; Hahn et al., 2020, 2021; Stuecker et al., 2018). This difference is thought to result, at least
partially, from the high elevation of the Antarctic continent and ice sheet (Hahn et al., 2020,
2021; Salzmann, 2017; Singh & Polvani, 2020). Third, the cooling effects of the Antarctic ozone
hole have mitigated some of the warming that would have been realized in the Antarctic, and
decreased ozone may continue to play a role in the current century (Marshall et al., 2014). Lastly,
the total cloud feedback is thought to be more negative in the future Antarctic climate than in the
Arctic (Goosse et al., 2018; Hahn et al., 2021; Tewari et al., 2022).

Previous AnA studies using climate models typically compare the temporally averaged
Antarctic climate in forced model simulations to a historical or control simulation. For example,
Goosse et al. (2018) and Hahn et al. (2021) analyzed the Antarctic climate averaged over a
period centered on year 100 after CO2 quadrupling (4xCO>) in climate models part of the
Coupled Model Intercomparison Project version 5 & 6 (CMIP5/CMIP6). Stuecker et al. (2018)
similarly considered the average over years 11-60 after CO2 quadrupling. Cai et al. (2021)
looked at the average over the last 30 years of the 21% century in simulations subjected to several
different greenhouse gas forcing scenarios. Although the consideration of time averages is
useful, such as in the interest of analyzing quasi-equilibrium responses to CO> forcing, the
transient nature of radiative feedbacks and heat transport responses is lost in the process.

Previdi et al. (2020), reproduced in Chapter 2, took a unique approach to determining the

relative importance of various AA mechanisms by looking at different timescales. One of the

66



main results of that study was that AA occurs within months following 4xCO; and that the
mechanisms that cause the rapid development of AA are not necessarily the same as those that
sustain it on longer timescales. These ideas were expanded on in Chapter 3, which analyzed the
“ultrafast” (<1 month) AA response to 4xCO3, along with longer timescale responses. Thus far,
AnA has not been considered in this way. How local feedbacks and energy transports in the
south polar region may change with time remains uncertain.

In this study, we fill this gap by addressing the following questions:

e How does the Antarctic response to an abrupt quadrupling of atmospheric CO2 (4xCQO)
compare to that of the Arctic on ultrafast timescales?

e What mechanisms best explain the difference between Arctic and Antarctic responses?

We achieve answers by following a similar approach to that used in Chapter 3, namely by
analyzing ensembles of high-temporal-resolution climate model simulations. By comparing the
Arctic and Antarctic climate responses and analyzing their respective energy budgets, we can

gain insight into the different warming responses of Earth’s two poles.
4.2 Methods

4.2.1 Model & Experiment Design

The model and experimental design of this study are nearly identical to that used in
Chapter 3. We used the CMIP5 climate model, Community Earth System Model version 1.1.1,
as it was configured for the Large Ensemble project (Kay et al., 2015), henceforth referred to as
CESM-LE. CESM-LE is fully coupled with active atmosphere, ocean, sea ice, and land
components, all of which have ~1° horizontal resolution. CESM-LE uses the Community

Atmosphere Model version 5 (CAMDb) for its atmosphere component. More details regarding
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CESM-LE and CAMS5 are documented by Kay et al. (2015) and Hurrell et al. (2013),
respectively.

CESM-LE is well-suited to studies of both Arctic and Antarctic climate. In the Arctic,
CESM-LE adequately captures the mean state of sea ice compared to observations and reliably
simulates observed trends in sea ice extent (Barnhart et al., 2016; Jahn et al., 2016). CESM-LE
also performs well in terms of Arctic sea ice thickness (Labe et al., 2018) and outperforms other
CMIP5 models in simulating Arctic sea ice internal variability (England et al., 2019; Swart et al.,
2015). Additionally, CESM-LE is able to reasonably capture Arctic surface temperature
inversions (L. Zhang et al., 2021). Although CESM-LE has a weaker precedent of use in the
Antarctic compared to the Arctic, past studies show similarly promising results. CESM-LE
adequately simulates the present-day sea ice extent, near-surface climate, and large-scale
atmospheric circulation in the Antarctic (Lenaerts et al., 2016) and reproduces the magnitude of
the annual cycle of Antarctic sea ice extent (Eayrs et al., 2020). It also outperforms most other
CMIP5 models for Antarctic surface mass balance applications (Agosta et al., 2015). In short,
CESM-LE is well-suited for comparing the two poles.

We generated two large ensembles of paired, two-year-long CESM-LE simulations. The
first simulation in a pair is forced with a constant, preindustrial level of atmospheric CO3, while
the second is subjected to an instantaneous quadrupling of CO2. All other boundary conditions
are identical in the two simulations. The “response” is the difference between the two. Each pair
stems from a randomly selected year in a long CESM-LE preindustrial control simulation. The
two ensembles correspond to different dates of CO; increase, January 1% and July 1%, henceforth
referred to as Jan4xCO; and Jul4xCO., respectively; the purpose of the varied CO> quadrupling

dates is to determine the sensitivity of our results to the time of year of the forcing. Jan4xCO.
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contains 100 members and Jul4xCO, 50 members, with Jan4xCQO> having more members to
overcome the greater Arctic internal variability in boreal winter compared to summer. For further
details on this experimental design, see Chapter 3.
4.2.2 Definitions of the Arctic, Antarctic, and polar amplification

