Fifth National Climate Assessment: Chapter 3

Earth Systems Processes

meaﬁw MW

iz . nessbrecl Aiiliunct o&ca.ﬂoaws e 0ell Wﬁ'm Nravakilele, o CWMRZM avdreune ,é—pza,u S
Leb? W hgug 4 Coiutickeel Wikt maieﬂ elimatie ¥ates. e Lime Ce2Ls m, Fﬁ\ W o manine)Seq - ,:5 ANHKLW%(EF%EM%
rackiial MW’: Aenees plio- Jureals a /rbo%m %Zcul«’at Wb Hz?w,é JM WS Dinicle. Oese. L “ﬁ,—MATg
oo cow iy racetel e ”Q ms‘wwﬂarmbw Loidanclic baclniod
Lo o T et futondlie. (200~ !fwa%W)m eoncocliation o WD s cane @ne doadlint Too
r oo Shect: (WiA1S) Dkt WD), Ww wzaw’mzvém mw( M/mmfm&l? ‘&”‘3( . dwﬁ%"" m@m&&fw& mw
' - & oot fuom AT R fuaticlnig o mibliial seals gmiations . e

g - Marimne (LM 2,@0-20005 e
£ dmwjtaimw m&#nmw

HWHEN SNOW Fa

*éich ANNUAL LS
fee BY SUBSEQU
g K f A T e

* ¥ £ AND BACTE Rl CEl
werE [N TS AT

e N SRR R B
e
5
S
%

“v}q ue3°s 11z oxs“w

& 3 g
\ 3 On Dece MBER. -
1,4/’ PROTECT | FUNDET

8 0l REACHED 1S FiN

o/ REcovERIN & TH

DATE FROM POL#

ice coRE was
WEST ANTARCTIC




Fifth National Climate Assessment

Chapter 3. Earth Systems Processes

Authors and Contributors

Federal Coordinating Lead Author
Adam Terando, US Geological Survey

Chapter Lead Author
L. Ruby Leung, Pacific Northwest National Laboratory

Agency Chapter Lead Authors
Renu Joseph, US Department of Energy
George Tselioudis, NASA Goddard Institute for Space Studies

Chapter Authors

Lori M. Bruhwiler, NOAA Global Monitoring Laboratory
Benjamin Cook, NASA Goddard Institute for Space Studies
Clara Deser, National Center for Atmospheric Research
Alex Hall, University of California, Los Angeles

Benjamin D. Hamlington, NASA Jet Propulsion Laboratory
Andrew Hoell, NOAA Physical Sciences Laboratory

Forrest M. Hoffman, Oak Ridge National Laboratory
Stephen Klein, Lawrence Livermore National Laboratory
Vaishali Naik, NOAA Geophysical Fluid Dynamics Laboratory
Angeline G. Pendergrass, Cornell University

Claudia Tebaldi, Pacific Northwest National Laboratory
Paul A. Ullrich, University of California, Davis

Michael F. Wehner, Lawrence Berkeley National Laboratory

Technical Contributors
Flavio Lehner, Cornell University
Adam S. Phillips, National Center for Atmospheric Research

Review Editor
Gavin Schmidt, National Aeronautics and Space Administration

Cover Art

lan van Coller

Recommended Citation

Leung, L.R.,, A. Terando, R. Joseph, G. Tselioudis, L.M. Bruhwiler, B. Cook, C. Deser, A. Hall, B.D. Hamlington,
A. Hoell, F.M. Hoffman, S. Klein, V. Naik, A.G. Pendergrass, C. Tebaldi, P.A. Ullrich, and M.F. Wehner, 2023: Ch.
3. Earth systems processes. In: Fifth National Climate Assessment. Crimmins, A.R., CW. Avery, D.R. Easterling,
K.E. Kunkel, B.C. Stewart, and T.K. Maycock, Eds. U.S. Global Change Research Program, Washington, DC,
USA. https: //doi.org /10.7930 /NCA5.2023.CH3

3-2 | Earth Systems Processes


https://nca2023.globalchange.gov/art-climate/#art-Ian-van%20Coller
https://doi.org/10.7930/NCA5.2023.CH3

Fifth National Climate Assessment

Table of Contents

Y0 o Yo (1103 (o N 5

Key Message 3.1

Human Activities Have Caused the Observed Global Warming........cccccceevvuueciirvennnnnnnne. 5
ANTNTOPOGENIC DIIVEIS...ccutiiiiieeieeiiiceeeeeeete ettt ettt ettt et et e et eeas e bt e beesbeesbeenbeesbesssesseeseeseenseenns 6
INGTUTAI DFIVETS ...ttt ettt et ettt st e s bt e beesbeesbeesaessaessaesseenseenseassesssessaeseenseenseessenssesseenseansenns 8
Global Surface Temperature Response to Climate DriVErS ..........ccooouieiiieiiiiiicieeececeeeee e 8

Key Message 3.2
The Estimated Range of Climate Sensitivity Has Narrowed by 50% ........................... 10

Key Message 3.3

New Data and Analysis Methods Have Advanced Climate Science..........cccccccevveueeennen. 13
Advances in Earth System ODServations............cooi i 13
New Scenarios and Climate ProjJECTIONS .........ccoouiiiiiiieieieeceeeeeeeee ettt beereeae e 14
Large ENsemble SIMUIATIONS .......c.oiiiiiiiiee ettt b et e e e re e be e b enns 16
Emergent Constraints on Future ProjeCtions. ... ..ot 17
Extreme EVent AtEIDUTION .....co.ooi ittt 18

Key Message 3.4

Humans Are Changing Earth System Processes .........cccccceerieeeeiirirenciereeneccereennecennenes 18
NATUIAl Vari@bility .....cc.ooouieiieecee ettt et e e et e s b e ssaessaesseeseenseenes 18
Atmospheric Circulation ChanQeS........cc.oouioiiiii ettt ettt teeete e eaeeaaeeaeeas 20
WALer CYCIE CRANGES ..ottt ettt ettt et et et et e te e st ese e st enseseseeseeneeneeneenseneenes 21
Changes in the Carbon and Biogeochemical CYCIES ..........cooiouiiieieiiiiiiiceccceeeeeee e 23
Changes iNThE OCEAN .........ociiiieeee ettt ettt et et eebe e beeebeebeeaseeenesaeesaeebeenes 25
Changes iNthe CryOSPRETE ........oo ittt et ettt et e beeabeeeaesneeseeeseenes 26
S0 LOVEI RISttt ettt b e et e ettt e b et et e be ettt e e st et e b e seeteeneestensebennn 27
Regional-SCale Changes .........co ittt sttt e e e testeene e st eneeeeeaeeaea 28

Key Message 3.5

Humans Are Changing Weather and Climate Extremes ........cccccoiivruiiiiirnniceiiennnennenes 30
EXtreme HEat @nd COld ...........ooioiiiiiiiiceceeeee ettt sttt ettt b e besbeeseeseessensesbessens 30
Extreme Precipitation @and FIOOiNG ...........ooiiiiiiiiiiiiieee ettt 30
D] 0T L 1 | OSSP 30
WITATIT ottt ettt et et e bttt e st ess e b e s be et e eseessessenseeseeseeseessensansenseeseeseassensansanes 32
COMPOUNT EVENTS ..ottt ettt e et ste e be e beesbeesbeeseesbe e beenseensesssesssesseeseensennns 32

3-3 | Earth Systems Processes



Fifth National Climate Assessment

Traceable ACCOUNLS...........ciiieeiiiieeeieecececeeeneeeeeeneeeeeeeaneeesensssssesensssssssnnssssesnnsnnnans 34
PrOCESS DESCHIPTION ....eiieiieeiieeiie ettt ettt e et eebeeesbeessbaessbeeesbeeessaessseesssaesssaenssaenssaenssaensseenssenn 34
GG V1Y (=TT ST= Vo [ Tt PSPPSR 34
KEBY IMESSAQE 3.2 ..ottt ettt ettt e et e et e e et e e e bt e esbeeeabeeeabeeeabeessbeeesbeeesbeesebeeeabeatseetbeetseentbeetrean 36
KEY IMESSAGE 3.3 ..ttt ettt h e h e b ettt a e bt bt e bbbttt a b e e bt e e bt e bt e b et enee 37
KEY MEBSSAGE 3.4 ...ttt ettt ettt et e bt e s e bt e e a bt e e bt e e at e e eat e e eabe e eabeeent e e e ateenaeeenabeeeaeean 41
KEY MESSAQE 3.5 ..ottt ettt ettt e et e e bt e aabeesabeessbeeenbeeesbaeesbeeeebeeeebeeanbeennreentreennbeesren 46

REFEIENCES ... ..ttt cetteee e e e e eeneeeeeeaneeeeeesssssssssnsssssssnnssnsssennsssssennns 48

3-4 | Earth Systems Processes



Fifth National Climate Assessment

Introduction

The Earth system consists of the atmosphere, land, oceans, and cryosphere, which interact and cycle
energy, water, and essential elements of life such as carbon, nitrogen, and phosphorus. Powered by the
sun, these interactions and cycles determine Earth’s climate, which naturally varies at a broad range of
timescales from days to millennia through diverse Earth system processes.

Since industrialization, human activities have dramatically altered atmospheric composition and land

cover, with consequential impacts on climate. Human-caused emissions of greenhouse gases have warmed
the planet by trapping more outgoing energy, leading to a change in the net energy balance at the top of
the atmosphere. The net increase in energy input warms the surface and the air and increases moisture

in the lower atmosphere, resulting in significant changes in Earth system processes, including changes in
atmospheric and oceanic circulations, clouds, and precipitation and melting of sea ice, glaciers, and ice
sheets. The increase in energy input also provides fuel for increasing the frequency and intensity of extreme
weather events such as heatwaves and convective storms.

In recent years, advances have been made in understanding the changes that have already occurred,
attributing changes to human influence, and projecting future changes. These advances are facilitated by
new and diverse observations, improved models and experiments, and the combination of observations and
models to support multiple lines of evidence and inquiry. Building on previous scientific assessments, these
advances have enabled scientists to unequivocally attribute the observed global warming to human activities
and to narrow by 50% the range of estimated global warming that would be caused by a doubling of
atmospheric carbon dioxide concentration. Complementary to Chapter 2, which focuses on past and future
climate trends, particularly in the US, this chapter discusses more generally how Earth system processes
respond to the drivers of climate change. It begins by introducing the natural and human (anthropogenic)
drivers of climate change (KM 3.1). Next, it addresses our understanding of the climate response to those
drivers, including the sensitivity of the climate to changing greenhouse gas concentrations and the feedback
processes that can amplify or partially counteract the influences of human activities (KM 3.2). Recent
advances in observations, modeling, and attribution of climate change are then discussed (KM 3.3). Lastly,
changes in Earth system processes that underpin the many facets of global and regional climate change (KM
3.4) and changes in extreme events (KM 3.5) are discussed.

Key Message 3.1

Human Activities Have Caused the Observed Global Warming

Human activities—primarily emissions of greenhouse gases from fossil fuel use—have un-
equivocally caused the global warming observed over the industrial era. Changes in natural
climate drivers had globally small and regionally variable long-term effects over that period.

Shifts in climate at the global scale occur primarily in response to processes that change the balance
between incoming solar energy and the outgoing energy radiated from Earth at the top of the atmosphere
(TOA). The drivers of change are both natural and human-caused and may be transient or long-lived.
Changes in TOA net radiation balance resulting from a perturbation in climate drivers can be quantified

in terms of the effective radiative forcing (ERF), measured in units of watts per square meter (W/m?). The
main natural drivers of climate change—variations in solar radiation and volcanic aerosols—have negligible
contributions to long-term climate forcing."* Warming from fossil fuel emissions of carbon dioxide (CO,) is
expected to last centuries to millennia, because of the slow rate of the natural processes that remove CO,
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from the atmosphere. Changes in climate may be further amplified or diminished through feedbacks in
the climate system. Feedbacks are processes changed by the warming that then modify the TOA radiation
balance and the overall level of warming. In the surface-albedo feedback, for example, warming melts ice
cover over the land and ocean, exposing darker surfaces beneath that absorb more energy rather than
reflecting it, contributing to further warming. See Chapter 2 of the Climate Science Special Report? for
further details on emissions sources, radiative forcing, and ERF.

Anthropogenic Drivers

Well-Mixed Greenhouse Gases

Since the release of the Fourth National Climate Assessment (NCA4) in 2018, global atmospheric abundances
of the main well-mixed greenhouse gases (WMGHGs), including CO,, methane (CH,), and nitrous oxide (N,O),
have continued to increase (KM 2.1). Atmospheric abundances of halogenated gases have also changed,

some increasing and some decreasing due to ozone-depletion policies. Preindustrial to present-day
(1750-2019) increases in WMGHG concentrations contributed the bulk of the total human-caused forcing,
with increases in CO, contributing an ERF of 2.16 + 0.26 W/m?, followed by 0.54 + 0.11 W/m? from CH,, 0.41

+ 0.08 W/m? from halogenated compounds, and 0.21 + 0.03 W/m?from N,0O.? The ERF due to changes in CH,
abundance is lower than that due to changes in emissions because of offsetting effects of other chemical
constituents as discussed below.

The growth in global atmospheric CO, levels since 1750 was primarily driven by direct emissions from
human activities such as fossil fuel combustion, cement manufacturing, and land-use change. About 41%
+ 11% of the 700 + 75 PgC of CO, (1IPgC = 1 billion metric tons of carbon [GtC]) emissions between 1750 and
2019 remain in the atmosphere today, with the rest absorbed by oceans and the land biosphere.*

Methane is considered both a WMGHG and a short-lived climate forcer due to its chemical reactivity and
an approximate 10-year atmospheric lifetime. Methane is produced by both natural processes and human
activities. Observational evidence points to microbial sources (agriculture, waste, and natural wetlands) as
the predominant cause of the observed increase in global growth in atmospheric CH, since 2006,>¢ with a
smaller contribution from fossil fuel production.

In addition to its direct effect on radiative forcing, CH, also has an indirect influence through its chemical
effects on other climate drivers, including CO,, ozone, stratospheric water vapor, aerosols, and halogenated
gases.” This leads to an increased effect of CH, on the amount of energy trapped in the Earth system. Over
20 and 100 years, a given mass of CH, emissions is about 80 and 30 times, respectively, more efficient at
trapping energy in the climate system than the same emitted mass of CO,.? This comparison of energy
trapped due to a given mass of emitted gas compared to the same emitted mass of CO; is known as the
global warming potential (GWP), and it is always specified for a given time horizon due to the varying
chemical lifetimes of non-CO, greenhouse gases. For CH,, the 100-year GWP is about 30 (relative to a GWP
for CO, being, by definition, equal to 1 over the same 100-year period).

