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SECRETARY (6 FOREWORD

Energy, Integrity, and the Power of Human Potential

Over my |I|ifeti me, | 6ve had the privilege of worKk
fieldsd nuclear, geothermal, natural gas, and rdased | now serve as Secretary of Energy under
President Donald Trump. Buthosebsonodern ankrgy,as nothimgshort phy s
of miraculous. It powers every aspect of modern life, drives every industry, and has made America an
energy powerhouse with the ability to fuel global progress.

The rise of human flourishing over the past two centuries is a story worth celebrating. Yet we are
toldd relentlessly that the very energy systems that enabled this progress now pose an existential threat.
Hydrocarbonrbased fuelsthe argument goes, must be rapidly abandoned owelgsk planetary ruin.

That view demands scrutiny. Thatdos why | commi S S
andsciencdased conversation about climate change and
reviewed reports from the Intergovernmental Panelon GimaCh ange, the U. S. goverr
assessments, and the academic |iterature. |106ve al

authors of this report.

What | 6ve found is that media cowdakaaagwithaf t en di s
view of climate change that is exaggerated or incomplete. To provide eadtiyalancel asked a
diverse team of independent expertsritically reviewthe current state of climate science, with a focus
on how it relates to the United States.

I didndt select t hese ddanftomm i indactiheynmay ndabvaysagrea | way s
with each other. But | chose them for their rigor, honesty, and willingness to elevate the debate. | exerted
no control over their conclusions. What youdll re
and scientific assessments.

|l 6ve revi ewed ,andkbelieve ipfaithfally repeeseatd thelstatg of climate science
today. Still, many readers may be surprised by its conclusiamch differ in important ways from the
mai nstream narrative. Thatos a si gomthe $cierteitgelf.f ar t h.

To correct course, we need open, respectful, anc
comment on this report. Honest scrutiny and scientific transparency should be at the heart of our
policymaking.

Climate change is real, and it deserves attention. But it is not the greatest threat facing humanity. That
distinction belongs to global energy poverty. As someone who values data, | know that improving the
human condition depends on expanding accesdiable affordable energy. Climate change is a
challeng® not a catastrophe. But misguided policies based on fear rather than facts could truly endanger
human weHbeing.

We stand at the threshold of a new era of energy leadership. If we empower innovation rather than
restrain it, America can lead the world in providing cleaner, more abundant &riétigg billions out of
poverty, strengthening our economy, and improviagemnvironment along the way.
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EXECUTIVE SUMMARY

This report reviews scientific certainties and uncertainties in how anthropageban dioxide (C¢)
and other greenhouse gasmi ssi ons have affected, or wi |l affec
events, and selected metrics of societal Avelhg. Those emissions are increasing the concentration of
CQO: in the atmosphere through a complex and variable carbon cycle, sdmeeportion ofhe additional
CQO; persists in the atmosphere for centuries.

Elevated concentratiord CO, directly enhanceplant growth globally contributing tofigreening the
planet and increasing agricultural productiVfiection 2.1, Chapter 9hey alsomake the oceanless
alkaline (lower the pH)That is possibly detrimental to coral reefthough theecent rebound of tHereat
Barrier Reefsuggests otherwid&ection 2.2]

Carbon dioxide also acts agyeeenhouse gas, exerting a warming influence on climate and weather
[Section 3.1] Climate changerojectionsrequire scenarios of future emissions. There is evidence that
scenarios widehused in the impacts literature have overstated observed and likely future emission trends
[Section 3.1]

The wor |l dés glsbalcleata modets mffee little guidance on hawuch the climate
responds televatedCO,, with the average surface warming under a doubling of thedBfxentration
ranging from 1.8°C to 5.7°{Section 4.2] Datadriven methods yield a lower and narrower rajf@gzrtion
4.3]. Globalclimate modelgy e ner al | y theirdescrigtibnftthie climatef the past few decades
- too much warming at the surfa@amd too muchamplification of warming in the lowerand mid
troposphergSections 5.2%5.4]. The combination of overly sensitive models antplausible extreme
scenarios for future emissioypelds exaggerated projections of future warming.