The Arctic and Antarctic are defined as 70°N-90°N and 90°S-70°S, respectively. In the
Aurctic, this has the advantage of defining an area with approximately the same fractional area of
land as the global average, 0.29; this is, however, not true for the Antarctic, in which land makes
up the vast majority, as shown in Fig. 4.1c-d. We discuss the sensitivity of our results in the

Antarctic to the choice of northern latitudinal boundary in Section 4.4.

a March b September

Arctic

Antarctic

0 20 40 60 80 100
% Sea Ice Concentration

Figure 4.1: Map of the climatological Arctic sea ice concentration in (a) March and (b)
September. (¢) & (d) as in (a) & (b), but for the Antarctic. Results are based on the CESM-LE
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preindustrial control simulation. The red circle indicates the 70t parallel, defining the equatorward
boundary of this study’s definition of the Arctic and Antarctic.

Polar amplification is defined as the near-surface (2-meter air temperature) warming of
either the Arctic or Antarctic relative to the global average response. Therefore, we quantify AA
and AnA as the difference between the respective pole and global average temperature change.
Although the polar amplification factor, or the ratio of polar to global average temperature
change, is commonly used as a measure of polar amplification, we avoid its use because of the

near-zero global average response on short timescales after CO is increased.

4.2.3 Energy budget analysis

Because the details of the energy budget analysis are identical to those in Chapter 3, we
refer the reader there for more information and instead focus on two methodological differences.
First, as opposed to the explicitly calculated AHT in Chapter 3, we instead use the AHT
computed as a residual of the atmospheric column energy budget; this is done because of the
unrealistic AHT climatology for the Antarctic produced from the explicitly calculated AHT (not
shown). Second, we only consider tropospheric temperature and water vapor feedbacks because

of the mostly negligible nature of the stratospheric feedbacks found in Chapter 3.
4.3 Results

4.3.1 Temperature and sea ice responses

We begin by comparing the Arctic and Antarctic temperature and sea ice area (SIA)
responses after 4xCO.. For context, Fig. 4.1 shows the seasonal cycle in Arctic and Antarctic sea
ice concentration. March is the approximate sea ice maximum, and September is the sea ice
minimum for the Arctic (Fig. 4.1a-b), while the reverse is true for the Antarctic. Strong seasonal
variability is apparent in the Arctic surface air temperature (SAT) response in Jan4xCO; and

Jul4xCOg2, which is depicted in Fig. 4.2a-b. The ensemble-mean annual maximum Arctic
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warming occurs in late October, lagging the climatological sea ice minimum by 1-2 months,
while the minimum warming lags the climatological sea ice maximum by ~ 3 months. This is in
stark contrast to the weak seasonal cycle in the Antarctic SAT response (Fig. 4.2a-b). There is,
however, a strong seasonal cycle in the ensemble spread for both the Arctic and Antarctic, with
the maximum spread occurring in their respective cold seasons, coinciding with seasonal peaks

in internal variability (Rinke et al., 2004).
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Figure 4.2: (a) & (b) The daily average Arctic (pink) and Antarctic (cyan) SAT response in (a)
Jan4xCO; and (b) Jul4xCO.. Solid lines indicate the ensemble mean while the shading indicates + 1
standard deviation. (c) & (d) The amplification, defined as the difference between the Arctic or Antarctic
and global average SAT responses for (c) Jan4xCO- and (d) Jul4xCO,. Opaque lines indicate statistical
significance (p<0.05) based on a one-sample Student’s t-test.
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Fig. 4.2c-d depicts the amount of amplification for the Arctic and Antarctic, taken to be
the difference in SAT responses of the respective pole and the global average. The strong
seasonal cycle appears once more in the Arctic with statistically significant AA for almost the
entire two-year period of Jan4xCO, and Jul4xCO.. AA is statistically significant on day 1 of
Jan4xCO> and by day 25 of Jul4xCO>. By contrast, AnA is generally much weaker with a muted
seasonal cycle but is statistically significant on day 1 of both experiments (Fig. 4.2c-d).
Interestingly, AnA is significant before the seasonal Antarctic SIA minimum, whereas AA peaks
after the seasonal Arctic SIA minimum; the former appears to be partially a product of the

smaller spread in Antarctic SAT response during austral summer and fall (Fig. 4.2a-b).
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Figure 4.3: The percent change in Arctic sea ice area in (a) Jan4xCO2 and (b) Jul4xCO.. (c) &
(d) as in (a) & (b), but for the Antarctic. The solid line is the ensemble mean while the shading is +- 1
standard deviation.
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We compare the polar SAT responses and amplification to the SIA response, shown in
Fig. 4.3, to gain insight into the influence of sea-ice-associated mechanisms on the SAT. A
pattern in response to the timing of CO; forcing is clear: when COz is increased during the
warm-season, there is an initial, weak decrease in SIA, followed by a larger decrease during the
warm-season of the second year. When CO: is instead increased during the cold-season, there is
a considerable (~30% for Arctic, ~40% for Antarctic) decrease in SIA by the first respective
autumn and a larger decrease (~55% for Arctic, ~50% for Antarctic) in the autumn of year 2. On
timescales < 2 years, it appears the SIA response is sensitive to the time of year in which the RF
is imposed. On ultrafast timescales (< 1 month), however, increasing CO- in the cold season
yields a negligible effect on SIA. In the case of the Arctic in Jan4xCO; and the Antarctic in
Jul4xCOs,, significant amplification forms without considerable sea ice loss, implicating other
factors.