The increase in atmospheric N,O levels since 1750 is small compared to that of CO, and CH, although rates
have increased in recent years due to increased nitrogen fertilizer use in agriculture.® Nitrous oxide has an
atmospheric lifetime of about 116 years and is nearly 300 times more efficient at trapping energy than CO;
over a 100-year period.’

Many halogenated compounds, which are primarily manufactured gases, also contribute to climate change.
These include chlorofluorocarbons (CFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SFs), with
lifetimes of decades to millennia, and hydrogen-containing halogenated compounds like hydrochlorofluo-
rocarbons (HCFCs) and hydrofluorocarbons (HFCs), with lifetimes of months to decades. The atmospheric
abundances of most CFCs have continued to decline in response to regulations under the Montreal
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Protocol on Substances that Deplete the Ozone Layer and its amendments.’® Atmospheric levels of HFCs are
increasing, while the rates of atmospheric growth of major HCFCs have slowed down in recent years.

Non-methane Short-Lived Climate Forcers

Short-lived climate forcers (SLCFs) are chemically reactive in the troposphere (lower atmosphere), with
atmospheric lifetimes typically shorter than two decades, and include ozone, aerosols, and methane. Most
SLCFs are also air pollutants or precursors for air pollution (see KM 14.5). An assessment of the ERF effects
for two primary non-methane SLCFs are given below.

Ozone: Ozone is a greenhouse gas that occurs naturally throughout the atmosphere and is a harmful air
pollutant near the surface (KM 14.1). It is formed in the atmosphere through chemical reactions involving
sunlight: in the stratosphere, ozone production occurs via chemical reactions involving the breakdown

of oxygen molecules by sunlight, while in the troposphere, it is produced by chemical reactions involving
emissions of methane, nitrogen oxides (nitric oxide and nitrogen dioxide), carbon monoxide, and
non-methane volatile organic compounds in the presence of sunlight. Increases in human-caused emissions
of these precursors since preindustrial times are responsible for increases in tropospheric ozone.”" In the
stratosphere, increases in human-caused halogenated ozone-depleting substances (ODSs) have contributed
to declining ozone abundances. Over the period 2000-2017, stratospheric ozone concentrations have
increased slightly in response to declining ODSs because of the Montreal Protocol and its amendments.'
The combined changes in tropospheric and stratospheric ozone from the preindustrial era to the present
have had an overall warming effect of 0.47 + 0.23 W/m?, with a smaller contribution from stratospheric
ozone changes.?

Aerosols: Aerosols are small particles that are emitted directly from human activities and natural processes
and are also formed in the atmosphere via reactions involving gaseous precursor emissions. Ice core records
indicate that aerosol concentrations increased from the preindustrial era until the 1970s and 1980s, driven
by northern midlatitude emissions, and declined thereafter.”® This decline is attributed to reductions

in emissions from Europe and North America due to air quality regulations. Satellite data and ground-
based records over the modern period confirm the decline in aerosol concentrations over the northern
midlatitude and Southern Hemisphere continents but show increases over South Asia and East Africa.'**
Globally, aerosol concentrations have been declining since 2000, driven by reductions in some regions.
Aerosols from human activities are also air pollutants (KMs 14.1, 2.1) and influence Earth’s radiation balance
directly by scattering or absorbing solar radiation, through interactions between aerosols and clouds, and
by changing the surface reflectivity when light-absorbing aerosols are deposited on snow and ice. Changes
in aerosols over the period 1750-2014 have had an overall cooling effect of -1.3 + 0.7 W/m??2 Since NCA4, the
uncertainty in total aerosol ERF has been reduced, and it is now virtually certain that the total aerosol ERF
is negative, as discussed in the Technical Summary of the Working Group I contribution to the Intergovern-
mental Panel on Climate Change Sixth Assessment Report.®

Land-Use Effects on Surface Albedo

Anthropogenic water storage, agricultural practices, and forest cover changes modify the land surface and
alter the surface energy balance. Increased water storage on land reduces surface reflectivity and has a
localized cooling effect due to evaporation. Irrigation of crops has a similar localized cooling effect through
both increased evaporation and plant transpiration. Forests can induce warming because they absorb
surface energy or induce cooling because of transpiration.”” Deforestation can cause cooling by brightening
the surface and increasing ground evaporation, but it may also cause warming by reducing ground shading
and plant transpiration.’® Overall, global changes in land use have contributed a net negative ERF (cooling
effect) of -0.20 + 0.10 W/m?2
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Natural Drivers

Solar Irradiance

Climate forcing from changes in solar irradiance are small relative to changes in anthropogenic greenhouse
gases over the industrial era. Changes in solar irradiance over the period 1750-2019 have contributed an ERF
of 0.01+ 0.07 W m™=.2

Volcanic Aerosols

Sulfate aerosols formed in the stratosphere from injections of sulfur dioxide (SO,) from explosive,
episodic volcanic eruptions and more frequent smaller eruptions reduce incoming solar radiation and
lead to a cooling effect. Volcanic aerosols can also trigger changes in upper-tropospheric clouds, leading
to warming,"® although the magnitude of this effect is highly uncertain.” Quantitative assessment

of the net ERF over the industrial era for volcanic aerosols shows negligible effects on the long-term
temperature trends.

Global Surface Temperature Response to Climate Drivers

A notable recent advance is the quantification of the contributions to global surface air temperature change
over the preindustrial to present-day period due to forcings from changes in different climate drivers.?
Panels a and b in Figure 3.1 show that observed warming in 2010-2019 (compared to 1850-1900) is dominated
by contributions from WMGHGs and ozone. This warming has been partially counteracted by the cooling
effect from aerosols and land-use change. Because of declining aerosols, the global aerosol cooling effect
has weakened since about 1980, and the rate of global warming has increased, mainly due to increasing
greenhouse gases (Figure 3.1c). The aerosol cooling effect has a strong regional dependence,’ contributing to
differences in regional climate change (KM 3.4). Natural drivers over the historical period have contributed

a small, highly variable cooling effect. Uncertainties in the ERF values, especially of aerosols, contribute to
uncertainty in the attribution of observed warming.
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Observed Global Warming and Attribution to Climate Drivers

a) Observed warming b) Aggregated contributions to c) Temperature change (relative to 1850—1900)
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The warming observed over the industrial era was driven by emissions from human activities, with greenhouse
gas warming partly masked by aerosol cooling.

Figure 3.1. The figure shows (a) observed change in global average surface temperature in 2010-2019 relative to
1850-1900; (b) temperature change over the same period (also relative to 1850-1900) attributed to total hu-
man influence, including changes in well-mixed greenhouse gas concentrations (including carbon dioxide [CO,],
methane [CH,], nitrous oxide [N,0], and halogenated gases); combined changes in aerosols, ozone (0s), and land
use (land-use reflectance); and solar and volcanic drivers and natural climate variability; and (c) time evolution of
observed temperature (2010-2019, relative to 1850-1900; black line) attributed to different climate drivers from
1850 to 2019, as well as total human influence (“Total anthropogenic”; purple line) and combined natural and
human influence (“Total”; lavender line). Whiskers in (a) and (b) show the very likely range, while shaded uncertain-
ty bands in (c) show very likely (5%—95%) ranges. Note that in (b), the warming effect of ozone is largely offset by
the cooling effect of aerosols, resulting in a net cooling when the effects of aerosols, ozone, and land-use change
are combined. (a, b) Adapted with permission from Figure SPM.2 in IPCC 2021;% (c) adapted with permission
from Figure 7.8 in Forster et al. 20212 and Figure 2.11c in Gulev et al. 2021.™°
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Key Message 3.2

The Estimated Range of Climate Sensitivity Has Narrowed by 50%

Recent improvements in the understanding of how climate feedbacks vary across timescales
have narrowed the estimated likely range of warming expected from a doubling of atmospheric
carbon dioxide by 50% to between 4.5°F and 7.2°F (high confidence).

The total climate response for a given forcing is an important indicator of the expected climate change
impacts. This response is commonly characterized by the equilibrium climate sensitivity (ECS), defined as
the change in global average surface temperature after the climate system reaches a steady state following
a doubling of the atmospheric CO, concentration. A larger value of ECS indicates larger increases in global
warming for a given increase in greenhouse gases. ECS depends both on the ERF from a doubling of CO, and
the sum of climate feedbacks that can either amplify (a positive feedback) or dampen (a negative feedback)
the temperature change. The primary feedbacks arise from increased emissions of longwave radiation

that cools the warmer planet (Planck feedback); increases in atmospheric water vapor (a greenhouse

gas); changes in the vertical profile of atmospheric temperature; reductions in the surface area covered

by reflective snow and ice; and changes in cloudiness. Cloud feedbacks are the largest source of ECS
uncertainty (Figure 3.2).>! The response of the carbon cycle to climate warming contributes additional
uncertainty (KM 3.4).

Feedbacks in the Climate System

Negative feedbacks diminish  Positive feedbacks amplify
the initial climate response  the initial climate response
to radiative forcing  to radiative forcing

» Average [very likely range]

Total
Does not include
carbon-cycle climate feedbacks

Planck

-1.16 [-1.81 to -0.51]

-3.22 [-3.39 to -3.05]

Water vapor
and lapse rate

1.30 [1.13 to 1.47]

Surface albedo 0.35[0.10 to 0.60]

Clouds 0.42 [-0.10 to 0.94]

Biogeophysical and
non-CO:2 biogeochemical
Carbon-cycle

climate feedbacks

-40 -35 -30 -25 -20 -15 -10 -05 00 05 1.0 15 20

-0.01 [-0.27 to 0.25]
-0.28 [-0.93 to 0.37]

Climate feedback parameter (W/m? per °C)

Multiple feedback processes in the climate system amplify or partially diminish the response to radiative forc-
ing; quantifying their values is necessary to determine the climate response to human activities.

Figure 3.2. The graph shows assessed values of feedbacks acting in the climate system. The total feedback is the
feedback that contributes to the assessed value of climate sensitivity. Bars denote the average feedback values,
and uncertainties denoted by whiskers represent very likely ranges. Negative feedbacks are denoted by blue bars
and positive feedbacks by orange bars. The feedback values are estimated by climate models based on the equi-
librium change in Earth’s energy balance in response to a doubling of carbon dioxide (CO,) with and without the
feedback processes. W/m? is watts per square meter. Adapted with permission from Figure TS.17 in Arias et al.
2021.7
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The key development since NCA4 is that the ECS uncertainty range has narrowed.?”' Recent assessments
place ECS between 4.5°F and 7.2°F (2.5°C and 4.0°C), a 50% uncertainty reduction from previous
assessments (Figure 3.3). It is virtually certain that ECS is greater than 2.7°F (1.5°C), guaranteeing significant
climate change impacts from ongoing increases in CO, and other greenhouse gases.

Advances in Understanding Climate Sensitivity and Climate Feedback

The reduced uncertainty in climate
sensitivity and climate feedback...

f has been achieved through
Charney FAR SAR TAR AR4 AR5 o 9
———————— —————————=_ 0’9 AR6 unprecedented quantitative
Primarily model evidence Voddlawdence = ——— = _ . .

& TRUTENTE TS Pr_octtass un(ieirstandljng synthesis of evidence from

— B + Instrumental recor

T 42 + paleoclimates + paleociimates observed changes over recent

< p<10% + emergent constraints . .
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= i : I | .
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© 8- | :
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2 6. 2. : {)\ 20
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Uncertainties in climate sensitivity and feedbacks have been reduced by synthesizing multiple lines of evidence.

Figure 3.3. The graph (left) shows estimates of equilibrium climate sensitivity (ECS; y-axis) and the considered
lines of evidence as a function of the years (x-axis) in which various assessment reports were released. These
assessments include the “Charney Report”—a study by an ad hoc US research group that was published in 1979—
and the first through sixth assessment reports produced by the Intergovernmental Panel on Climate Change
(IPCC), indicated here by the acronyms FAR, SAR, TAR, AR4, AR5, and AR6, respectively. NCA adopts the climate
sensitivity values assessed by IPCC reports. Thick vertical bars indicate the likely range, and the horizontal tick
marks on these bars, where present, indicate the best estimate (tick marks for the AR5 indicate a less than 5%
probability of ECS being below 1.8°F and less than 10% probability of being greater than 10.8°F). The reduced
estimated range of ECS in ARG6 reflects advances in understanding of how climate feedbacks operate across
timescales and an improved ability to combine physical constraints with observational data from recent decades,
the industrial era, and paleoclimate records. The images of a satellite, the surface temperature time series, and

a woolly mammoth (right) are emblematic of these three lines of evidence used to assess climate sensitivity.
Adapted with permission from Figure TS.16a in Arias et al. 2021.™
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This uncertainty reduction results from advances in combining observations and targeted modeling results
from nearly independent lines of evidence, each of which generally agrees on the values of ECS. The lines

of evidence include 1) observed present-day variations on monthly to interannual timescales from which
cloud and other climate feedbacks are inferred; 2) observed temperature changes between the preindustrial
period and present and associated relationships to ERF; and 3) estimated temperature and radiative forcing
changes for multiple warm and cold periods in paleoclimate records.?

Advances since NCA4 include the following:

* Increased use of present-day observations to determine cloud and other climate feedbacks.
Confidence in inferring feedbacks for centennial-scale climate changes from present-day variations
on monthly to interannual timescales is bolstered by “emergent constraints” found in Coupled Model
Intercomparison Project (CMIP) model ensembles (see App. 3).

* Increased use of very-high-resolution cloud-resolving models to determine expected changes in
response to the warmer conditions

* Greater understanding of how changes in the spatial distribution of sea surface temperature over the
historical period affected climate feedbacks

* Greater availability of reconstructed temperatures and ERF values for paleoclimate and greater
confidence in how to account for the state-dependence of climate feedbacks and departures
from equilibrium

The reduction of uncertainty in ECS was accompanied by reduced uncertainty in the cloud feedback. There
is greater confidence that the sum of feedbacks over all cloud types is positive (i.e., a warming effect) and
primarily results from increases in the altitude of high-level clouds and decreases in the amount of marine
stratocumulus and continental low-level clouds. A previously identified negative feedback arising from the
transition of cloud phase from ice to liquid as the planet warms?® is now thought to be substantially smaller
based on new observational evidence.?*

Importantly, the new assessed range of ECS relies on observational analyses and selected modeling evidence
but does not consider the ECS values from climate models directly. Models with ECS values outside of the
assessed range are thought to have unlikely values of ECS. In particular, the CMIP6 models with ECS values
greater than 9°F (5°C) may simulate an unrealistically early timing of reaching a given global warming level
(GWL). Despite their unrealistic timings, these models may still be used to estimate the climate impacts
occurring at a given GWL.®
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Key Message 3.3

New Data and Analysis Methods Have Advanced Climate Science

A number of scientific developments have enabled deeper understanding of climate processes
and their responses to human influence. Observational records have lengthened, and new
observing systems have come online. New scenarios of socioeconomic development, and their
associated emissions and land-use changes, drive updated climate projections from Earth
system models. Large ensemble simulations from multiple models have enabled scientists to
better distinguish anthropogenic climate change from natural climate variability. More targeted
model evaluation techniques are using observations to narrow the estimated range of future
climatic changes. Finally, advances in methods for extreme event attribution enabled scientists
to estimate the contributions of human influence to some types of individual extreme events in
near-real-time.