Most extreme weath&ventsin the U.Sdo not showong-term trendsClaims of increased frequency
or intensity ohurricanes, tornadoes, flogdsd droughtare not supported ly.S.historical datdSections
6.1-6.7]. Additionally, forest management practicae oftenoverlooked in assessimdpanges irwildfire
activity [Section 6.8] Globalsea level has riseaapproximatel\8 inchessince 1900, but there are significant
regional variations driven primarily by local land subsideht&. tide gauge mearement$n aggregate
showno obvious acceleration in sea level rise beyond the historical averaffehvapeer 7]

Attribution of climate change or extreme weather events to humare@@sions is challenged by
natural climate variability, data limitations, and inherent model deficiefiCiespter 8] Moreover, solar
activity's contribution to thé&ate 20" century warmingnight be underestimatg@ection 8.3.1]

Both models and experience suggest @@at-induced warmingnight be lessddamagingeconomically
than commonhpelieved, and excessively aggressive mitigation policies could prove more detrimental than
beneficial[Chapters 9, 10, Section 11.Hocial Cost of Carbon estimateghich attempt to quantify the
economic damage of G@missionsare highlysensitive to theiunderlying assumptiorsnd so provide
limited independennformation[Section 11.2]

U.S. policy actions are expected to have undetectably small direct impacts on the global climate and
any effects will emerge only with long delg@hapter 12].



PREFACE

This document originated in late March 2025 when Secretary Wright assembled an independent group
to write a report on issues in climate science relevant for energy policymaichgling evidence and
perspectives that challenge the mainstreamsensusVe agreed to undertake the work on the condition
that there would be no editorial oversight by the Secretary, the Department of Energy, or any other
government personnel. This condition has been honored throughout the process and the writing team has
workedwith full independence.

The group began working in early April withNMay 28 deadlineto deliver a draft fointernal DOE
review. The short timeline and the technical nature of the material meant that we could not comprehensively
review all topics. Rather, we chose to focus on topics that are treated by a serious, established academic
literature; that are relevant to our chargat#re downplayed in, or absent from, recent assessment reports;
and thatarewithin our competence.

While the report is intended to be accessible to-exqerts, we have omitted some introductory or
explanatory material that can easily be accessed elsewhere. Nor have we attempted thesentiey
literature related to the topics covered. We have focused as much as possible on literature published since
2020 and referenced previous IPCC and NCA assessment reports. We have also used data through 2024
where possible.

The writing team is grateful to Secretary Wright for the opportunity to prepare this report and for his
support of independent scientific assessnagiot open scientific debaté/e are also gratefwb a team of
anonymou$OE andnationallabreviewers whose input helped improve the final report.

John Christy, Ph.D.
Judith Curry, Ph.D.
Steven Koonin, Ph.D.
Ross McKitrick, Ph.D.
Roy Spencer, Ph.D.



PART |: DIRECT HUMAN INFLUENCE ON ECOSYSTEMS AND THE
CLIMATE



1 CARBON DIOXIDE AS A POLLUTANT

Chapter summary:

Carbon dioxide €CO,) differs in many ways from the smalled Criteria AirPollutants It does not affect
local air quality and has no humaoxicological implications at ambient levels. It is an issue of concern
because of its effects on the global climate

The Clean Air Act of 1970 defined six-salled Criteria Air Contaminants subject to regulation (EPA):
particulate matter, grourdével ozone,sulfur dioxide, nitrogen dioxide, lead and carbonmonoxide. In
2007, the Supreme Court ruled that greenhouse g&®@sa mong t hem) wer e al so fipol
regulation under Clean Air Act (Mase. EPA, 2007). Whi | e t he definition of #fApc
legalmatter there are important scientific distinctions betw€éh and the Criteria Air Contaminants. The
latter are subject to regulatory control because they cause local problems depending on concentrations that
include nuisance (odor, visibility), damage to plants, and, at high enough exposure levels, toxicological
effects in humans. In contra&(, is odorless, does not affect visibility and has no toxicological effects at
ambient levels. It is a naturally occurring part of the atmosphere and a key component of human and plant
respiration.CQ; is essential for plant photosynthesis and higher levels are beneficial for vegetation. In
these aspect§0O; is similar to water vapor.

Ambient outdoor air today contains about 430 parts per million (j&0a) increasing at about 2 ppm
per year. Th&).S.Occupational Safety and Health Administration issues guidelines for indoor workplaces
in which elevatedCO, might be encountered, such as where dry ice is used. The Permissible Exposure
Limit is 5,000 ppm over 8 hours (OSHAR024). Allenet al. (2015) reported evidence of diminished
performance on some cognitive tasks among workers in office cubicles when expG&edeteels above
1,0001,500 ppm. These levels are far larger than any plausible ambient outdoor value through the end of
the 229 century.