Maximum SIA loss in the Arctic (Fig. 4.3a-b) consistently precedes maximum AA in
Jan4xCO> and Jul4xCO- (Fig. 4.2c-d). Despite the lag, sea ice loss likely plays a strong role in
dictating the seasonal cycle of AA by allowing heat to be sequestered in the ocean mixed layer
and released in boreal fall and winter (Boeke & Taylor, 2018; Chung et al., 2021; Jenkins & Dai,
2022; Stroeve et al., 2012). The same cannot be said of the Antarctic or AnA. Despite the
Antarctic experiencing comparable, and at times larger, percent decreases in SIA (Fig. 4.3c-d),
there are no corresponding seasonal peaks in Antarctic SAT response (Fig. 4.2a-b) or AnA (Fig.
4.2c-d). This suggests a fundamentally different relationship between sea ice loss and polar

amplification in the two hemispheres.
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4.3.2 Atmospheric column energy budget

Sea ice loss does not offer a satisfying explanation for the initial development of AA and
AnA. To understand the latter, we next analyze the atmospheric column energy budget. Fig. 4.4
shows the difference in Arctic/Antarctic and global average warming contributions to the SAT
response — i.e., positive values indicate that a feedback or other response is either warming the
Arctic (Fig. 4.4a-b) or Antarctic (4.4c-d) more than the global average or cooling it less and thus
contributing positively to AA or AnA. Turning first to the Arctic, the initial AA in Jan4xCO
(Fig. 4.4a) is produced mainly by the SHU response with a smaller contribution from the lapse
rate feedback. During the warm season, the strong positive contribution from the surface albedo
feedback is negated by a negative AA contribution from the SHU response. By the following
winter, the SHU response switches signs to produce AA once more, joined by the lapse rate and
Planck feedbacks. In Jul4xCO: (Fig. 4.4b), an initially positive AA contribution from the SHU
response becomes negative after the first week, but it is compensated for by the surface albedo
and water vapor feedbacks. We refer the reader to Chapter 3 for a more complete analysis of the

Arctic energy budget response to 4xCOsa.
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Figure 4.4: (a), (b) The difference in Arctic and global average atmospheric column energy
budget term responses for (a) Jan 4 x CO2 and (b) Jul 4 x CO2, expressed as warming contributions. (c),
(d) Asin (a), (b), but the difference between the Antarctic and global average. These terms include the
surface albedo feedback (Alb), atmospheric heat transport (AHT), cloud feedback (Cloud), surface heat
uptake (SHU), local deviation of the Planck feedback (P’), water vapor feedback (q), lapse rate feedback
(LR), and CO2 RF (COy). AHT is smoothed by taking a 30-day rolling average. Opaque lines indicate that
the difference in Arctic/Antarctic and global warming contributions is significantly different from zero
(p<0.05). Note the difference in scales between the Arctic and Antarctic.

In the Antarctic, the contributions of nearly all TOA feedbacks, the AHT, and the SHU
response to AnA are considerably smaller than those of the Arctic, as one would expect given the
smaller AnA compared to AA. The initially significant AnA in Jan4xCO- (Fig. 4.2c) can be best
explained by the strong positive contribution from the SHU response, followed by weaker
contributions from the lapse-rate, Planck, and surface albedo feedbacks (Fig. 4.4c). It is
interesting that when CO- is quadrupled in the middle of the warm season in the Arctic (Fig.

4.4b), the lapse-rate feedback opposes AA,; this difference may be indicative of the different
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static stabilities of the atmosphere over the low-elevation Arctic and high-elevation Antarctic in
their respective summers. As AnA approaches zero by the first April of Jan4xCO,, the surface
albedo and water vapor feedbacks begin to oppose AnA. It is not until the second summer of
Jan4xCO that the surface albedo feedback exceeds the temperature feedbacks (Fig. 4.4c), which
is considerably different from the Arctic. The initial development of AnA in Jul4xCO; (Fig. 4d)
appears to be produced by the SHU response and temperature feedbacks, similar to Jan4xCQOa,
but without a contribution from the surface albedo feedback. The seasonal progression of
warming contributions to AnA in Jul4xCO> closely matches that of Jan4xCO..

There are a few key differences between the Arctic and Antarctic we may glean from
their atmospheric column energy budgets. First, contributions from the lapse-rate and Planck
feedbacks show almost no seasonality in the Antarctic, whereas they are highly seasonal and, in
the case of the lapse-rate feedback, change signs in the Arctic. Second, the peak contribution
from the surface albedo feedback is about 7-8K larger in the Arctic than in the Antarctic. Third,
although the TOA CO: radiative forcing (RF) opposes AA and AnA all year, it is more negative
in the Antarctic. These differences, combined with the overall weaker AnA warming
contributions compared to AA, help explain the weaker magnitude and seasonality of AnA seen
in Fig. 4.2c-d.