Advances in Earth System Observations

Surface and satellite observational products continue to provide deep insights into recent changes in the
Earth system. New analyses based on long-term surface observations provide improved constraints on
regional plant productivity and the moderating influences of water and nutrients (e.g., AmeriFlux sites

and National Ecological Observatory Network [NEON] domains), on surface and subsurface runoff (e.g.,
USGS observing networks), on surface energy balance (e.g., Atmospheric Radiation Measurement [ARM]
and other Baseline Surface Radiation Network [BSRN] sites), on uncertainty in near-surface temperatures
(e.g., Goddard Institute for Space Studies Surface Temperature [GISTEMP]), and on atmospheric CO, and
related gases (e.g., NOAA Earth System Research Laboratories Global Monitoring Laboratory [NOAA ESRL
GML)). In situ measurements of ocean temperature, salinity, and key biogeochemical concentrations are
provided by buoys, ship tracks, floats and drifters (NOAA Global Drifter Program [GDP]), and Saildrones.
Extended records from the Clouds and the Earth’s Radiant Energy System (CERES) and Atmospheric Infrared
Sounder (AIRS) satellite missions now provide increasing confidence in warming of the Earth’s atmosphere
and surface. Continued analysis of the now 30-year record of sea level heights from a series of satellite
altimeters provides observations of a recent acceleration in sea level rise. However, continuing declines in
the number of active in situ precipitation monitoring stations threaten to produce gaps in our precipitation
observation record.?

Recently deployed observing systems promise a deeper understanding of Earth’s physical systems and
reduced uncertainty in climate projections. Recent NASA missions include the ECOsystem Spaceborne
Thermal Radiometer Experiment on Space Station (ECOSTRESS) thermal imager, focused on vegetation
temperature and response to climate stressors; the Global Ecosystem Dynamics Investigation (GEDI)
ecosystem lidar, focused on the forest canopy; the Earth Surface Mineral Dust Source Investigation (EMIT)
spectrometer; and the Surface Water and Ocean Topography (SWOT) mission in conjunction with the Centre
National d'Etudes Spatiales, the Canadian Space Agency, and the United Kingdom Space Agency, focused

on measuring surface water on land and ocean sea surface height. Other recently launched or forthcoming
missions include NASA’s Time-Resolved Observations of Precipitation structure and storm Intensity with a
Constellation of Smallsats (TROPICS) and NOAA’s Joint Polar Satellite System-2 (JPSS-2), focused on tropical
cyclones and other extreme weather events. Additional frontiers in satellite-based climate monitoring
include both hydrological (e.g., snow thickness) and atmospheric (e.g., clouds and atmospheric composition)
properties. Besides satellite observations, NASA Jet Propulsion Laboratory’s Airborne Snow Observatory
(ASO) and its commercial successor have performed numerous snow surveys, enabling extremely detailed
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maps of mountain snowpack. Also, recent efforts by USGS on the Next Generation Water Observing System
(NGWOS) are enhancing the quality of real-time data on water quantity and quality from fixed and mobile
instruments.

Combined with newer algorithms and data assimilation techniques, a growing number of observational
data products enable tighter constraints for modern reanalysis datasets, such as Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA2) and the European Centre for Medium-Range
Weather Forecasts Reanalysis, Version 5 (ERAS5). Improvements in the number and quality of observa-
tional data products have also enabled new process-oriented metrics and diagnostics (e.g., Leung et al.
2022;” Maloney et al. 2019;?® Simpson et al. 2020%), which in turn enhance the validation of Earth system
models (ESMs).

New Scenarios and Climate Projections

A new generation of ESMs has produced an updated set of projections under many new policy-relevant
scenarios. A number of ESMs have been run at significantly higher resolution (about 20-50 km) than the
previous standard (about 100-200 km) for focused experiments to explore particular aspects of climatic
changes, like tropical cyclones, that cannot be simulated by coarser-resolution models.

The Scenario Model Intercomparison Project (ScenarioMIP)*° organized the main set of 21st-century
projection experiments under the latest phase of the Coupled Model Intercomparison Project, CMIP6. These
CMIP6 projections used newly developed scenarios based on Shared Socioeconomic Pathways (SSPs; Figure
3.4).313233 Five SSPs represent alternative plausible trajectories of 21st-century GDP and population growth
and the pace and pervasiveness of socioeconomic and technological progress within individual nations

and across the world (see Table 3 in the Guide to the Report). SSP-specific drivers are used in integrated
assessment models (IAMs) to simulate the corresponding evolution of the energy system and the resulting
greenhouse gas trajectories. These are in turn used by ESMs to drive their 21st-century projections. Some of
these trajectories are also modified by imposing mitigation policies that meet specific warming targets (e.g.,
1.5°C [2.7°F] or 2°C [3.6°F] above preindustrial levels) by the end of the century.* Figure 3.4 describes this
process step-by-step.

Note that the mitigation assumptions in the various scenarios are not directly relatable to the mitigation
discussion in Chapter 32, where the analysis is specifically centered on the current mitigation targets of
the US in view of the Paris goals. The stringent goals of net-zero CO, emissions by 2050 that Chapter 32
discusses for the US are, however, consistent with the lowest scenario adopted in ScenarioMIP.
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SSP-Based Scenarios and Their Use in Climate Model Projections
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Projections of future climate involve a multistep process using scenarios about future socioeconomic develop-
ments, policy goals, and emissions to drive Earth system models.

Figure 3.4. The graphic shows the chain of development leading to Earth system model experiments under CMIP6
ScenarioMIP, the most up-to-date 21st-century climate change projections. Five societal development pathways
(the SSPs) were produced. Then, assumptions about climate mitigation policies that could be consistently applied
to those socioeconomic futures were developed (the SPAs). Integrated assessment models took these baseline
or mitigated pathways and produced alternative plausible trajectories of greenhouse gas emissions and land-use
change. Earth system models used those emissions and land-use changes as inputs to produce the new CMIP6
scenarios of climate outcomes. Figure credit: Pacific Northwest National Laboratory, NOAA NCEI, and CISESS NC.

The new scenarios are labeled “SSPX-Y,” where SSPX (with X ranging from 1 to 5) identifies the SSP used

to produce the greenhouse gas trajectories and Y indicates the magnitude of the radiative forcing by 2100
in W/m? The main 2Ist-century trajectories from the CMIP6 ensemble are SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5, along with SSP1-1.9, the lowest emissions trajectory, which is designed to stay below 1.5°C
(2.7F) of warming above preindustrial levels. These scenarios are intended to provide a representative set
of plausible alternative pathways of greenhouse gas and aerosol emissions and land-use changes, according
to alternative societal and economic development trends over the 21st century. Three new scenarios
correspond to three of the Representative Concentration Pathway (RCP) scenarios used in CMIP5 in their
overall forcing levels (SSP1-2.6 with RCP2.6, SSP2-4.5 with RCP4.5, and SSP5-8.5 with RCP8.5), albeit with
different details in their composition of gases and land use. Scenario projections can be used to explore
climate outcomes under a coherent future trajectory of greenhouse gases and other anthropogenic forcings.

An alternative perspective on the effects of climate change uses GWLs as an organizing principle. One can
ask when a certain GWL will be reached for a given scenario and climate model, thus connecting the two
perspectives. CMIP6 includes many experiments performed by many ESMs at about 100 km resolution.®
A multimodel approach, the High Resolution Model Intercomparison Project (HighResMIP),* is featured
for the first time in CMIP6 to systematically investigate the impact of horizontal resolution. Models par-
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ticipating in HighResMIP have resolutions between 20 and 50 km and show more realistic simulations of
intense storms and resulting precipitation.¥*® At these resolutions, they can explicitly represent tropical
cyclones,*#4 and their simulations support the conclusion of a global decrease in tropical cyclone
frequency*? together with an increase in intensity with warming. Their more refined topography also
enhances their representation of local processes, such as the effects of warming on mountain snowpack—an
important water source for the western United States.®

Storyline simulations are another strategy to develop future projections.*#>46 In one variation of this
approach, ensembles of short initialized weather hindcast simulations under imposed warming conditions
can provide actionable information at regional or local scales.*##49 Longer multiyear simulations can also be
performed to understand changes in the statistics of weather extremes and storm characteristics (e.g., Chen
et al. 2023;°° Gutmann et al. 2018%) or to explore future change in climatic extremes such as drought (e.g.,
Ullrich et al. 2018%2).

Large Ensemble Simulations

Many realizations of the past and future climate are generated from climate model simulations started
from initial conditions that are slightly perturbed from one another. These small random perturba-

tions, the so-called butterfly effect, can subsequently alter the chaotic sequence of weather and climate
events and, hence, the future course of the variability simulated by the model. Recently, climate model
experiments have been conducted using multiple climate models with small random perturbations at the
start of the simulations. The advent of these initial-condition large ensembles (henceforth referred to as
large ensembles) in climate modeling provides an explicit framework for quantifying the relative contribu-
tions of external drivers and natural variability to regional climate change by sampling different possible
sequences of natural variability that share a common forced response.>® The application of large ensembles
to assess the possible range of climate trends at local and regional scales is a major advance in recent
years (Figure 3.5). New experiments from multiple climate models that capture uncertainty due to natural
variability, changes in variability, and model uncertainty have improved our ability to understand and
quantify expected climatic changes and the relative contributions of human-caused climate change and
natural climate variability at regional scales. A new insight from the large ensemble archive is that different
models have different representations of natural climate variability and how such variability responds to
anthropogenic climate change. For some variables, such as precipitation, variability consistently increases
with global warming, and large ensembles provide important context for quantifying and understanding
these changes.
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Winter Surface Air Temperature Trends in Large Ensemble Simulations
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Large ensemble simulations provide a plausible range of trends in winter surface air temperature combining the
human-caused climate change and natural variability. The observed trend falls within the range simulated by the
large ensemble for the historical period.

Figure 3.5. This figure shows past and projected future trends (in °F per decade) in winter (December—February)
average air temperature over the United States and its territories (except the US-Affiliated Pacific Islands [USA-
PI]). The top row shows the observed trends during 1972-2021 (panel labeled “Observations”) and the plausible
model range of trends simulated by the CESM2 100-member Large Ensemble during 1972-2021 (panels labeled
“Warmer,” “Average,” and “Cooler”). Here, “warmer” means the ensemble member with the 5th largest US-average
trend, “cooler” means the ensemble member with the 5th smallest US-average trend, and “average” means the
average trend across all 100 ensemble members. Note that the model range results from the combined influences
of simulated natural variability and human-caused climate change. The bottom row of maps shows the plausible
model range of trends simulated by the Community Earth System Model 2 (CESM2) 100-member Large Ensem-
ble projected for 2022-2071 under the SSP3-7.0 radiative forcing scenario (panels labeled “Warmer,” “Average,’
and “Cooler”; see above for definitions). White areas on the maps are major lakes, including Great Salt Lake, Lake
Okeechobee, and Lake Tahoe. Trend values in the USAPI (not shown) are very similar to those for the Hawai-

ian Islands. The box plot at the lower left shows the distribution of US-average trends simulated by the CESM2
100-member Large Ensemble for the period 1972-2021 (orange) and projected for the period 2022-2071 (red).
The thin white line within each box denotes the average value, and the boundaries of the box show the 25th-75th
percentile range. The black dot shows the observed US-average trend during 1972-2021, which lies within the

plausible model range of trends. Figure credit: National Center for Atmospheric Research.

Emergent Constraints on Future Projections

An approach to reduce uncertainty in climate change projections has matured over the past decade. It

is known as “emergent constraints.™ The term refers to strong statistical relationships between highly
uncertain future climate parameters and observable trends or variations in the current climate, along with
a physical explanation of this relationship. Observations of the current climate are used to quantify the
difference between simulated and observed values in a model simulation (referred to as model bias) and
subsequently constrain the future climate parameters. Research on emergent constraints has targeted a
wide variety of geophysical processes.” For example, projections of western US runoff in CMIP5 models
can be constrained by the observed sensitivity of runoff to precipitation in the historical climate.* A linear
relationship between the projected summer warming and the model warm bias over the central US in CMIP5
models can be used to correct the future temperature projections,” and the observed interhemispheric
asymmetry of the intertropical convergence zone has been used to correct future projections of California
winter precipitation.
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Extreme Event Attribution

The science of evaluating the effects of human-caused climate change on extreme weather and climate
events has advanced significantly. Human influence has changed the frequency and intensity of some types
of extreme events, and it is now possible to quantify the influence of anthropogenic climate change on
certain types of specific extreme events.

Extreme event attribution quantifies the current human influence on observed severe weather events,
primarily through changes in magnitude and frequency.*® Recent methodological advances have widened
the classes of weather events analyzed and extended these analyses beyond single events to include hazards
throughout an entire season (e.g., Herring et al. 2022,%° 2019,% 2018;%* Reed et al. 2022;% Wehner et al. 2019%4).
Confidence in attribution statements is increased when multiple methods, observations, and models lead to
similar conclusions® and similar underlying trends are detected.®

Recent methodological advances include graphical methods to identify cause and effect pathways,*’

using physical insight to inform statistical models,®®%° factual and counterfactual simulations,” and large
ensembles.” The CMIP5/6 databases are often used in event attribution studies, but the relative coarseness
of the model grids (100 km or more) limits applicability to large-scale events such as certain heatwaves”
and winter storms.” Finer-scale events such as intense storms are often amenable to storyline hindcast
simulations (see New Scenarios and Climate Projections above), using higher-resolution regional models to
compare the “storm that was” with observed climate change to the “storm that might have been” without
the human changes to the climate system.”*”> However, by construction, such storyline analyses inform
attribution statements about changes in the magnitude of an event not the frequency.