The growing amount d€O; in the atmosphere directly influences the earth system by promoting plant
growth (global greening), thereby enhancing agricultural yields, and by neutralizing ocean alkalinity. But
the primary concernabo@®;i s i ts role as a greenhouse gas (GHG)
warming the planetHow the climate will respond to that influence is a complex question that will occupy
much of this report.

References

Allen, J., Macnaughton, P., Satish, &t al.(2015). Associations of cognitive function scores with carbon
dioxide, ventilation, and volatile organic compound exposures in office workers: A controlled exposure
study of green and conventional office environmemgvironmental Health Perspective$24.
https://doi.org/10.1289/ehp.1510037

Massachusetts V. Environmental Protection Agency, 549 U.S. 497 (2007).
https://www.oyez.org/cases/2006/0%20

U.S. Environmental Protection Agency. (n.d.). Criteria air pollutamigs://www.epa.gov/criteriair-
pollutants

U.S. Occupational Safety and Health Administration. (2024). OSHA occupational chemical database:
Carbon dioxidehttps://www.osha.gov/chemicaldata/183
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2 DIRECT IMPACTS OF CO2 ON THE ENVIRONMENT

Chapter summary:

CO; enhances photosynthesis and improves plant water use efficiency, thereby promoting plant growth.
Global greening duén partto increasedCO; levels in the atmosphere is welstablished on all
continents.

CO, absorption in sea watarakeghe oceankess alkalineThe recent decline H is within the range

of natural variability on millennial time scales. Most ocean life evolved when the oceans were mildly
acidic. Decreasing pHnight adversely affect corals, although the Australian Great Barrier Reef has
shown considerable growth in recent years.

2.1 CO:2as a contributor to global greening

The growingCO; concentration in the atmosphere has the important positive effect of promoting plant
growth by enhancing photosynthesis and improving
greeningd phenomenon di scuss e dgrichlrhlyields discessedvia | | as
Chapter 10Here we focus just on CQertilization; research on combined effects due to temperature and
precipitation changes are discussed in Chapter 10.

2.1.1 Measurement of global greening

iGreeningd refers to an increase in tlthcenbéractio
guant i filedArdaynd dedo A( LAl ) measured by satellite. M
confirmed a global greening pattern (increase in LAI) attributabf@artto rising CO; levels.Zhu et al.
(2016) was one of the first studies to report that global greening was detectable using satellite sensors. From
1982 to 2011 they detected greening oveb@percento f t he Ear t h werordyfosr Abr owt
percentand attributed 7@ercentof the greening to risin@O;levels (see Figure 2.1Pther contributors
included landuse changes, warming and nitrogen. The fraction attributable tow@® largest in the
tropics; other factors played more dominant roles in CONUS

Zenget al.(2017) confirmed the patteoi greeningnoting thabver thirty yearst had added Bercent
to global leaf area and that greening was mitigating warming. Greening has been observed Qludrally
et al. (2019)showthatin China and Indianuch of it is driven bydnd management changes. Thus, while
Chinaaccounts for only 6.percenpf global vegetated area it accounts fop2tcenbof global net increase
in LAl Piaoet al.(2020) noted that greening was even observable in the A@fiigtertilization effects
are influenced by local temperature and nutrient and water availability, all of which vary regionally.

While plant models predict increasptotosynthesis in response to risingBaverdet al. (2020)
reported aCO; fertilization ratemuch larger thamnodelpredictions That is,CO; fertilization had driven
an increase in observed global photosynthesis bgeBfentsince 1900, versus Ipercentpredicted by
plant modelslf true it wouldindicate that global models of the socioeconomic impacts of ri&chave
understated the benefits to crops and agricultfeenan et al (2023), however, estimatedower
fertilization rate more in line with model§he connection between G@rtilization andagriculturewill
be discussed in Chapt@r
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Figure 2.1: Trends in average Leaf Area Index (LAI). Source: Zhu et al. 2016 Figure 3.