For both the Arctic and Antarctic in Jan4xCO; and Jul4xCOg, the total AHT response
rarely contributes to amplification (Fig. 4.4). To determine whether the change in dry static
energy flux convergence (Sconv) Or moisture flux convergence (Weonv) individually contribute to
AA or AnA, we decompose the total AHT into these two components in Fig. 4.5. As a reminder,
the global average total AHT, Sconv, and Weony are zero by definition. It is immediately apparent

that the noise in AHT is driven by the noise in Sconv, Which does not appear to consistently
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contribute to or oppose AA (Fig. 4.5a-b) or AnA (Fig. 4.5¢-d). There are small local maxima in
Sconv from April — June of both years for the Arctic in Jan4xCO3, but they are not statistically
significant (Fig. 4.5a). Although the Arctic Sconv does not appear to contribute to AA, Weonv does
(Fig. 4.5e-f). Wconv warms the Arctic 1-2K starting in the first June of Jan4xCO; and exhibits
some degree of seasonality, peaking in the warm season (Fig. 4.5e). The seasonality is less
pronounced in Jul4xCO> (Fig. 4.5f), perhaps because of a smaller ensemble size (and, hence, a
smaller signal-to-noise ratio), but Weonv produces a similar amount of Arctic warming. It is
important to note that AA development precedes the increase in Arctic Weony in JandxCQOz, so
the latter likely does not produce the initial AA response in that experiment. The Antarctic, once
again, differs considerably from the Arctic in that there does not appear to be any considerable
Weonv response in Jan4xCO> or Jul4xCO; (Fig. 4.5g-h). The muted AHT response in the
Antarctic is consistent with the results of Hahn et al. (2020), who find that the high elevation and
related katabatic winds of Antarctica prevent increases in the latent heat flux convergence into

the south polar region.
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Figure 4.5: (a), (b) The change in Arctic dry static energy flux convergence (Sconv) in (2)
Jan4xCO; and (b) Jul4xCO.. (c), (d) As in (a), (b), but for the Antarctic. (e), (f) As in (a), (b), but the
moisture flux convergence (Weonv). (@), (h) As in (e), (f) but for the Antarctic. The daily ensemble means
and 30-day rolling average ensemble means are denoted by thin and thick lines, respectively.
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4.3.3 Surface heat uptake response

It is clear from the atmospheric column energy budget that the SHU response is the
dominant AA and AnA mechanism for much of the 2-year simulation period (Fig. 4.4). We now
decompose this term into individual contributions from radiative feedbacks, turbulent heat
fluxes, and the CO> RF at the surface in Fig. 4.6. One of the most striking features of the surface
energy budget response in the Arctic is the strong seasonal minimum in the surface albedo
feedback in July in Jan4xCO> and Jul4xCO- (Fig. 4.6a-b). As discussed in the previous section,
the energy that would be reflected out to space via the surface albedo is absorbed by the surface,
producing these strong negative contributions to AA from the surface albedo feedback. The main
contributors to AA in both Jan4xCO, and Jul4xCO; are the latent heat flux response and the
surface temperature feedback, with the former being the main mechanism producing the ultrafast
development of AA, as discussed in Chapter 3. In autumn, the sensible heat flux response
contributes to additional Arctic-over-global warming.

As in Fig. 4.4, the magnitude of Antarctic surface energy budget terms is considerably
smaller than their corresponding Arctic terms (Fig. 4.6¢-d). In both Jan4xCO, and Jul4xCOg, the
latent heat flux anomaly produces the initial development of AnA and remains the dominant
contributor to AnA for the remaining two years. In contrast to the Arctic, the contributions from
the surface temperature and atmospheric temperature feedbacks regularly change sign,
coinciding with the emergence and disappearance of AnA — in other words, when there is AnA,
the warmer Antarctic surface emits enhanced longwave radiation to the atmospheric column
while the warmer atmospheric column emits more downward longwave radiation to the surface

(Fig. 4.6¢-d). Other notable features include positive contributions to AnA from the surface
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albedo and water vapor feedbacks in austral winter and an austral summer cloud feedback that

opposes AnA.
a Jan4xCO, b JuldxCO,
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Figure 4.6: (a), (b) The difference in Arctic and global average surface energy budget term

responses for (a) Jan 4 x CO2 and (b) Jul 4 x CO2, expressed as warming contributions. (c), (d) As in (a),
(b), but for the Antarctic. These include the surface albedo feedback (Alb), cloud feedback (Cloud),

atmospheric temperature feedback (Tatm), surface temperature feedback (Tsfc), water vapor feedback (q),
latent heat flux response (Fiw), sensible heat flux response (Fsw), and CO; RF at the surface (COy).

Opaque lines indicate statistical significance at the 95% level. The sign convention is such that positive
values correspond to upward (sea-to-air) fluxes.

The surface energy budget terms considered together largely explain the weak and less-
seasonal AnA in Fig. 4.2c-d. Initial AnA is produced by the latent heat flux response in both
Jan4xCQO2 and Jul4xCO., which is reinforced by the surface temperature feedback in Jan4xCO>
only. For the rest of the two years, AnA only becomes significant during the Antarctic warm

season when turbulent heat fluxes, the water vapor feedback, and the surface temperature
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feedback overcome atmosphere-to-surface contributions from the surface albedo and cloud

feedbacks.
4.4 Discussion

4.4.1 Sensitivity to the latitudinal boundary

Throughout the study, we define the poles to be poleward of 70° in their respective
hemispheres. Defining the Antarctic in this way has the advantage of making results directly
comparable to those of Chapter 3. However, it is worth noting that there is not one “correct”
definition of the Arctic or Antarctic. The Arctic has previously been defined in AA studies as
poleward of 60°N (Goosse et al., 2018; Pithan & Mauritsen, 2014; R. Zhang et al., 2018) or
70°N (Graversen & Burtu, 2016; Chapters 2 and 3). Outside of scientific studies, the Arctic may
be defined for political purposes as being bounded by rivers, islands, and contiguous seas (“The
United States,” n.d.), bounded by an isotherm or tree line, or in perhaps in its purest form, simply
north of the Arctic circle (“Where Does the Arctic Begin?,” n.d.). The Antarctic has similarly
diverse definitions depending on the application. Past studies often take the Antarctic as being
poleward of 60°S (Goosse et al., 2018; Hahn et al., 2021; Stuecker et al., 2018), which also
corresponds to the definition of Antarctica in the Antarctic Treaty (Riffenburgh, 2006).
Additionally, the Antarctic can be considered the area poleward of the polar front in the Southern
Ocean, which is normally between 48°-61°S, or south of the Antarctic Circle (~66°30° S).