Attribution methods have advanced such that rapid statements can be made just weeks after an event™”
and even forecasted,” and these analyses could be made operational.” Despite recent progress, the human
influence on some extreme weather events may not be attributable because of model limitations.?%

Extreme event attribution has shown that some extreme events are happening with greater frequency,
magnitude, and duration due to anthropogenic climate change. For example, climate change very likely
made a 2016 extreme precipitation event in Louisiana heavier” and increased both precipitation®#*%4 and
flooding® during Hurricane Harvey. While these studies reveal how climate change affects extreme events,
they also reveal that historical observations of climate are often insufficient for characterizing future risks.

Key Message 3.4

Humans Are Changing Earth System Processes

Human activities cause changes throughout the Earth system, including the land surface, cryo-
sphere, ocean and atmosphere, and carbon and water cycles. The magnitude, and for some
processes the direction, of these changes can vary across regions, including within the US.
These changes also occur against a background of substantial natural climate variability.

Natural Variability

At all spatial scales, the climate response is forced by anthropogenic drivers, which are external to the
climate system. This response occurs against a background of natural climate variability (i.e., internal to
the climate system). Such variability is generated by natural processes, for example, by atmosphere-ocean
interaction (e.g., El Nifio and La Nifia events), atmosphere-land interaction, or chaotic variability within the
atmosphere itself. Depending on the sequencing and magnitude of natural variability and the magnitude
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of the climate change response, natural variability can mask the climate change signal, amplify it, or be
overwhelmed by it. Natural variability therefore adds uncertainty to climate change projections. Because

the sequencing of natural variability is largely unpredictable, this component of uncertainty in climate
change projections is irreducible. This is in contrast with the uncertainty associated with the climate change
response, which arises from lack of information about future greenhouse gas and aerosol emissions, as well
as incomplete understanding of climate processes and associated limitations in terms of how well models
reproduced observed changes. These are knowledge gaps that can, in principle, be filled (KM 3.2).

The magnitude of natural variability generally increases as spatial scales decrease (Figure 3.6). At the scale
of a typical Earth system model (ESM) grid cell, natural variability is the dominant source of uncertainty in
precipitation and temperature projections over much of the US. On continental scales, model and scenario
uncertainties become more important.?® Therefore, at the regional scales and the multidecadal time
horizons relevant for adaptation planning, uncertainty due to natural variability can be a larger contributor
to overall uncertainty in climate change than model or scenario uncertainties (Figure 3.6; e.g., Dong et al.
2021%). Furthermore, it is important to note that anthropogenic forcing also changes the variability of some
Earth system processes, and these forced changes contribute to changes in the frequency, duration, and
intensity of extreme events, such as heatwaves and heavy precipitation.
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Natural Variability and Climate Model and Scenario Uncertainties
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The sources of uncertainty in climate projections vary depending on timescale and geographical scale and for
different aspects of the climate system.

Figure 3.6. These charts show the relative importance of different sources of uncertainty (natural variability,
model uncertainty, and scenario uncertainty) for projections of moving decadal average temperature (top row)
and precipitation (bottom row) for the globe (first column), Northern Hemisphere land (second column), and the
Southern Great Plains (third column) from 1999 to 2099 (decadal averages are plotted mid-decade; for example,
the x-axis starts in 2004) relative to the reference period of 1995-2014, based on CMIP6 models. Model uncer-
tainty is calculated as the variance across models’ forced response estimates. Scenario uncertainty is calculated
as the variance across multimodel averages for different scenarios. The shadings are constructed as a symmetric
90% range around the multimodel, multiscenario average projection. Figure credit: Cornell University, National
Center for Atmospheric Research, and Pacific Northwest National Laboratory.

Atmospheric Circulation Changes

Past and future climate changes in the United States are strongly modulated by atmospheric circulation
features such as the semipermanent North Pacific and North Atlantic subtropical high-pressure systems,
the Aleutian Low, the meandering jet stream stretching from the North Pacific to the North Atlantic, extra-
tropical storm tracks and fronts, and the North American Monsoon. These regional- to continental-scale
circulation features are in turn modulated by even-larger-scale overturning circulations such as the Hadley
cell (see Perlwitz et al. 20178%). Regional circulation features over North America are also modulated by
recurring remote patterns of variability such as the El Nino-Southern Oscillation (ENSO) and North Atlantic
Oscillation and by variability due to the chaotic dynamics within the atmosphere (the so-called butterfly
effect).
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Anthropogenic forcing alters the vertical and horizontal energy and moisture distributions in the
atmosphere. Atmospheric circulation is directly impacted by the resulting changes in the temperature
gradient from the equator toward the poles (both in the lower and upper troposphere), the decrease in the
rate that temperature falls with height above the surface, and increased latent heating.

A synthesis of observational and modeling studies estimates that the tropics have widened by about

0.5 of latitude per decade since 1979. Although climate models driven by external forcing simulate, on
average, a larger expansion rate than observed, the observed rate is within the bounds of the model
simulations.?® The discrepancy between the observed and simulated rates of tropical widening is partly
due to patterns of natural variability such as ENSO and the Pacific Decadal Oscillation, as well as natural
atmospheric variability.*!

Consistent with the tropical expansion, climate models project poleward shifts of the jet streams and storm
tracks and poleward expansion of the subtropical dry zones with warming, with associated impacts on the
US. However, the Northern Hemisphere jet shifts are regionally and seasonally dependent (e.g., Oudar et al.
2020;% Zhou et al. 2022%). Simulations show a poleward jet shift in the central North Pacific with warming,
along with an eastward jet extension that steers more Pacific storms toward California.*** However, large
uncertainty remains because the jet extension is also influenced by natural variability.®” With global warming
shifting the North American westerly jet poleward throughout the warm season, climate models project
late-spring wetting and late-summer drying in the Midwest.*® Poleward expansion of the North Atlantic
subtropical high may intensify and extend the Great Plains low-level jet poleward, affecting warm-season
precipitation in the Midwest.”

Besides changes connected to the tropical expansion, climate models project a weakening of the North
American Monsoon with warming due to increased atmospheric stability.”® Similar to other monsoon
systems, the onset of North American Monsoon rainfall is projected to be delayed by warming.9®0%1°! In the
North Pacific, warming is projected to reduce the frequency of atmospheric blocking during winter.%?

Water Cycle Changes

Many processes relevant to the water cycle have already begun to change and are projected to continue
changing as the planet warms. These include the atmospheric circulation changes noted above as well as
changes in atmospheric moisture, patterns of natural variability, the magnitude of variability of the water
cycle, and the modulating role of vegetation on evaporation. These changes are driving changes in the
intensity of precipitation in extreme events; snowfall, snowpack, and snow melt; and the seasonality of
average precipitation and evaporation.

Seasonal and annual average precipitation and evaporation patterns have been changing with global
warming. Precipitation from extreme events is projected to increase with warming (e.g., Neelin et al. 20171%).
Heavy precipitation events constitute a large fraction of total precipitation and also a large fraction of

the change in precipitation in both observations and projections.’*+19519617 However, it is possible to have
increases in extreme precipitation but decreases in annual average precipitation at the same location due to
large declines in non-extreme precipitation (Figure 3.7)%10819 and overall changes in the variability of pre-
cipitation. Precipitation variability generally is projected to increase at all timescales and in most locations
in response to anthropogenic forcing.® This implies increases in both heavy precipitation extremes and
drought,™ a phenomenon called whiplash."

Water vapor factors into the intensity of precipitation extremes, such that increased water vapor due to

warmer air temperatures alone would drive relatively uniform projected increases in precipitation extremes
over much of the planet. Additionally, changes in circulation modulate the spatial pattern of extreme precip-
itation intensity change, increasing it in some regions and reducing it in others.™ For extratropical cyclones
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in summer, precipitation intensity increases, and more energetic convective storms are projected despite
weakening circulation.™ While understanding of these changes in extreme precipitation has improved,
recent work has also highlighted the oftentimes large magnitude of natural variability in extreme precipita-
tion (KM 3.5).

Changes in the Contributions of Moderate and Extreme Events to Total Precipitation
with Warming
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As the climate warms, extreme precipitation events become more intense and make up a larger fraction of total
precipitation, while moderate events become less common.

Figure 3.7. The graphic depicts example changes in the precipitation distribution at many locations as projected
by climate models. (top) In general, warming shifts the distribution toward a greater probability of large events
and a reduced probability of light to moderate events, with only a modest change in the average total precipitation
over a season or year. (bottom) Greater levels of water vapor in the atmosphere in a warmer world drive more
precipitation during storms, when moist air masses converge. The increased water vapor convergence, or moist
inflow, in very stormy areas also transports more water vapor out of surrounding areas, reducing any light to mod-
erate precipitation there. The changes in total precipitation are often modest, because they reflect this tug-of-war
between opposing changes in heavy and light to moderate precipitation. Changes in circulation can also affect
the changes in all parts of the precipitation distribution. Certainty in projected changes differs among the underly-
ing processes: the increase in water vapor and associated increase in extremes is very certain, while the changes
in circulation are less certain. Further discussion related to top panel can be found in Fischer and Knutti (2016).""
Figure credit: Cornell University and University of California, Los Angeles.
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Changes in precipitation seasonality can occur with or without changes in average annual total precip-
itation. Increases in the amplitude of the precipitation seasonal cycle may be expected, as precipitation
increases proportionally to its present-day seasonal cycle. However, other changes in the seasonal cycle of
precipitation have also been found. Examples of these changes include a sharpening of the seasonal cycle in
California,"!1" 3 substantial increase in late-spring precipitation and a substantial decrease in late-summer
precipitation in the US Midwest,* and a delayed onset of rainfall in many monsoon regions.!001

Even if precipitation increases in some regions in the future, one concern is that evaporation will increase
with warming, leaving the land surface drier (also see Ch. 4). Model projections and observational analyses
for the US suggest that the net effect will be for warming to increase evaporation and surface drying in
much of the country.

With warming temperatures, more precipitation falls as rain instead of snow. Snowpack in many
mountainous regions of the US has already decreased on average over the last few decades; for example,
the western US snowpack-driven reservoirs are already exhibiting changes.® These declines are expected
to be exacerbated by greater increases in winter temperatures compared to summer temperatures in some
regions due to snow albedo feedbacks. Another factor that decreases snowpack is the larger temperature
increases at higher altitudes, which increase the frequency of multiyear snow droughts." Decreases in
warm-season streamflow have also been observed and projected because of the increase in evaporation
with warmer temperatures.’?*2122 Decreasing snowpack and increases in flooding are both concerns for
water management. Increasing flooding is driven by the increasing intensity of extreme precipitation
discussed above, by the shift from snowfall to rainfall, and potentially also by increases in rain-on-snow
events, which can lead to rapid snowmelt (for one example, see Box 29.2).

Changes in the Carbon and Biogeochemical Cycles

Understanding of the biogeochemical responses to human-caused greenhouse gas emissions has increased
due to expanded observations and improvements in models. However, uncertainty in the future evolution of
the global carbon cycle remains high (KM 2.3).

Terrestrial ecosystems and the oceans take up a little more than half of the CO, emitted from human
activities, partially offsetting the climate effects of carbon emissions. From 2011 to 2020, annual emissions
averaged 10.6 + 1.2 PgC, and the emitted carbon was ultimately distributed between the atmosphere (47%),
vegetation and soils in terrestrial ecosystems (29%), and the oceans (24%,; Figure 3.8).2 Over the past six
decades, the average fraction of anthropogenic CO, emissions that has accumulated in the atmosphere has
remained nearly constant at 41%, even as fossil fuel emissions have rapidly increased.
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Carbon Dioxide Sources and Sinks
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While the land and ocean take up some of the carbon dioxide from human activities, the rest continues to accu-
mulate in the atmosphere every year.

Figure 3.8. The primary sources of anthropogenic carbon are fossil fuel and land-use change emissions (upward
thick arrows). While the land biosphere and ocean continue to take up the same proportion of anthropogenic
carbon every decade (downward thick arrows), atmospheric carbon dioxide (CO,) levels continue to rise as fossil
fuel and land-use change emissions continue over time. Represented here is the budget of the global carbon cycle
each year from estimates averaged globally for the decade 2011-2020, with flux estimates from Canadell et al.
2021.* Values are in Petagrams of carbon (PgC). Adapted from Friedlingstein et al. 202222 [CC BY 4.0].

An important question is whether the same fraction of fossil fuel emissions will continue to be offset by
ocean and land biosphere uptake or whether the offset will slow or reverse over time. Answering this
question depends on understanding feedbacks between the carbon cycle and climate change. The additional
carbon sink on land is a consequence of multiple ecosystem processes, including increased photosynthe-

sis responses to rising atmospheric CO,,'** nitrogen deposition, fire suppression, and forest regrowth after
disturbances such as land clearing for agriculture.’® Large-scale observational constraints on increased
vegetation productivity due to increased atmospheric CO, are uncertain.’?® Ocean waters take up an
increasing amount of carbon due to chemical dissolution of CO, in seawater, biological fixation through
photosynthesis, shell formation in some organisms, and subsequent transport of carbon into deeper waters.

As atmospheric CO; increases, plant productivity and soil carbon also increase and are partly responsible
for increases in land carbon storage, which functions as a negative feedback on climate change. However,
several processes could reduce terrestrial carbon uptake, including increasing temperature and drought
frequency or intensity, limitation of other necessary nutrients, and land-use changes such as deforestation.
In the Arctic, potentially large biogenic releases of CO, and CH, to the atmosphere due to permafrost thaw—
the timing of which may be accelerated by increasing wildfire at high latitudes—could be a potentially
large positive climate feedback that may alter the effectiveness of climate mitigation strategies.’® ESMs
predict a total loss of near-surface permafrost by 2100 for intermediate (RCP4.5) and very high (RCP8.5)
emissions scenarios, and permafrost carbon emissions are projected to outpace increased carbon uptake
from higher vegetation productivity in a warmer Arctic.’®

Uptake of CO,, an acid gas, by oceans leads to acidification of seawater through a series of chemical
reactions that lower the pH and availability of carbonate ions in addition to other chemical changes (see
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Chapter 2 for ocean acidification trend) that have been shown to be harmful to marine life.*° Over time,
uptake of carbon could slow as ocean waters become saturated with dissolved CO,."* Recent observations
show that ocean carbon processes are starting to change in response to the growing ocean carbon sink, and
these changes are expected to contribute to future weakening of the ocean carbon sink under medium to
high emissions scenarios (similar to SSP2-4.5 and SSP5-8.5 of Figure 3.7 in Jiang et al. 2019'%?).133

A comparison between the CMIP5 and CMIP6 generation of ESMs with respect to the representation of the
CO, fertilization effect and carbon cycle-climate feedbacks suggests that uncertainties in these processes
have remained large and virtually unchanged in recent years."** However, the latest generation of land
models have improved representation of biogeochemical cycles,* and ocean models have exhibited improved
representation of coupled physics and biogeochemical cycles.”*>

In the United States, the land carbon sink is dominated by forests, which have expanded in the last century
due to fire exclusion in the West and to secondary forest regrowth following agricultural abandonment

in the East. The growth of the North American forest biomass carbon sink is expected to become more
saturated and less effective over time (Focus on Western Wildfires).>*¢ The climate change-wildfire rela-
tionship is also expected to play an increasingly dominant role in the strength of the US land carbon sink,
requiring increased management of forests to meet carbon storage and other needs of society.”” In addition,
increasing temperature and moisture in some regions could lead to increased microbial emissions of CH,
from wetlands and Arctic tundra.