Piao et al. (2020) an@henet al. (2024)report thathe greening trendontinues with no evidence of
slowdown, and Ce¥fertilization remairs the dominant driver

2.1.2 Photosynthesis and G@evels

Plants build biomass througinotosynthesisa process that converts carbon dioxide, water, and light
into sugar. The plant enzyme responsible for photosynthesis is Ridy®bisphosphate
carboxylase/ oxygenase or fiRulOsSawiableaRhe sufacesofthet he s i ¢
Rubisco enzyme where it is converted to a molecule with 3 carbon atoms and thereafter incorporated into
pl ant mass. This is referred to as the AC30 proce

Rubisco is estimated to have evolved about 3 bi
atmospheri€CO; levels were usually many times higher than they are todslagut 400 million years ago
CQO; levels were an estimated 2,68(M00 ppm and were at or above 1,000 ppm for much of the interval
from 200 to 50 million years ago (Berner 2006, Jaddl. 2024).Over thepast 35 million years the level
of atmosphericCO; has been steadily declininfalling to as lowas 170 ppnduring glaciations (Gerhart
and Ward 2010)While the modern rate of change in £@ay behigh compared to prior intervals, the
geological evidence is that plants and animals evolved under much highlv€l than at present.

In response to lovC O, conditions some plants evolved another photosynthetic pathway called C4, in
which CO; is concentrated in the vicinity of Rubiscallowing for the C3 process to function more
efficiently. For agricultural purposes the plant categories are:

1 C3:rice, wheat, soybeans and most other crops
1 C4: maize (corn), sugar cane, millet, sorghum

Had atmospheri€0; levels continued declining, plant growth would have declined and eventually
ceased. Below 18ppm the growth rates ofmany C3 specieare reduced0-60 percentrelative t0350
ppm (Gerhart and Ward 2018hd growth has stopped altogether under experimental condifi&Goé
140 ppmCO,. SomeC4 plants are still able to grow at levels even as low as 10 ppm, albeit very slowly
(Gerhart and Ward 2010).
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Figure 2. 2: growth of Abutilon theophrasti after 14 days under identical conditions but for the indicated
variations in CO2 levels. Source: Gerhart and Ward (2010). Not e i Ceomespenud to 1988 in
image.

Current CQ levels are about30 ppm, up from 280 ppm in the early 1800s. The positive response of
plants to extraCQ; is illustrated in Figure 2, reproduced from Gerhart and Ward (2010). It shows the
growth effect of CO, on Velvetleaf Abutilon theophras}i seedlings over 14 days under controlled
conditions where only th€O, exposure is varied. The gaimsluced byincreasingCO. from 150 ppm to
350 ppm continue under a further doubling to 700 ppm.

Over the past 60+ years there have been thousands of studies on the response of plants ta rising CO
levels. The overwhelming theme is that plants, especially C3 plants, benefit from extfeh€f@ are two
mechanisms by which G@onfers a growth benefit:

1 Enhanced photosynthesis via the metabolic pathways described above.

1 Increased water use efficiency. This arises because plants draw, inyGQpening the stomata
(pores) on the leaf surface. When £6 scarce the stomata must be kept wide open for long
periodsallowingwater to evaporate. Under enriched£0nditions the stomatamainclosed for
longer periodsthushelping the plant retain water longand sancreasing water use efficiency.

Specific effects of climate change 0OiS. agriculture will be reviewed in Chapt@r



2.1.3 Rising CQ and crop water use efficiency

Deryinget al.(2016) surveyed evidence on crop water productivity (CWP), the yield per unit of water
used, drawing attention to the potential @@, bothto enhance photosynthesis a@odeduce lealevel
transpiration (water loss during leaf respiration). They surveyed all available FACE data (F&@;Air
Enrichmend see Chapted) on crop yield changes faraize (corn)wheatyrice, andsoybean and combined
it with crop model data simulating yield responses as of 2080 under the extreme BGRB8iGnscenario
in four growing regions (Tropics, Arid, Temperate and Cold) each of which were split into rainfed and
irrigated sukregions.They reported that models withoQO; fertilization pradicted CWP losseim every
region, but those were more than offset RO, fertilization so that all regions showed a net CWP gain.
Derynget al. (2016) also reported that negative impacts of warming on wheat and soybean yields were
fully offset by CWP gains and mitigated by up tof@cenfor rice and 6(ercentfor maize.

Similarly, Chenget al. (2017) noted that increas&itoss Primary Productidnom 1982 to 2011 due
to rising CO;, uptake was accompanied by such large gains in CWP that global water use by plants had not
increaseddespite the extra biomass

Deryngetal.( 2016) assumed that <climate cYeawhigmodaelsoul d A e
do predictthatdrylands will expand under climate warming, current data show the opposite: greening is
happening even in arid areas. Zhangl.(2024) report that due to increased £10e v @dreasing aridity
in drylands woné6t | ead to a (¢e romy4dpdrcenofocyrrentlyafid ve get e
areaswill seeincreased desertification