Although a thorough analysis of how the chosen latitudinal boundary of the polar region
affects AA and AnA is beyond the scope of this paper, we note that we repeated our analyses
presented in Chapters 3 and 4 of the studies using 60° as the equatorward bound of the Arctic
and Antarctic. General patterns, including the rapid development of AA and AnA, remain using

this new definition (not shown). Likewise, the strong seasonal cycle of AA and weak seasonal
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cycle of AnA persist. The main difference arising from using 60° as a boundary is a temporal
shift forward (later in the year) in the peak AnA by 2-3 months. We take this to be a result of the
inclusion of considerably more seasonal sea ice and modulation by the Southern Ocean (Fig.
4.1). The SHU response also remains qualitatively similar when we use 60°N/S. Importantly, the
negative contributions of the surface albedo feedback to AnA at the surface are 2-3 times larger

than their 70°N/S counterparts because of the location of climatological sea ice.

4.4.2 Comparison to longer timescales

We plan on expanding our analysis for the Antarctic to include longer timescales based
on CMPI5/CMIP6 model simulations, but for now, we compare our results with past AnA
studies. One complication in doing so is that Goosse et al. (2018) and Hahn et al. (2021) only
show the Antarctic warming contributions relative to the Arctic, not global average, warming
contributions, so we focus here on comparing the Antarctic and Arctic. As a reminder, Goosse et
al. (2018) and Hahn et al. (2021) assessed warming contributions averaged over a 30-year period
centered on year 100 following 4xCO:..

Goosse et al. (2018) and Hahn et al. (2021) both find that the AHT is the only mechanism
considered that warms the Antarctic more than the Arctic at longer timescales after 4xCO.. In
our analysis, however, we find that while there is no discernible signal in the total AHT response
in the Arctic or Antarctic, there is a distinct contribution from the Weony response to AA only.
Our results are consistent with previous work when considering the contributions of local
feedbacks: as in other studies, we find that the lapse rate, Planck, water vapor, and surface albedo
feedbacks are, on average, stronger contributors or weaker opposers to AA than AnA. Our SHU
term is equivalent to the OHU term in Goosse et al. (2018) and Hahn et al. (2021); the average

SHU response on longer timescales was found to oppose AA and AnA in these studies. We
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avoid the annual averaging of the SHU response because its seasonal structure and contribution

to wintertime warming in the Arctic are important characteristics that are lost from averaging.

4.5 Conclusions

Both the Arctic and Antarctic show comparable, statistically significant warming and
amplification in the first month of Jan4xCO> and Jul4xCO., although in the case of Jul4xCO.,
AA takes ~25 days to develop, while AnA ceases to be significant by the end of the first month.
After the first month, distinct differences in the seasonality of AA and AnA appear, with AA
showing a much larger seasonal cycle, peaking in the beginning of polar night, while AnA has a
much weaker magnitude and seasonal cycle, peaking in the second half of polar day.

Ultrafast AA and AnA arise before there is considerable sea ice loss, pointing to faster
processes as the causes of this rapid response. On timescales > 1 montbh, it is clear that sea ice
loss is a determining factor in the magnitude and seasonality of AA, although AnA shows a
weaker relationship with decreasing SIA.

What mechanisms best explain the difference between Arctic and Antarctic responses?

On ultrafast timescales after Jan4xCO>, the Arctic and Antarctic show comparable levels
of amplification driven by the SHU response and a smaller contribution from the lapse-rate
feedback. Upon examining the surface energy budget, we find that the SHU response is mainly
the result of a significant reduction in the global mean sea-to-air latent heat flux that does not
manifest at the poles, highlighting the importance of the new PA mechanism discussed in
Chapter 3. In Jul4xCQOg, the latent heat flux response similarly contributes to ultrafast AA and
AnA, but in the case of the former, it is compensated by the surface albedo feedback, which

sequesters energy in the Arctic Ocean mixed layer.
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On timescales > 1 month, AA is several times larger than AnA, mainly due to stronger
Arctic cold-season temperature feedbacks and SHU response, the latter of which is driven by
increased upward turbulent heat fluxes and the surface temperature feedback. Although the total
AHT response is rarely significant in the Arctic or Antarctic, the Arctic experiences a Weonv
response that contributes 1-2K of warming more than the Antarctic. The greater seasonality AA
compared to AnA appears to be caused by a powerful surface albedo feedback in the Arctic,
which stores energy in the Arctic Ocean mixed layer in summer that is subsequently released to
the atmosphere in the cold-season, and temperature feedbacks in the Antarctic that do not exhibit
appreciable seasonality.