Changes in the Ocean

The ocean has a large capacity to store and release heat and has been able to absorb 91% of the excess

heat attributed to greenhouse gas emissions.? The ocean both exchanges heat with the atmosphere and
moves heat from the tropics toward polar regions, where warm surface ocean waters transform into cooler,
high-density waters that sink (Figure 3.9),"*® taking high carbon concentrations with them.”® The Atlantic
Meridional Overturning Circulation (AMOC) is an important component of the global ocean circulation,
transporting heat and carbon and affecting hydroclimate, hurricane activity, and coastal sea level. It is
hypothesized from some proxy evidence that the AMOC has declined since the Industrial Revolution.° It
remains uncertain whether observations support the anthropogenically forced weakening of the AMOC
during the past four decades predicted by climate models.'*!
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Changes in Ocean, Cryosphere, and Coastal Processes
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Climate change has multiple effects on the ocean, atmosphere, and cryosphere and their complex interactions.

Figure 3.9. The figure shows important physical processes that play a role in the ocean and cryosphere, along
with their linkages. Associated climate change—-related effects, including sea level rise, increasing ocean heat
content, ocean acidification, marine heatwaves, and ice mass loss, are also shown. The arrows indicate an
exchange taking place between ice, ocean, and atmosphere. Adapted with permission from Figure TS.2 in IPCC
2019.#2

On short timescales (annual to decadal), ocean circulation dominates the pattern of changes in ocean heat
content; although on longer timescales, the spatial pattern is primarily associated with the addition of
excess heat into the ocean."® Since 2005, Argo profiling floats have provided observations of temperature
and salinity changes in the global ocean to a depth of 2,000 m. These measurements show an increase in
global ocean heat content, although there is geographic variability. On shorter timescales, marine heatwaves
are periods of extreme high ocean temperature relative to the long-term average seasonal cycle.*
Persistent marine heatwaves have been observed in the northeastern Pacific since around 201445146147 yith
associated negative impacts on ocean ecosystems (Ch. 27; Figure 10.2).

Changes in the Cryosphere

The cryosphere is the frozen part of the Earth system and includes ice sheets, glaciers, sea ice, permafrost,
and snow (Figure 3.9). Observations of the cryosphere have expanded in recent years, including from
satellites like Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) and Ice, Cloud, and Land
Elevation Satellite-2 (ICESat-2).18 These and other complementary observations of the cryosphere show
declines in ice sheet and glacier mass, snow cover, and Arctic sea ice.”® Through efforts like the Ice Sheet
Mass-Balance Inter-comparison Exercise (IMBIE),"*® there is clear evidence of loss of ice sheet mass from
1993 to 2020, and the rate of loss has increased for both the Greenland and Antarctic ice sheets. There is
increased consensus regarding the behavior of many ice sheet processes. However, as the climate warms,
the future response of the ice sheets and some associated processes are still uncertain.*® Two specific
processes, marine ice cliff instability®®">? and marine ice sheet instability, 3154155156157 could lead to rapid
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ice sheet loss over several decades, but the physical processes that would result in these instabilities and
how they would progress once triggered remain uncertain. The decline in sea ice affects several critical
functions: sea ice serves to regulate climate by reflecting solar radiation; inhibits ocean-atmosphere
exchange of heat, momentum, and gases; and supports global deep-ocean circulation, polar species, and
livelihoods of people in the Arctic.

Sea Level Rise

Over long time periods, the main drivers of changes in global mean sea level (GMSL) are thermal expansion
due to heating of the ocean and the addition of water associated with melting ice from ice sheets and
glaciers. Human-caused changes in the movement of water between ocean and land, including from
groundwater depletion and water impoundment associated with dam building, have a minor impact on
GMSL, although they can increase in importance for specific time periods.”® The increase in GMSL during
the 20th century estimated from tide-gauge records has been explained by the individual processes con-
tributing to it.® The rate of the 20th-century increase in sea level was faster than in any other century in at
least the last 3,000 years."”*'° In the past two decades, the changes in GMSL measured by satellite altimetry
have matched the expected sea level rise based on the combination of in situ measurements of the Argo
profiling floats and the observations of water-mass change from the GRACE and GRACE-FO satellites. Data
from the now three-decades-long satellite altimetry record shows that the rate of GMSL rise has been
increasing, driven by accelerating contributions from the underlying processes.!>16.162

Sea level rise is not uniform across the globe. Relative sea level rise at any specific location responds to
processes that are important at regional and local scales."*1316416> On short timescales and in short records,
natural variations on interannual to decadal timescales can affect estimates of rates and accelerations. Over
long time periods, there are three main causes of regional variations in relative sea level: 1) sterodynamic
changes (the combination of thermal expansion and ocean dynamics that is driving global sea level rise); 2)
gravitational, rotational, and deformational changes that result from water moving from the cryosphere to
the ocean; and 3) vertical land movement (subsidence or uplift) due to glacial isostatic adjustment, tectonics,
sediment compaction, groundwater and fossil fuel withdrawals, and other non-climatic factors.!66167

An improved understanding of the drivers of regional mean sea level rise and how processes combine to
cause sea level change at the coast has led to better assessments of the frequency, duration, and timing of
high-water levels and coastal flooding events (Figure 3.10).” Regional sea level change has been the main
driver of changes in extreme water levels.’” Due to ongoing regional relative sea level rise and narrowing

of the gap between the typical high tide and flooding threshold, the frequency of high tide flooding has
increased. Natural ocean variability, including that associated with tides and large-scale climate signals that
did not necessarily result in flooding in the past, is expected to lead to a rapid increase in the amount of
high tide flooding in the coming decades when combined with future sea level rise (see Ch. 9).167168.169
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Sea level rise is increasing the probability of coastal flooding and associated impacts.

Figure 3.10. The schematic shows the physical factors affecting coastal flood exposure. Nearshore processes
like storm surge, wave setup (the increase in water level due to the presence of breaking waves), and swash (wave
runup and wave rundown) combine with other large-scale processes to drive impacts. Due to the clear and strong
relative sea level rise signal—that is, the combination of global increases in sea level and the fact that land is
sinking in many US coastal areas—the probability of flooding and impacts is increasing along most US coastlines.
Source: Sweet et al. 2022.7

Regional-Scale Changes

Many of the changes in Earth system processes discussed above can vary across a range of spatial scales.
For example, at the continental scale (less than 10,000 km), the climate system’s warming response to
anthropogenic forcing is affected by differences in how quickly land and ocean areas warm, with land
generally warming more quickly than the ocean. This is because land areas have a lower heat capacity and
thus respond more quickly than the ocean to anthropogenic forcing, and because of the larger cooling
effect of evaporation from the ocean surface. Therefore, North America generally warms more than adjacent
oceans (Figure 3.11). The high latitudes of the Northern Hemisphere warm the most of any region, although
the reasons for this are complex and may involve processes poorly captured by global climate models."”
Precipitation responses, arising from the changes in the atmospheric circulation and water cycle processes
discussed above, tend to be organized in latitude bands such as the tropics, subtropics, midlatitudes, and
high latitudes.
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Regional Differences in Climate Response

While temperatures have been rising
almost everywhere, warming has not
occurred uniformly over the planet

Temperature trend (°F per decade)
1972-2021

<[ [ T -
-01 01 03 05 07 09

While temperatures have been rising almost everywhere, warming has not occurred uniformly over the planet.

Figure 3.11. The maps show observed global (left) and overland US (right) trends (in °F per decade) in annual
average near-surface temperature over the period 1972-2021. While temperatures have been increasing almost
everywhere, warming has not occurred uniformly over either the planet or the US. Temperatures over land have
been increasing faster than over the ocean, and the Arctic has been warming at more than twice the global aver-
age rate. Temperatures over the US have increased faster in Alaska, at high elevations, and in regions with signifi-
cant seasonal snowpack. Figure credit: University of California, Los Angeles; University of California, Davis; NOAA
NCEI; and CISESS NC.

At the regional scale (less than 1,000 km), variations in land surface properties are associated with
differences in the local climate responses to anthropogenic forcing. Examples from the US (Figure 3.11, US
panel) include greater warming at snow margins in western US mountains,” greater warming in inland areas
separated from the coast by California mountain ranges,"” greater warming in extremely arid landscapes,
shifts of precipitation downwind in mountainous areas,™ snowfall loss at higher elevations where tempera-
tures increase above the freezing line,">”8 changes in snowmelt-driven runoff as a function of elevation,”’
changes in snowfall over large lakes,™ and changes in evaporation and soil moisture due to variations in
vegetation. Regional variations in the changes of temperature and precipitation are also driven partly by
the regional distributions of aerosols, which interact with clouds and radiation.” Downscaling techniques,
which convert global model outputs from lower resolution (about 100 km) to high resolution (1-10 km), are
often used to simulate these phenomena for adaptation planning (see App. 3).
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Key Message 3.5

Humans Are Changing Weather and Climate Extremes

Human activities are affecting climate system processes in ways that alter the intensity,
frequency, and/or duration of many weather and climate extremes, including extreme heat,
extreme precipitation and flooding, agricultural and hydrological drought, and wildfire (medium
to high confidence).

Extreme Heat and Cold

Changes in temperature extremes in recent decades are driven primarily by trends toward warmer
conditions rather than any changes in variability.®®® Consequently, the frequency and intensity of cold
extremes have declined over much of the United States while the frequency and intensity of extreme heat
have increased.® Arctic warming may also drive increases in the occurrence and persistence of circulation
anomalies that are related to extreme cold and heat,’®? although the evidence that these mechanisms

have played a role in recent events is mixed."®*®* Climate change may also be contributing to “false spring”
events,® where early warming has caused early budbreak and flowering of plants, exposing them to
damaging frost and freeze events.!

Extreme Precipitation and Flooding

Observed increases in extreme precipitation intensity at the continental scale in North America have been,
for the first time, attributed to human influences.'® With warming, it is expected, and has been documented,
that more winter precipitation will fall as rain instead of snow,'® although the projected intensity of most
extreme snowstorms remains uncertain.’® Projected increases in extreme precipitation events are larger
in the winter season since warming in winter is larger, including events related to atmospheric rivers.
Precipitation associated with hurricanes increases with warming at least as much as water vapor,* and

the heaviest events can increase at an even greater rate.®'*2®2 Where and when increases in extreme pre-
cipitation manifest in any given year or even decade is strongly subject to natural variability (see also KM
3.3). Notably, increases in extreme precipitation events do not always directly translate to increases in
river flooding, in part because of the many processes at the land surface that affect flood events (KM 4.1;
Figure 4.8).

Drought

Drought is broadly defined as a transient period of below-average water availability, typically expressed

in terms of fluctuations in precipitation, soil moisture, or streamflow and runoff.'”® Drought is a complex
phenomenon (Figure 3.12) that depends on fluctuations in moisture supply, direct losses of moisture to the
atmosphere, and ecosystem and land surface processes."*191% Western North America experienced several
decadal-scale droughts during the 20th century"” and numerous multidecadal “megadroughts” prior to AD
16008 and is currently experiencing an ongoing megadrought largely unprecedented over the last 1,200
years.!®92% See Chapter 6 for more information regarding the effect of changes in the water cycle over land.
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Climatic Drivers of Drought, Effects on Water Availability, and Impacts
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Climate change alters the hydrologic cycle and is expected to increase drought in some regions through various
process pathways.

Figure 3.12. Changes in climatic drivers (e.g., precipitation, temperature, wind, etc.) affect different aspects of the
hydrologic cycle (e.g., evapotranspiration, snowpack, streamflow, soil moisture). In turn, these hydrologic shifts
translate into changes in the severity, frequency, and risk of different drought types. Plus and minus signs denote
the direction of change in the driver that would cause increases in drought. For example, where precipitation de-
clines (down arrow), all drought types will increase because this reduces snowpack, streamflow, groundwater and
reservoir storage, and soil moisture. Similarly, increasing temperatures (up arrow) are also expected to increase
hydrological and biophysical drought by reducing snowpack and increasing evaporative losses from streams,
surface reservoirs, and soils. Adapted with permission from Figure 8.6 in Douville et al. 2021.2°
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Observed and projected hydroclimatic changes in response to external forcing are highly season- and
region-dependent over the US, especially in the West.2> Natural variability also plays a prominent role

in shaping hydroclimate on annual and decadal timescales,’® as indicated by the decrease in total area
coverage of low soil moisture over the US since 1915** and increasing Missouri River flows,? a region that
is expected to become drier under climate change (e.g., Cook et al. 2015?%). Climate change is expected

to amplify drought, primarily through warming-induced increases in evaporative demand and surface
water losses?™?%® and declines in snowfall and water stored in winter snowpack.* There is strong evidence
that these processes are already amplifying hydrological drought severity in California,?*9?%2! the Pacific
Northwest,*228 the Colorado River basin,’?»** and across southwestern North America.?’®° However, there are
uncertainties in how these processes may present in the future. For example, changes in plant water use in
response to increasing temperatures and rising atmospheric CO, are complex and poorly understood and
may either ameliorate'® or amplify?® soil moisture and runoff droughts at the surface.

Wildfire

The direct influence of climate change on modern and future wildfire activity arises from the effect of
warming on fuel moisture content and flammability (Focus on Western Wildfires). Flammability is directly
related to the vapor pressure deficit (VPD), an integrative measure of atmospheric aridity or dryness. High
VPD is strongly associated with the hot and dry weather conditions conducive to the intensification and
spread of wildfires, as well as with drier fuels at the surface. In recent decades, warmer temperatures,
declines in humidity, and increases in VPD have caused large-scale increases in fire weather®¢ and areas
burned by wildfire?"*%21% across the West. From 1984 to 2015, about half of the increase in burned area across
the western United States is attributable to increases in fuel flammability caused by anthropogenic climate
change. These climate change-driven increases in wildfire burned area are expected to continue into the
coming decades, as fuel availability is not expected to be a limiting factor before 2050.22°

Compound Events

Compound events refer to the combination of multiple weather or climate events—which individually may
not be extreme—that together pose risks to human or natural systems (see example in Figure 3.13)?:222223
and are described in further detail in Focus on Compound Events. Since climate change may affect the
frequency and magnitude of the individual components of compound events in different ways, changes in
compound events can be complex. Recent advances in statistical techniques used to describe compound
events?4225226227 offer rigorous ways to quantify changes. Progress has also been made in categorizing
compound event types in this rapidly evolving field.??3228229
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Consecutive Events Leading to and Resulting from Wildfires
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Consecutive events caused significant human health and economic impacts in Southern California from 2012
through 2018.

Figure 3.13. A series of events in Southern California produced a cascade of impacts on human health and the
economy. These include (from top left to bottom right): a prolonged drought from 2012 to 2016; above-average
winter precipitation in 2017, enhancing growth of fuels; a dry, warm spring and summer, reducing moisture levels
and drying existing vegetation; record-setting Santa Ana winds; fires occurring shortly thereafter; and rainfall over
the burned area, leading to debris flow event in Montecito, CA. Adapted from AghaKouchak et al. 2020;?*° modified
with permission from the Annual Review of Earth and Planetary Sciences, Volume 48 © 2020 by Annual Reviews,
http://www.annualreviews.org.
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Traceable Accounts

Process Description

Team members were selected from two sources: 1) the pool of nominations received via the public call

for authors and 2) candidates identified by the chapter lead author, federal coordinating lead author, and
agency coordinating authors from their extended networks and recommendations they received. The team
was selected based on a thorough review of nomination packages received, with diversity of background
and experience being a primary evaluation criterion for team makeup. Considering the areas of expertise
needed for the chapter, as summarized below, selections were made to ensure diverse representation across
multiple axes.

* Long-lived and short-lived climate forcers and biogeochemical cycles
* Land-use and land-cover change and biogeochemical cycles
* Climate response and internal variability

* Scenario development

* Climate feedbacks and response

* High-resolution modeling

* Regional climate change

* Climate model diagnostics and metrics

* Extreme event attribution

* Cryosphere and sea level rise

* Precipitation variability and extremes

* Drought and paleoclimate

* Hydrologic and heat extremes

Given that the scoping of this chapter is related solely to physical system processes and not impacts, risks,
and vulnerabilities, it was determined early on in the process, and with the consent of the Federal Steering
Committee, that stakeholder engagement meetings were not required for the data-gathering process.
Authors communicated primarily through email and bimonthly (twice per month) team meetings to discuss
chapter progress and any issues arising during the assessment of the literature.

Key Message 3.1

Human Activities Have Caused the Observed Global Warming

Description of Evidence Base

Evidence of human drivers of global warming is provided by identifying the human-induced components
that perturb Earth’s energy budget and by understanding how these have evolved over long timescales. The
potential for surface warming due to increases in carbon dioxide (CO,) emitted from human activities was
first identified in the 1800s,1%3223 and scientific understanding of the effect of anthropogenic CO, emissions
on the climate strengthened with more than a century of advances in theoretical developments as well as
through laboratory and in situ measurements.?* The effect of other human drivers on climate, including
non-CO, greenhouse gases (GHGs), land-use change, and aerosols, was also recognized by the 1970s.
Assessment of multiple lines of evidence, including proxy records, ice core records, and direct observations,
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provides unequivocal evidence of the role of human activities in increasing atmospheric levels of GHGs
and aerosols over the industrial era. For the latest observational evidence of long-term changes in GHG
abundances, the reader is referred to Figure TS.9 in the IPCC AR6 WGI Technical Summary,® which shows
a strong increase in well-mixed greenhouse gases since the 19th century that is exceptional over the long
term. Global average annual anthropogenic emissions of these gases reached the highest levels in human
history over the present decade based on assessment of multiple lines of evidence.*

Human-induced emissions of GHGs alter the atmosphere’s radiative balance and lead to a climate response.
Earth system model simulations reproduce the observed global surface temperature trend only when
human-induced climate drivers are included. Multimodel attribution experiments in support of the different
phases of the Coupled Model Intercomparison Project (CMIP) have consistently shown the majority of the
observed global warming to be human-induced, while that attributable to natural drivers is small.%

Major Uncertainties and Research Gaps

Although there is very high confidence in the measured increases in atmospheric GHGs since preindus-
trial times, attributing these increases to anthropogenic emissions or natural emissions is subject to

some uncertainty (e.g., Saunois et al. 2020;%*¢ Tans 2009%). Fossil fuel emissions of CO, have the lowest
uncertainty because of the direct relationship between combustion and emissions. Since radiocarbon (#CO,)
is absent in fossil fuels, measurements of atmospheric “CO, can be compared to CO, emissions inventories
based on fuel consumption. Comparisons show agreements within the uncertainty bounds of the measure-
ments.?*® However, there are discrepancies between different methods for quantifying CO, emissions and
uptake related to land-use changes, the size of land uptake in the northern extratropics, and the strength
of the ocean carbon uptake over the past decade.””® For land-use change, a lack of historical land-cover
information presents an important limitation. Likewise, inadequate coverage of datasets used to inform
models of carbon exchanges between the biosphere and oceans and the atmosphere results in uncertainty
for both process-based models and atmospheric inversions.

For methane (CH,) emissions and removals, uncertainties are potentially larger than for CO,. Emissions of
CH, are usually the result of unintentional leakage from oil and gas infrastructure or the result of microbial
processes that result from agriculture, livestock, or waste treatment. This unintentional leakage makes
quantifying emissions using inventory methods difficult. However, measurements of the stable isotope of
CH, (®CH,) imply that microbial sources are the primary drivers of recent atmospheric CH, growth, with
smaller contributions from fossil fuel production. Measurements of ®CH, provide insight into sources,
because microbes prefer to use the lighter carbon isotope (**C) for metabolism, so an increase in microbial
sources will mean isotopically lighter atmospheric CH,. Although the atmospheric record of CH, (®CH,)
only extends over the last two decades, measurements from ice cores suggest that prior to the recent trend
toward isotopically lighter atmospheric CH,, the trend was toward isotopically heavier CH,, as expected due
to isotopically heavier fossil fuel emissions.

Other important sources of uncertainty include difficulty in constraining atmospheric chemical destruction
and uncertainty in the distribution and processes determining natural emissions. Studies comparing
bottom-up estimates of emissions using inventories and emissions models with estimates from atmospheric
inversions highlight uncertainties in the estimates.?® Other studies using atmospheric observations of stable
isotopes of CH, have suggested that global fossil fuel emissions are, in all probability, higher than those
estimated by inventories.>**

Description of Confidence and Likelihood

There is very high confidence that emissions of GHGs from human activities, fossil fuel use in particular, have
unequivocally caused all global warming observed over the industrial era. There is also very high confidence
that changes in natural climate drivers have had globally small and regionally variable long-term effects over
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this period. Observations clearly show that concentrations of major GHGs have increased in the atmosphere
since preindustrial times. Uncertainties in natural chemical removals and emissions can be significant.
Sporadic changes in natural climate drivers, including solar activity and volcanic eruptions, temporarily
influence surface temperatures. However, reconstructions and proxy records do not indicate any evidence
of exceptional activity in these climate drivers over the past several hundred years.” In sum total, uncertain-
ties in the magnitude and variability of climate drivers are not expected to change the central conclusion
that anthropogenic emissions have caused the significant increases in GHGs.

Key Message 3.2

The Estimated Range of Climate Sensitivity Has Narrowed by 50%

Description of Evidence Base

The assessment of climate sensitivity and climate feedbacks follows that of Sherwood et al. (2020)*

and Forster et al. (2021),> which were subject to review by peers and the community. In this Traceable
Account, we provide a summary of the evidence base, major uncertainties, and a description of confidence
and likelihood following these assessments. As also shown in Figure 3.3, the major change in these new
assessments is to primarily base climate sensitivity estimates on observational data from multiple past
periods combined with physical constraints, without directly using the values of climate sensitivity
produced by climate models. Satellite observations of natural climate variability were used to provide
global estimates of physical climate feedbacks,?*?* as well as the cloud feedbacks for individual cloud
types.2242243244245 For many climate feedbacks, emergent constraints®°246247 support the practice of inferring
long-term climate feedbacks from short-term climate feedbacks inferred from observations of present-day
natural climate variability. For changes between the preindustrial period and present day, temperature
analyses of in situ data provide confident estimates of global mean temperature changes.?*#%° Combining
these temperature changes with estimates of effective radiative forcing for this period yields a preliminary
estimate of climate sensitivity acting over the historical period. This preliminary estimate is now thought
to be an underestimate of the climate sensitivity for CO, doubling because climate feedbacks are sensitive
to the pattern of sea surface temperature warming, and the pattern of warming in the historical period
differs markedly from that expected for doubling of CO,."?° Inferring climate sensitivity from paleoclimate
changes relies on accurate estimates of temperature and radiative forcing changes for well-studied stable
periods in the past, such as the Last Glacial Maximum (~20,000 years ago),>' the Mid-Pliocene Warm Period
(~3 million years before present),? and the Paleocene-Eocene Thermal Maximum (~56 million years before
present).?? To estimate a present-day climate sensitivity from paleoclimatic data, estimates of changes in
temperature and radiative forcing must be derived from proxy data. It is also necessary to consider how
different ice sheet and continental configurations acted as forcing,** as well as the temperature dependence
of climate feedbacks.?

Synthesizing the implications for climate sensitivity from this extremely diverse body of evidence is
nontrivial. Synthesis requires the development of a common framework to treat evidence based on
extensions to the forcing-feedback paradigm,*?%¢ as well as the sustained multiyear interaction of scientists
from diverse research communities. Mathematical methods used in synthesis vary from complex Bayesian
methods? to simpler consistency arguments.?

Major Uncertainties and Research Gaps

A major uncertainty in the estimate of climate sensitivity involves the pattern of sea surface temperature
warming in the Pacific for the long-term forced response to CO, doubling.* Over the last several decades,
the observed pattern of warming has featured smaller warming or even cooling in the East Pacific,

3-36 | Earth Systems Processes



Fifth National Climate Assessment

increasing the amounts of low clouds and sunlight reflected back to space and thereby reducing the
warming of Earth. It is thought that this pattern in the recent past is due to natural climate variability. It

is expected that over the 21Ist century, the warming in the East Pacific will catch up to and exceed that in
the West Pacific, matching the predictions of CMIP models for CO,-dominated warming. However, if the
observed recent pattern of warming includes a component of the forced response to CO, that models fail to
predict, then climate sensitivity values at the high end are less likely.

Other key climate sensitivity uncertainties? include 1) the scaling ratios between feedbacks estimated from
the smaller short-term temperature variability and the larger climate change expected in the 21st century;
2) the cloud feedbacks from cloud types other than the well-studied marine low clouds; 3) the magnitude of
aerosol forcing over the historical period, knowledge of which is critical for determining the component of
historical warming from GHGs; 4) the abundance of dust and other aerosols in the Last Glacial Maximum;

5) the characterization by proxy records of temperature, trace gases, and other forcing agents for warm
periods in the deep geological past; 6) the dependence of climate sensitivity on the background state; and 7)
the accounting for Earth system effects when interpreting the consequences of the paleoclimate record for
a climate sensitivity applicable to 21st-century warming.

Description of Confidence and Likelihood

The likely ranges of climate sensitivity are derived from the synthesis of the evidence base through the
framework of the forcing-feedback paradigm.??'?*¢ Confidence is high in the reduced range of climate
sensitivity because its observational estimates are derived from three independent lines of evidence and
because the three central estimates of climate sensitivity are in general agreement. The three lines of
evidence are 1) evidence from natural climate variability in the present day, 2) evidence from the changes in
climate from the preindustrial period to the present day, and 3) evidence from the changes in climate from
various cold and warm periods in the paleoclimate record. Additional reasons for high confidence include

a greater understanding of how physical climate feedbacks vary with the nature of changes for different
timescales and a greater ability to synthesize diverse evidence from different periods in Earth’s past.

Key Message 3.3

New Data and Analysis Methods Have Advanced Climate Science

Description of Evidence Base

Advances in Earth System Observations

From temperature and precipitation observations that began in the 1800s through the earliest observations
of CO, concentration taken on Mauna Loa from the late 1950s?*” and into the satellite era,*? observations of
the Earth system have been essential for constraining climate models and improving our understanding of
the climate system. Since the last National Climate Assessment was released in 2018, several major advance-
ments in understanding of the Earth system have arisen from observational platforms.

New observations using eddy covariance measurements from AmeriFlux and NEON and subsequent science
are described in Novick et al. (2018)*° and Chabbi and Loescher (2017),%° respectively. A deeper understand-
ing of the water cycle derived from subsurface and surface runoff from USGS is described in USGS (2019).%!
Improvements in estimating surface energy balance from ARM and other BSRN sites is described in Wild
(2017).22 Better constraints of uncertainty in near-surface temperatures from GISTEMP comes from Lenssen
et al. (2019).>® Understanding of atmospheric CO, and related gases comes from NOAA ESRL GML.?5® Under-
standing of ocean temperature, salinity, and key biogeochemical concentrations comes from buoys, ship
tracks, floats, drifters,?642% and Saildrones.
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Observational evidence to constrain Earth’s heating rate from CERES and AIRS is described in Loeb et

al. (2021)*%6 and Susskind et al. (2019),2% respectively. Improved evidence of sea level rise using satellite
altimetry is documented in Li et al. (2022)?%® and Nerem et al. (2018).1? Recently deployed NASA and NOAA
satellite observing systems are documented in Fisher et al. (2020;2¢° ECOSTRESS), Dubayah et al. (2020;27°
GEDI), Green et al. (2020;*" EMIT), Zavodsky et al. (2017;?2 TROPICS), Goldberg and Zhou (2017;>® JPSS-2),
and Morrow et al. (2019;>* SWOT). NASA JPL's ASO is described in Painter et al. (2016). The USGS NGWOS
system is described in Eberts et al. (2019).276

New Scenarios and Climate Projections

The development of the set of new scenarios used by CMIP6 by the so-called parallel process®” started
while the CMIP5 simulations based on the Representative Concentration Pathways (RCPs) were produced,
analyzed, and assessed in IPCC 2013°” (the stage-setting essay for the new scenarios development is Ebi
et al. 2014%”®). The new scenarios are based on plausible future alternative pathways of socioeconomic
development (the Shared Socioeconomic Pathways [SSPs]) from which consistent GHG emissions trajecto-
ries unfold, as opposed to simply consisting of idealized trajectories of future GHGs. Idealized trajectories
(like a 1% annual increase in CO, concentrations or an instantaneous doubling of CO, concentrations) are
useful sensitivity experiments, but they cannot be considered plausible, being decoupled from assumptions
about human-caused emissions. About 40 modeling centers from all over the world participated in CMIP6
and ScenarioMIP.2%

Large Ensemble Simulations

About a decade ago, the first initial-condition (“large”) ensembles were created (e.g., Deser et al. 2012,
2012#2) with a single model, followed by other models®®* and large ensembles with up to 100 simulations.?*
Currently there are large ensembles from many other climate models,* and the model intercomparison
protocol for the most recent generation of simulations encouraged large ensembles of 10 realizations for all
models.*°

Large ensembles are used to estimate uncertainty from natural variability separately from the model
uncertainty among climate models.?® They have revealed the dependence of some aspects of natural
variability, like precipitation, on climate state."® Large ensembles have also enabled the isolation of the
response to different climate forcings, independent of natural variability and assessment of the linearity
of these responses® or lack thereof.?®> They have also been used to assess whether El Niflo-Southern
Oscillation (ENSO) events and their impacts on precipitation and temperature over North America will
change in the future®6%"28 and to assess how large-scale atmospheric circulation patterns that affect US
weather and climate may be altered by the effects of climate change.?®® Emerging applications of large
ensembles include addressing questions related to the timing of when human-induced climate change
signals exceed the natural variability of the climate,*° risk assessment,?! US water resources,*? air pollution
and associated health impacts,?*?* and ecosystem stressors®” (see Deser et al. 2020 for other examples).