To conclude, we emphasize that analyzing the temporal evolution of polar amplification
and its mechanisms can provide useful insight into the fundamental causes of the phenomenon.
The results of past and future studies should be considered with the timescale in mind, and
looking only at averages, though cleaner, masks the complicated relationships between
feedbacks and energy transports. In the same vein, the chosen latitudinal boundaries of the Arctic
and Antarctic should be taken into account, given that a thorough analysis of the sensitivity of
polar amplification mechanisms to geographical area has, to our knowledge, yet to be performed.
Although AnA has received considerably less attention than AA within the climate community,
understanding the former is critical, given projections of enhanced Antarctic warming as CO>
levels continue to increase. The work presented here represents an important next step toward

achieving that understanding.
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Chapter 5: Conclusions

5.1 Conclusions

For being such a robust and quintessential response of the climate to forcing, one would
think that our understanding of PA should be approaching completion. On the contrary: as of the
writing of this thesis, new PA studies appear frequently, often presenting seemingly
contradictory results. It is through this spirited debate of the topic that our understanding of PA,
especially its underlying causes, will mature. As | said in the introduction, | do not attempt to
reconcile the hundreds of studies on the topic, but rather approach PA from a rarely used
perspective, one in which the transient nature of the phenomenon is appreciated, examined, and
used to reveal the mechanisms to which it owes its existence.

The importance of considering the timescales of PA, specifically AA, became apparent in
Chapter 2. In that study, | observed the evolution of AA in a collection of CMIP5 models
subjected to an instantaneous quadrupling of CO2. What set this study apart from other studies
that use these same or similar model simulations (i.e., Hahn et al. (2021); Pithan & Mauritsen
(2014)) is that I considered several different timescales of AA, motivated by the hypothesis that
the mechanisms most important to AA change over time. | found that statistically significant AA
developed in just three months after 4xCO- in the models, mainly from a positive lapse rate
feedback over the Arctic. This result was surprising in that this AA formed without a significant
loss of sea ice, which is often regarded as a dominant mechanism of AA (A. Dai et al., 2019; A.
Dai & Jenkins, 2023; Feldl et al., 2020; Graversen et al., 2014). However, sea ice loss and the
associated surface albedo feedback are important after the first three months, and their pivotal

role in producing large magnitude Arctic warming and AA should not be forgotten.
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The remarkably rapid formation of AA described in Chapter 2 provided the motivation
for Chapter 3. In that study, | used CESM simulations initialized in January and July to explore
AA on ultrafast (<1 month) timescales after 4xCO,. With a large sample size and high temporal
resolution (daily) model output, AA was detectable in the first day of Jan4xCQO; and on day 25 of
Jul4xCO,, with the former preceding significant sea ice loss. | found that AA on ultrafast
timescales can be best explained by the difference in the Arctic and global average surface heat
uptake (SHU) responses that are the result of different latent heat flux responses. The discovery
that the rapid latent heat flux response is an important AA contributor was exciting in that it has
not previously been discussed in the literature, which we expand upon later. Other feedbacks
play major roles on longer timescales (>1 month), including the lapse rate feedback, surface
albedo feedback, and Planck response. Chapter 3 ultimately confirms the existence of rapid AA
development found in Chapter 2 and provides further insights into the underlying mechanisms.

As polar scientists sometimes forget, Earth has two poles. In Chapter 4, | investigated
whether the Antarctic climate response to 4xCO; differs from that of the Arctic on ultrafast
timescales, given that the two polar regions have disparate amplification responses on longer
timescales (S. Cai et al., 2021; Goosse et al., 2018; Hahn et al., 2021; Stuecker et al., 2018).
Although statistically significant AnA manifests in Jan4xCO2 and Jul4xCOs; in the first month,
like AA, AnA exhibits a considerably different seasonality and magnitude than that of AA for
the remainder of the two model years. AnA appears to also have a fundamentally different
relationship with sea ice loss than does AA. On timescales > 1 month, AA is often several times
larger than AnA because of cold season temperature feedbacks, the surface albedo feedback, and
the surface heat uptake response. The various timescales of AnA should be looked at in more

detail in future studies.

86



If | were to pick the two most important results from this dissertation, they would be 1)
exclusively analyzing time-averaged quasi-equilibrium responses to forcing in PA studies
obscures the detail necessary for fully understanding PA mechanisms and 2) the surface
heat uptake response plays a leading role in PA, especially on ultrafast (<1 month)
timescales. This work is not the first to discover the value of considering PA timescales; as
mentioned in Chapter 1, Langen & Alexeev (2007) state that PA mechanisms are obscured when
one only considers feedbacks during the slow evolution of climate change, or once a new
equilibrium state is reached. Although there are several examples from my work supporting this
conclusion, one of the most appreciable is the surface albedo feedback. As shown in Chapters 2
and 3, even in the first year following 4xCO., the annual average surface albedo feedback in the
Arctic appears to be the dominant AA mechanism. However, upon looking at the sub-annual
evolution of AA mechanisms in Chapter 3, it becomes apparent that the seasonality of the
surface albedo feedback and AA are out-of-phase, with the former peaking in summer and the
latter in fall and winter. This does not, however, imply a negligible role for the surface albedo
feedback in AA. In contrast, the surface albedo feedback drives enhanced Arctic Ocean heat
uptake in summer, with this additional heat released to the atmosphere in fall and winter (Boeke
& Taylor, 2018; Chung et al., 2021; Hahn et al., 2021; Jenkins & Dai, 2022; Stroeve et al.,
2012). This nuanced relationship between the surface albedo feedback and AA becomes apparent
when one examines the seasonal evolution of the surface energy budget, which, unfortunately, is
often ignored in AA/PA studies.