Emergent Constraints

Emergent constraints have been widely applied to reduce the simulated spread in the climate feedbacks
that shape climate sensitivity.2¢6297 Emergent constraints have also been applied to many other climate
processes (see Hall et al. 2019 for a list). Williamson et al. (2021)? also provide a recent and comprehensive
review of the emergent constraint literature and identify the various uncertainties in the physical and bio-
geochemical system responses that have been reduced in a credible way through the emergent constraint
technique.
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Extreme Event Attribution

Since the landmark study of Stott et al. (2004),” which concluded that the chances of the 2003 European
heatwave doubled due to anthropogenic climate change, many different author teams have analyzed a wide
variety of extreme weather events to identify if there was a human influence. This large body of literature
has been developed using many different approaches that have been surveyed by the author team. Of
particular interest are a series of special supplements published since 2011 in the Bulletin of the American
Meteorological Society.606162297:298:299,300301302303 Chapter authors have contributed to these reports and have
published event attribution studies in the general literature.

Confidence in attributing the human influence, if any, on individual extreme weather events is increased
when multiple independent author teams arrive at similar conclusions using different methods, observa-
tional estimates, and models, coupled with a thorough understanding of the physical processes of change.
The copious amount of precipitation experienced in the greater Houston area during Hurricane Harvey
provides a case in point, where three different teams concluded that anthropogenic climate change led

to large attributable increases in storm total rainfall.#>#384 Confidence in this attribution has been further
increased by the subsequent studies of other hurricanes, leading to similar conclusions.5378192304

Confidence in an extreme event attribution statement hinges on reliable long-term observations.®
Fortunately, much of the contiguous US (CONUS) is well observed since 1950 by the NOAA Global Historical
Climate Network weather station measurements of temperature and precipitation. In many locations,
reliable records span an entire century.*®

Attribution is an exercise in causal inference; climate change attribution studies borrow techniques from
the well-established epidemiology literature. Typical Pearl causal inference experiments involve two
groups, a controlled (or placebo) group and a tested group.®°® As there is only one Earth, climate change
attribution experiments can be performed only with numerical models. The limitations of climate models
impose important caveats on any resulting attribution statements. The CMIP database of global climate
models (GCMs) has been extensively used in attribution statements.33% However, it is best suited for
extreme events of larger spatial scales matching that of the CMIP models (e.g., heatwaves). More customized
numerical experiments at higher resolution may be required for more localized extremes such as intense
storms (including hurricanes).% Granger causal inference has also been applied to long observational
records to make attribution statements without using climate models.®*% While a weaker form of causal
inference due to the possibility of hidden covariates in the underlying statistical models (i.e., statistical
model construction may bias findings), Granger causal inference can add to our understanding of changes in
extreme event frequency and magnitude.

Major Uncertainties and Research Gaps

Advances in Earth System Observations

Unfortunately, not all quantities relevant to the Earth system can be easily observed. Although recent
satellite missions such as GRACE®" have been able to use gravitational measurements to constrain
subsurface moisture, much of the subsurface remains poorly understood. Ongoing work has also suggested
that deep-ocean heat content may have been underestimated,* a consequence of insufficient measure-
ments of the deep ocean. Further, in situ measurements are generally more available within developed
countries and in more easily accessed regions, resulting in significant observational gaps in the Southern
Hemisphere (e.g., Guo et al. 2009%?) and at high elevation.’33

New Scenarios and Climate Projections

Scenarios of future emissions and land-use change are developed as plausible alternatives, but no relative
likelihood is attached to them. Some recent studies, however, have argued that the highest scenario,
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SSP5-8.5, is no longer plausible without a reversal of current trends in the adoption of renewables and
energy efficiency. The scenario development community is always testing the structural uncertainties

of integrated assessment models and, therefore, the assumptions that produce the alternative emissions
pathways. Timely updates of the baseline from which future projections are made, on the basis of current
trends and observations of emissions, are necessary to maintain the plausibility of alternative pathways.

Large Ensemble Simulations

Much remains to be done to obtain decision-relevant information at the scale of impacts—regional to local—
with quantified uncertainty grounded in understanding of the natural variability, forcing, and structural
sources of uncertainty. Identifying the forced pattern of response on local scales and separating it from
natural variability is a continuing challenge, which has immediate implications for predictability, climate
model evaluation, and the potential to narrow uncertainty in climate projections. Another key challenge is
the so-called signal-to-noise paradox, which implies that models underestimate atmospheric predictability
due to incomplete representations of key atmospheric and oceanic processes.* Thus, as models improve,
there may be the potential to deliver more skillful climate predictions. Stakeholder and decision-maker
input on what uncertainty is tolerable for specific applications, and what this means for the size of large
ensembles, is another outstanding topic. The role of natural variability for many impacts, including air
quality, has yet to be fully addressed. Finally, the implications of potential changes in natural variability for
decadal prediction and predictability are still open questions. For example, what is the timescale of predict-
ability? How predictable is x variable on y timescale?

Emergent Constraints

Both Williamson et al. (2021)*¢ and Hall et al. (2019)*> identify major research gaps and uncertainties
associated with the emergent constraint technique. Uncertainties include the following: 1) some proposed
emergent constraints lack of out-of-sample testing in other model ensembles, 2) some proposed emergent
constraints are characterized by a strong statistical relationship but lack a physical or theoretical framework
to support the emergent relationship, and 3) some proposed emergent constraints lack observational data to
constrain the future response, even assuming the emergent relationship is statistically robust and supported
by a physical mechanism or theory. In addition, most emergent constraints have been applied to quantities
of relevance to the global climate system. Going forward, it would be helpful to have more emergent
constraints developed at the regional scale to reduce uncertainty in quantities of greatest relevance to the
US or other regions.

Extreme Event Attribution

Confidence in extreme attribution statement depends on both our understanding of the underlying physical
mechanisms of change as well as on the fitness of our statistical and climate models.® This, of course,

varies significantly depending on the nature of the extreme weather event. Attribution statements about
the human influence on severe heatwaves and cold snaps are generally considered to be most confident.?!
Confidence in attribution statements about extreme precipitation vary greatly depending on storm type.
Hurricane precipitation has been among the most-studied event, and recent assessment has concluded that
modeling and satellite studies, as well as physical understanding, provide strong evidence that hurricane
rainfall rates increased and will continue to increase due to anthropogenic climate change.??'% The
Working Group I contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC AR6 WGI) concluded that “event attribution studies and physical understanding indicate

that human-induced climate change increases heavy precipitation associated with tropical cyclones (high
confidence), but data limitations inhibit clear detection of past trends on the global scale”® Partly based on
CMIPS5 models, the World Meteorological Organization’s Tropical Cyclone Expert Team* concluded: “For
TC precipitation rates, there is at least medium-to-high confidence in an increase globally, with a median
projected increase of 14%, or close to the rate of tropical water vapor increase with warming, at constant
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relative humidity” However recent higher-resolution modeling studies, particularly event attribution
studies, find that hurricane precipitation increases at a rate substantially higher than that of water vapor
alone, implying dynamical as well as thermodynamical changes (e.g., Reed et al. 2021,°%4 2022;% Risser and
Wehner 2017;% van Oldenborgh et al. 2017;® Wang et al. 2018%). A recent satellite-based study reinforces
this interpretation.®® Atmospheric rivers and extratropical cyclones have received less attention, but it

is expected that similar conclusions will be drawn as more studies are performed. Mesoscale convective
systems (e.g., storms producing hail, tornadoes, and ice) are not so well studied due to both modeling and
observational limitations of these specific local-scale events.

Changes in extreme wind events, such as produced by hurricanes, derechos, or Santa Ana-type events, are
also poorly understood due to model limitations in realistically simulating these phenomena.

Extreme weather changes attributable to local thermodynamic processes are better understood than

those due to changes in large-scale meteorological patterns due to uncertainty in changes in circulation
patterns. Thus, attributable changes in meteorological drought (defined by rainfall deficits) caused by
changing rainfall patterns from circulation are less well understood, especially for CONUS, than are attrib-
utable changes in agricultural and ecological drought (defined by increases in soil moisture deficit caused by
warmer temperatures).'%

Some events are so extreme that our statistical and climate models may not be fit for the purpose of
quantifying the human influence, even if our understanding is such that we are confident that there is
one. The 2021 heatwave in the Pacific Northwest is a good example. Temperatures experienced during
this very rare compound extreme event are outside of the bounds of the fitted generalized extreme value
statistical distributions typically used to ascertain changes in event frequency and magnitude. Also, it is
unclear whether the standard ensemble of CMIP models can produce the specific large-scale meteorolog-
ical patterns responsible for these record-breaking temperatures. For these very rare events, the recent
development of large ensembles of climate models can increase our confidence in quantitative attribution
statements in some instances.*

Description of Confidence and Likelihood
The section is a description of factual results, so confidence and likelihood do not apply.

Key Message 3.4

Humans Are Changing Earth System Processes

Description of Evidence Base

Natural Variability

In the last decade, there has been increasing recognition of the role of regional-scale natural variability

in the past and future evolution of climate, as well as the fact that regional natural variability signals can

be competitive with forced anthropogenic signals (e.g., Deser 2020°"). The mechanisms by which the
climate system generates such large levels of natural variability are well documented and understood.
Examples of such modes of variability relevant to North American climate include ENSO, the Pacific Decadal
Oscillation, the Pacific North American pattern, and the northern annular mode. Many of these patterns
have limited predictability beyond a timescale of about two weeks, leading to an irreducible uncertainty in
the actual evolution of climate. A caveat here relates to the ENSO phenomenon, which has some seasonal to
interannual predictability. We also note that modes of variability themselves can also be affected by anthro-
pogenic forcing, and these signals may be predictable.® This idea of irreducible uncertainty applies to
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future projections only. It is not meant to cast doubt on anthropogenic climate change that has already been
detected in the observational record despite natural variability.?%

Atmospheric Circulation Changes

Many aspects of atmospheric circulation changes have been studied using observations (global reanalysis)
and model simulations. Important large-scale circulation features that influence US regional climate

include the jet stream, storm tracks, the Aleutian low, the North Pacific and North Atlantic subtropical
highs, North American Monsoon circulation, and others, which are strongly influenced by the overturning
Hadley circulation in the tropics. In turn, large-scale circulation, such as the North Atlantic subtropical high,
influences mesoscale circulation features, such as the Great Plains low-level jet that affects precipitation in
the central and midwestern US. Hence, understanding how the Hadley circulation changes with warming

is important for understanding changes in large-scale and mesoscale circulations affecting US regional
climate. Staten et al. (2018)*° and Grise et al. (2019)* synthesized previous studies documenting the poleward
shift in the subsiding branches of the Hadley circulation since 1979. Both studies found that methodologi-
cal differences in how the Hadley circulation is calculated can partly explain the discrepancy between the
rate of tropical expansion derived from global reanalyses and model historical simulations found in previous
studies. However, both studies also highlighted the challenge in detecting changes in the tropical expansion
and attributing them to anthropogenic warming because of the large natural variability, particularly for the
poleward expansion in the Northern Hemisphere that is more relevant to large-scale circulations affecting
North America.

Besides the tropical expansion, many studies analyzed model simulations and projections of changes in
large-scale circulations—such as the jet stream,’3%319 storm tracks,*?° extratropical cyclones,'®¥*?' and

the North Atlantic subtropical high,®3??—and compared observed and model-simulated historical trends

in sea level pressure.®” Many of these studies used multimodel and large ensemble simulations to first
determine if a robust signal of change is found and, if so, the mechanisms for how warming may influence
the circulation features; the impacts of the circulation changes to precipitation are also often investigated.
Model experiments allowing isolation of the direct radiative effect of CO,, which is a fast process, versus the
effect of sea surface temperature warming, which is a slower process, have also contributed to improving
understanding of how increasing GHGs affect atmospheric circulation.

Water Cycle Changes

A sizeable and expanding literature describes past and projected future changes in processes relevant to
Earth’s water cycle.?*3* Much of the literature on the water cycle separates its projected past and future
changes into two components: one proportional to the change in water vapor—the “thermodynamic”
response—and another that depends on atmospheric circulation and other factors—the “dynamic” response.
Water vapor changes increase at roughly constant relative humidity with warming,** with variations over
land and during different phases of the response® that are relevant to the US. Changes in circulation also
modulate the spatial pattern of extreme precipitation intensity change, increasing it in some regions and
reducing it in others,"™ which is the main driver of the variations in magnitude and sign of precipitation
change seasonally and regionally. Precipitation variability generally is projected to increase at all timescales
and in most locations in response to GHG-driven warming."® This implies increases in both heavy precipita-
tion extremes and drought,™ a phenomenon called whiplash.!?

Changes in the Carbon and Biogeochemical Cycles

Observations show that about half of annually emitted CO, from human activities is absorbed by the
terrestrial biosphere and oceans.®” The observational record of atmospheric CO, growth and estimates

of fossil fuel emissions based on economic fuel statistics are used to estimate the residual total uptake of
carbon by the terrestrial ecosystem and the ocean. Determining the amount of uptake for land and oceans
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is more complicated and uncertain. For the oceans, upscaled global measurements of the partial pressure
of CO, (pCO,) in seawater and total carbon in organic and inorganic compounds dissolved in interior ocean
waters are used to estimate current and cumulative carbon sinks (e.g., Rodenbeck et al. 2015;%% Takahashi et
al. 2009%¥).