| now turn my attention to the importance of the surface heat uptake term as a PA
mechanism. Although the surface heat uptake response, especially over the ocean, has long been

thought to play a major role in AA (Bitz et al., 2006; Boeke & Taylor, 2018; Chung et al., 2021,
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Lainé et al., 2016; H. A. Singh et al., 2018), it has never before been identified as a cause of AA
on ultrafast timescales. Interestingly, the surface heat uptake response contributes to ultrafast AA
not because it is strongly positive in the Arctic (it is near-zero for the first month), but because it
is strongly negative in the global average. This leads us to a worthwhile point regarding PA: the
global average/lower-latitude responses can be just as important as the polar response in
producing PA. Therefore, one must carefully consider non-polar responses to climate forcing to
fully understand the causes of PA.

These two leading results, the importance of timescales and the surface heat uptake
response, are exemplified by the latent heat flux response. As a reminder to the reader, the latent
heat flux response was found in Chapters 3 and 4 to be one of the dominant causes of ultrafast
AA and AnA, mainly because of a sharp reduction in the sea-to-air latent heat flux in the global
average that does not occur in the Arctic or Antarctic. Changes in the latent heat flux will have
minimal direct impact on surface air temperatures, but a reduction in condensation aloft and
steepening of the lapse rate may mitigate surface air warming through enhanced convection in
the global average. The rapid adjustment of the surface latent heat flux, which indicates a
slowing of the global hydrological cycle, is a known response to higher atmospheric CO2 (Allen
& Ingram, 2002; Bala et al., 2010). However, the opposite response is expected to occur on
longer timescales, as climate warming will increase the global average sea-to-air latent heat flux
and thus accelerate the global hydrological cycle (Gutowski et al., 1991; Kundzewicz, 2008).
Consequently, it is possible that the latent heat flux response opposes AA on longer timescales
depending on the difference between Arctic and global average responses. The latent heat flux

response is one of several AA mechanisms whose importance varies with time, and it
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emphasizes the importance of considering changes in the energy budget at the surface in addition

to the top-of-atmosphere.

5.2 Future work

Though the work outlined in this thesis represents a significant contribution to the fields
of polar and climate sciences, the topic of PA offers many paths for future research. In this final
section, | propose two extensions that | will complete in the months following my Ph.D. defense.

The first and simplest project will be contrasting AA and AnA on additional timescales.
In Chapter 4, | only compare the ultrafast developments of AA and AnA, but as | found in
Chapter 2, the relative importance of PA mechanisms varies with time. Although | compare my
results in Chapter 4 to those of previous AnA studies that focused on longer timescales, namely
Goosse et al. (2018) and Hahn et al. (2021), both of those studies focused on the time-averaged
quasi-equilibrium responses to increased CO.. To my knowledge, there has yet to be a
comprehensive study of the time-varying contributions to PA in the Antarctic.

Much of the methodology would follow Chapter 4, including the calculation of the
radiative feedbacks and energy budget analyses. However, for longer timescales, a different set
of model experiments is required because my existing CESM-LE simulations are only two years
long. The recent CMIP6 and older CMIP5 experiments offer an ideal data source for this phase
of the project because there are tens of model simulations subjected to 4xCO, forcing in January
like the CESM-LE simulations. By using an ensemble of models, | will be able to quantify the
intermodel spread and, at least for the first two years following 4xCO,, compare against the
CESM-LE ensemble. The time-averaged quasi-equilibrium atmospheric column energy budget
response will be computed to compare with other studies along with the time-varying

contributions to AA and AnA.
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The second project is motivated by the customary practice of using radiative kernels to
compute radiative feedbacks. As discussed in Chapters 2 and 3, kernels are datasets that contain
the radiative sensitivities to changes in fields such as surface albedo, specific humidity, and air
temperature (Shell et al., 2008; Soden et al., 2008; Soden & Held, 2006); most kernels only
contain the TOA radiative sensitivities, but some include the surface as well. The draw of using
radiative kernels is that one can calculate radiative feedbacks using nearly any forced response in
climate models so long as the necessary fields/variables are available. Ideally, the resulting
feedbacks should be insensitive to the choice of model used to generate the kernels (Soden et al.,
2008; Soden & Held, 2006). However, this has yet to be robustly demonstrated; in fact, recent
studies of Arctic feedbacks show the opposite and demonstrate considerable interkernel spread
(Donohoe et al., 2020; Hahn et al., 2021). For example, Donohoe et al. (2020) find that among
five radiative kernels, the Arctic-average radiative sensitivity to changes in surface albedo varies
by ~30%, implying that kernel choice is an important consideration for calculating feedbacks.