On land, direct measurements of atmosphere-land biosphere fluxes are used to understand carbon sources
and sinks and their variability on daily to interannual timescales.?*°

Changes in Ocean, Cryosphere, and Sea Level

Over the course of the 20th century, sea level rise occurring on global scales estimated from reconstruction
created from tide-gauge records has been explained by the individual processes contributing to it."*® These
process contributions were estimated from a combination of direct observations and observation-driven
reconstructions. Using modern observation systems, global sea level rise from satellite altimetry between
2002 and 2017 has been explained using the in situ measurements of the Argo profiling floats and the obser-
vations of water-mass change from the GRACE and GRACE-FO satellites,** demonstrating closure of the
global sea level budget. As seen in both tide-gauge and satellite records, the rate of global mean sea level
rise has been increasing, driven by accelerating contributions from the underlying processes.!58161162

At the regional level, similar studies have assessed the rates of sea level rise and performed similar budget
studies as those conducted on global scales. The combination of models, reconstructions, and observa-
tions allows for accounting of all the relevant processes, and an understanding of the drivers of total sea
level rise has been demonstrated on regional scales across a range of different timescales in several studies
(e.g., Frederikse et al. 2017;%2 Harvey et al. 2021;** Rietbroek et al. 2016;3* Walker et al. 2021°). The current
relative sea level observation network measures the dominant processes contributing to regional sea level,
and this has supported more dedicated, process-level studies on sea level rise.

Regional-Scale Changes

It has been well established since the earliest climate change assessments (e.g., IPCC 1990;*5 National
Research Council 1979%%) that the local climate change response in a particular variable can differ substan-
tially from the corresponding globally averaged response. For the latest versions of the geographical dis-
tributions of the response in particular variables to anthropogenic forcing, and the corresponding globally
averaged response, the reader is referred to examples seen in Figures SPM.5, SPM.8, TS.6 of the IPCC

AR6 WGI.1##0

Major Uncertainties and Research Gaps

Natural Variability

Because of the limited duration of the observational record, the magnitude of natural variability on decadal
timescales and longer is not as well quantified as shorter-timescale variability. For example, the true natural
variability of the climate system on decadal to centennial timescales could be larger than what we estimate
from GCMs, which would further increase the irreducible uncertainty stemming from natural variability.

Atmospheric Circulation Changes

While advances have been made in reconciling the previously reported differences in tropical expansion
rates in observations and model simulations, uncertainties remain, especially in future projections of
tropical expansion in the Northern Hemisphere because of the large natural variability and the relatively
small poleward expansion in response to increasing GHGs.?® Some studies also highlighted several
important sources of uncertainty in projecting midlatitude atmospheric circulation changes related to
model biases (e.g., Dong et al. 2021%%), a tug-of-war between opposing mechanisms (e.g., Shaw and Voigt
2015%"), and natural variability (e.g., Deser et al. 2020;> Dong et al. 2021¥). For historical century-scale
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regional trends in sea level pressure, large differences were found between different observational estimates
from gridded datasets and reanalysis reconstructions.’*

As discussed in KM 3.4, large-scale circulation changes are influenced by meridional and vertical
temperature gradients; thus, Arctic amplification (the enhancement of near-surface air temperature
change over the Arctic relative to lower latitudes), besides changes in the tropical Hadley circulation,
may also influence midlatitude atmospheric circulations such as blocking, with potential implications for
cold extremes. However, significant challenges remain in connecting Arctic amplification to midlatitude
circulation changes due to the complex nonlinear dynamics of the jet stream.?*3%

Water Cycle Changes

Of note is the role of climate variability in many aspects of the water cycle (especially for changes at the
regional scale): natural variability is known (with high confidence, from observations, theory, and simulations)
to be large for many aspects of the water cycle, and this can result in a low ceiling to the likelihood that can
be placed on any specific realization of the future or past water cycle, even in situations where confidence
in understanding is high (see above, “Large Ensemble Simulations” in KM 3.3, and Douville et al. 20212%).

For this reason, it is particularly important for the water cycle to focus on the probability of what could
happen in the future and the probability that observed changes that have already occurred are due to forced
changes (as opposed to natural variability), rather than focusing on specific deterministic trajectories of
what has already happened or will happen in the future. Furthermore, forced changes in variability that are
expected for precipitation and other aspects of the water cycle complicate this picture further, more than
for other variables such as temperature.

For extreme precipitation in particular, an outstanding question is whether, and if so how much, the ther-
modynamic and dynamic components of extreme precipitation change are coupled.®*® This would imply a
positive feedback mechanism that could amplify extreme precipitation increases beyond the thermodynam-
ic increase.

One uncertainty is the role of vegetation in modulating changes in evapotranspiration, which can in turn
influence other factors including soil moisture, streamflow, and wildfire. In addition to changing evaporation
from soil, plants also influence total evaporation through competing effects. In response to increased
atmospheric CO, concentrations, plant stomata do not need to open as much to take in CO, for photosyn-
thesis, which can reduce the amount of water they lose through transpiration, thus decreasing total evapo-
transpiration.**® Conversely, an overall increase in the amount of vegetation can amplify evaporative losses
and surface drying.25343# [t is not yet clear which of these mechanisms will predominate, although model
projections and observational analyses for the US suggest that the net effect will be for warming to increase
evaporation and surface drying in much of the country.!99.200207.208,343

A key gap in understanding the hydrologic cycle and how it can change is the enormous range of scales in
space and time on which relevant processes operate, from the scale of nanometers (cloud condensation
nuclei), to the scale of cloud systems and watersheds (1 km to 1,000s of km), to the whole globe (evaporation
and precipitation constitute a large fraction of energy flow between the surface and atmosphere). No
observing system can capture, and no numerical model can represent, all of these processes at once, which
is a key challenge for understanding and projecting the water cycle and its change. Continuing to increase
the range of scales that can be captured by consistent, continuous observing systems and represented
within a single model is one promising path toward decreasing some of the uncertainty in the future water
cycle.?o
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Changes in the Carbon and Biogeochemical Cycles

Carbon fluxes, especially from the terrestrial biosphere are spatially heterogeneous and can undergo large
temporal changes as well. Observations used to estimate carbon fluxes are sparsely distributed, and data
records are often too short to be used to characterize interannual variability and trends. Models of ocean
circulation and biogeochemistry and detailed models of plant growth and dynamics can be used to upscale
carbon fluxes using observations for guidance, but there is significant uncertainty in many processes,

such as the effects of nutrient limitation on plants and phytoplankton and responses to climate changes.
Machine learning approaches have also been used to upscale flux observations (e.g., Jung et al. 20203#).
Inverse modeling combines information from atmospheric observations, atmospheric transport models, and
best-available estimates of carbon fluxes from land and ocean via models to produce carbon flux estimates;
however, these modeling systems are also limited by sparse data. Major regions that are important for
understanding the global carbon budget, such as the tropics and Siberia, do not have adequate observational
coverage, and this lack makes accurate estimates of land and ocean fluxes difficult to achieve.

All of the above-mentioned issues, and the large uncertainty associated with future emissions, make
predicting the future evolution of the carbon cycle difficult. Uncertainties in future climate drivers such

as temperature, precipitation, and cloudiness result in uncertainty in how land and ocean biogeochemis-
try will evolve in the future. Furthermore, the difficulties in modeling nutrient availability and limitation,

as well as disturbances such as fires, insect and disease outbreaks, severe weather, and human land-use
change, introduce more uncertainties that affect predictions of how the carbon cycle and climate change
will interact. The mobilization to the atmosphere of CO, and CH, from enhanced decomposition of the huge
reserves of carbon in Arctic soils represents a potentially important positive carbon cycle-climate feedback,
but it is particularly difficult to model due to difficult-to-quantify processes like cryoturbation and local
erosion and thermokarst processes.**> Current carbon cycle models that are coupled to climate models
disagree widely on the future response of carbon exchanges between the oceans, land biosphere, and
atmosphere to continued fossil fuel emissions. The range of responses has not appreciably changed since
the previous model intercomparison (CMIP5).14

Changes in Ocean, Cryosphere, and Sea Level

Many of the components of the modern sea level observation network—particularly space-based platforms—
are limited in their coverage of coastal regions. The US coastlines have better coverage from tide gauges
than other parts of the world, although large gaps between tide gauges are still present. This is also true of
measurements of coastal subsidence that generally originate from point-measurements from the Global
Positioning System, although satellite-based interferometric synthetic aperture radar (InSAR) provides a
possible solution (e.g., Shirzaei et al. 20213%). The connection between open-ocean sea level change and the
sea level change experienced at the coast is still an active research area.

As a result of observations and improved modeling efforts, there is increased consensus regarding the
behavior of many of the ice sheet processes. However, the future response of the ice sheets as the climate
continues to warm, and of some of the associated processes, is still uncertain. It has been hypothesized
that two possible processes in particular, known as the marine ice cliff instability">? and the marine ice
sheet instability,'s*5515¢ could lead to rapid ice sheet loss over the course of several decades. The physical
processes that would result in these instabilities and how they would progress once triggered remain
uncertain. Resolving these uncertainties would require continued and additional observations of the ice
sheets—and ocean and atmosphere that surround them. Additionally, advances in ice sheet modeling that
potentially leverage these observations are a priority to narrow future estimates of ice mass loss.
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Regional-Scale Changes

Although the idea that the regional climate change response differs from the globally averaged response is
not controversial, there remain major uncertainties in the magnitudes of climate change responses at any
given location. This reflects large differences in local outcomes across the GCM projections, as well as large
differences in the local response when those GCMs are downscaled to higher resolution.

Description of Confidence and Likelihood
The section is a description of general results, so confidence and likelihood do not apply.

Key Message 3.5

Humans Are Changing Weather and Climate Extremes

Description of Evidence Basis

The theoretical basis of changes in extreme temperature and precipitation are well established. As
temperature increases, a shift in the distribution implies that high temperatures become more frequent.
Extreme precipitation occurs in saturated atmospheres. The Clausius-Clapeyron relationship, identified

in the 19th century—specifying that saturation-specific humidity increases by between 6% and 7% per

one degree Celsius of warming at typical surface air temperatures—dictates that available moisture during
extreme storms increases with warming. The efficiency with which different types of storms precipitate
that available moisture varies, as does the response in precipitation efficiency to warming. Limited event
attribution studies and other high-resolution modeling studies find that extreme precipitation can increase
at a rate greater than that indicated by Clausius-Clapeyron.

The effect of warming on drought varies between drought definitions. Understanding of changes in meteo-
rological drought is limited by understanding of the atmospheric circulation changes that affect storm track
and frequency. On the other hand, changes in agricultural drought are sensitive to changes in evapotranspi-
ration, which increases sharply with increased temperatures.?!

Major Uncertainties and Research Gaps

Land surface and vegetation processes have substantial impacts on climate extremes through the
modulation of energy fluxes between the surface and atmosphere and surface water partitioning.**’ For
example, dry surface conditions (e.g., a drought) and urbanization can both amplify heat extremes,3834
while wetter soils can increase the risk of precipitation events causing large floods.**°*>! However, few
long-term data on these processes are available at large scales,*® and their representation in climate models
is often highly simplified.*>> Further, despite the fact that many extremes are strongly tied to atmospheric
circulation anomalies (e.g., atmospheric ridge events), changes in these dynamics remain highly uncertain.
While changes in sea ice and meridional temperature gradients may be linked to increases in the frequency
and persistence of midlatitude circulation patterns associated with extreme events (e.g., Coumou et al.
2018%%®), studies suggest that these changes have not yet emerged from background natural variability.>>
Confidence in model-based assessments of changes in frequency or intensity of extreme events can

be enhanced in cases where a detectable anthropogenic trend in an extreme, or closely related metric,

has been found. However, this is not the case for some extreme event types, including those related to
long-term changes in circulation.

The ensembles of tropical cyclone-permitting (~20 km) model simulations are small both in the number
of realizations and of independent climate models, which limits understanding of tropical storm statistics.
Even fewer long convection-permitting (<4 km) regional model simulations are available, limiting our
understanding of how mesoscale convection systems and similar intense storms will respond to warming.
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The effect of warming on the processes leading to rapid intensification is also poorly understood. While
theory and high-resolution modeling find that winds in the most intense storms become stronger, detection
and attribution of such changes has not yet been accomplished, as the most common metric—the Saffir-
Simpson wind speed—is an instantaneous point-wise maximum and very noisy.

Finally, climate change may be moving us into an era of large or unprecedented extremes that fall far outside
the range of historical variability, particularly regarding temperature (e.g., Overland 2021%*). In such cases,
many statistical approaches may be insufficient and make it difficult, with any confidence, to conduct
detection and attribution analyses.”

Description of Confidence Likelihood

Anthropogenic forcing has increased the frequency, duration, and intensity of extreme heat across most
land areas (high confidence),?**¢ with some evidence that extreme cold events have also declined (medium
confidence).>*® These changes are driven by average shifts in the temperature distributions toward warmer
conditions that are significant and robust across most of the world."*® Heavy precipitation events have
increased in some regions (high confidence)* because of the strong dependence of the water-holding
capacity of the atmosphere on temperatures (e.g., Kunkel et al. 2013%%). Coastal flood risk has increased, and
is projected to continue to increase, because of sea level rise (high confidence; e.g., Vousdoukas et al. 2018%%).
Notably, while the most extreme river floods are expected to increase in severity because of increases in
heavy precipitation (high confidence), more general trends are mixed because flood risk also depends on
policies and land surface processes.?®! Soil moisture droughts are also increasing in frequency and severity
in many regions (medium to high confidence)* through the direct effects of warming on snow, evapotrans-
piration, and plant water use.*3?>342 There is also high confidence that the intensity and frequency of pre-
cipitation droughts are increasing in Mediterranean-climate regions.*%36036.362 Climate change increases
fuel flammability through higher temperatures and lower humidity and has increased the area burned by
wildfires in western US (high confidence)** and Australia.*® Despite these climate change-driven regional
increases, however, global burn area has declined in recent years as a consequence of agricultural expansion
and intensification, especially in savanna and grassland ecosystems.*%

While tropical cyclones are the most studied extreme storm type with high-resolution (~25 km) global
models, more such simulations are required to develop a theory about cyclogenesis and intensity changes
with climate change. While attribution studies find that extreme precipitation over land in major tropical
cyclones very likely scales with temperature increases at rates greater than the Clausius-Clapeyron rate,
average total tropical storm precipitation scales at least at Clausius-Clapeyron rates,* but confidence is
limited as there are limited high-resolution projections. It is also likely that precipitation increases over land
will differ from those over oceans.
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