| leave attributing the causes of interkernel spread to others in the field and, instead, focus
on streamlining these often-complicated calculations using multiple kernels. As of the writing of
this thesis, kernels are scattered amongst various climate science research groups and are shared
informally. There are no standards for kernel dataset construction, nor is there a central place
where kernels can be found. Additionally, calculating radiative feedbacks can be time-
consuming and involve making assumptions, e.g., the base state used in the kernel calculations,
that typically cannot be validated and are not standardized. Thus, determining the effect of kernel
choice on climate feedbacks and comparing results between existing studies is difficult, to say

the least.
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To address these issues, | have been working on a Python package called ClimKern that
offers two main features to improve the calculation of radiative feedbacks. First, ClimKern
provides access to the largest collection of radiative kernels to date (currently 12), all
standardized to make computations with different kernels straightforward and comparable.
Second, ClimKern contains functions with clearly specified assumptions that allow for the
calculation of radiative feedbacks using nearly any climate model output. Currently, ClimKern
can calculate all-sky and clear-sky surface albedo, lapse rate, Planck, and shortwave and
longwave water vapor feedbacks at the top-of-atmosphere. Functions to produce cloud feedbacks
will be added shortly. If there is sufficient interest from the community, ClimKern can be

expanded to include feedbacks at the surface.
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Figure 5.1: Arctic annual average all-sky (-AS) and clear-sky (-CS) TOA radiative feedbacks
calculated using ClimKern. The data used to compute feedbacks come from the two-year-average,
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ensemble mean CESM-LE Jan4xCQ; response documented in Chapters 3 & 4. Alb, P’, LR, and WV
correspond to the surface albedo, local deviation of the Planck, lapse rate, and total water vapor
feedbacks, respectively.

Using the time and ensemble average CESM-LE Jan4xCO; simulations outlined in
Chapters 3 and 4, | compute the Arctic average radiative feedbacks using 12 different kernels,
shown in Fig 5.1. Note that the Planck feedback is actually the local deviation from the global
mean, as is commonly done in AA studies (Goosse et al., 2018; Hahn et al., 2021; Pithan &
Mauritsen, 2014). It is obvious from Fig. 5.1 that the surface albedo feedback exhibits the
strongest kernel dependency with an interkernel range nearly as large as the kernel mean
feedback. A possible culprit for the large interkernel spread is clouds, specifically differences in
the base-state Arctic cloudiness amongst the different kernels. Cloud masking, the alteration of
non-cloud radiative feedbacks by the presence of clouds, has been shown to be an important
consideration for feedback studies (Kramer et al., 2019; Soden et al., 2008). In particular, clouds
have been shown to significantly modulate the Arctic surface albedo feedback (Choi et al.,
2020). However, the fact that the spread of the clear-sky surface albedo feedback (Alb-CS in Fig.
5.1) is comparable to that of the all-sky surface albedo feedback (Alb-AS in Fig. 5.1) indicates
that there may be sources of kernel spread that are unrelated to clouds. Other feedbacks show
less interkernel spread, with the water vapor feedback showing the greatest variance after the
surface albedo feedback.

While | emphasize that these results are preliminary, the ease with which | was able to
calculate the feedbacks with 12 different kernels attests to the utility of the ClimKern package.
Ultimately, ClimKern will benefit from the input by others in the climate feedback and
sensitivity communities. It is currently hosted on GitHub and can easily be made available to
anyone wishing to contribute to its development. Once it reaches its full functionality, ClimKern
will be a great step forward in achieving robust and reproducible climate feedback science.
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Appendix A: Arctic Amplification: a Rapid Response to

Radiative Forcing
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Appendix Figure A.1: Multimodel mean surface air temperature (SAT) response (in K)
averaged over the first 3 months (January-March) of the CMIP5 simulations.
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Annual mean rad. forc. (Wm~2)

Appendix Figure A.2: Annual mean stratosphere-adjusted radiative forcing (in W m2) from
4xCO; as computed by PORT.
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Appendix Figure A.3: Anomalous (i.e., Arctic minus global) warming contributions from
feedbacks and energy transport responses for (a) the first 3 months (January-March), (b) the first year, and
(c) the last 30 years of the CMIPS5 simulations. Colored circles represent individual models, and
horizontal bars are the multimodel means. Annual mean stratosphere-adjusted radiative forcing (in W m?)
from 4xCO; as computed by PORT.
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Appendix B: Ultrafast Arctic amplification and its governing

mechanisms
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Appendix Figure B.1: (a, ¢, e, g) The average daily Arctic (70°N-90°N) and global change in
SAT for the first two years following 4xCO- in a (a) 10-member (c) 25-member (e) 50-member and (g)
100-member ensemble of Jan4xCO,. Solid lines indicate the ensemble mean and the shading +1 standard
deviation. (b, d, f, h) As in (a,c,e,g), but showing Arctic amplification, defined as the difference in the
ensemble mean Arctic and global average change in SAT. The line is opaque where the difference is
significantly different from zero at the 95% confidence level according to a 1-sample t-test.
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Appendix Figure B.2: As in Fig. B.1, but for runs initialized in July and for a 10-member, 25-
member, and 50-member ensemble.
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Appendix Figure B.3: (a,b) The average daily Arctic land (brown) and ocean (blue) average
changes in SAT for the first two years of (a) Jan4xCO; and (b) Jul4xCO.. Solid lines indicate the
ensemble mean and the shading £1 standard deviation. (c,d) The difference in the land and ocean average
SAT response for (¢) Jan4xCO; and (d) Jul4xCO,. Positive values indicate that average land SAT change
is larger than the ocean. The line is opaque where the difference is significantly different from zero at the
95% confidence level.
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Appendix Figure B.4: (a, c, ) Surface energy budget terms averaged over the (a) first month,
(c) first three months, and (e) first year of Jan4xCO,. The error bars denote 95% confidence intervals. (b,
d, f) Asin (a, c, e), but for Jul4xCO.,.
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