2.1.4 CO; fertilization benefits in IPCC Reports

The IPCC has only minimally discussed global greening@@gfertilization of agricultural crops.
The topic is briefly acknowledged in a few places in the body of the IPC&hé earlier Assessment
Reports but is omitted in all Summary documents. Section 2.3.4.3.3 of the AR6 Working Group, | report
entitled Aglobaldgpeéntisgoandthbhaowhheg!l PCC Speci a
Land had concluded withigh confidencehat greening had increased globally over the pa&sti@cades.
It then discusses that there are variations in the greening trend among data sets, concluding that while they
havehigh confidencgreening has occurred, they hdoe confidencen the magnitude of the trend. There
are also brief mentions @fO; fertilization effects and improvements in water use efficiency in a few other
chapters in the AR6 Working Groups | and Il Reports.

Overall, however, the Policymaker Summaries, Technical SummaridsSynthesis Reportd AR5
and AR6do notdiscuss the topic.

2.2 The Alkaline Oceans

2.2.1 Changing pH

A neutral aqueous solution has a pH of 7.0, while one with pH greater tharalkdliise (also termed
basig and with pHless than 7.0 is acidi@he moderrday global average pH alurfacesea water is
estimated to be 8.04 (Copernicus MarBervice 2025Figure 2.3, down from an estimated value of 8.2
in prelIndustrial times (Gattuso and Hansson, 2011). As &@Dcentrations in the atmosphere increase
the oceansabsorbednore,which decreaseaheir pH. Depending upon the ¢ e aulfferidg capacitythey
are expected to become somewhat less alkaline over time, consistent with the observed decrease in pH.
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Figure 2. 3: Ocean pH 19857 2022. Source: Copernicus Marine Service 2025

Whil e this process i s otfiatiseamisromadr bheeadse fheocearmsare ot i d i f
expected to become acidic; focean neutralizationo
acidic, it is believed that life in the oceans evolved when the oceans were mildly acidic with pH 6.5 to 7.0
(KrissansefiTotton et al, 2018). On the time scale of thousands of years, boron isotope proxy
measurements show that ocean pH was around 7.4 or 7.5 during the last glaciation (up to alibut 20,00
years ago) increasing to preselaty values as the world warmed during deglaciation @Rad, 2018).

Thus, ocean biota appear to be resilient to naturaliermg changes in ocean pH since marine organisms
wereexposed to wide ranges in pH.

2.2.2 Coral reef changes

There are concerns that a decreasing pH of sea water will reduce the calcification rate of coral reefs.
But coral reefs already endure large swings in pH, partly due to daily photosynthetic activity in the reef;
measured pH values range from 9.4 duringdttey t o 7. 5 at night ( Rewtel |l e an
a.(2009) reported that a portion of Australiaods G
ecosystem) had experienced ggdcentecline in calcification since 1990. This was tentatively attributed
to increasing water temperature and decreasing pH. But ®iddl (2013) showed that report to have
resulted from a biased data analytiat when corrected, showed no change in calcification rates.
Nevertheless, the alarm produced by the original paper has persisted as evidenced by the large number of
published citations (541 the original study compared to only 11 citatibmthe correction (as of 30 April
2025).

The most recent annual summary of GBR conditions from the Australian Institute of Marine Science
indicatesthat coral production hagbouned strongly (AIMS, 2023). Figure 2 shows the results of the
AIMS surveys of hard coral cover, expressed as a percentage of the reef area. Much of the decline in the
GBR before 2011 turned out to be due to intense tropical cyclone activity (Betealger2015) as well as
a string of marine heatwaves, agricultural runoff and invasive species (Woods2Bi2®. Given tie
reported declines in GBR calcification between 1990 and 2009 and the continued increase in atmospheric
CO; levels the rebound hasurprisedsome observers
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Figure 2. 4 Hard coral cover of three regions of the Great Barrier Reef 1985 to 2023. Source: AIMS
2023.

It is being increasingly recognized that publication bias (alarming ocean acidification results preferred
by highimpact research publications) exaggeratesapertedimpacts of declining ocean pH. An ICES
Journal of Marine Science Special Issue addressed this problem with an article datitladis a Broader
Perspective on Ocean Acidification Researththe Introduction to that Special Issue, H. I. Browman
stated, fAAs is true across all of s cdredypicalymoreat udi e s
di fficult to publish.d (Browman, 2016)

Similarly, a meteanalysis (Clementst al, 2021) of the negative effects of ocean acidification on reef
fish behavior found what they called a fAdecline
prominent journals showing apparently larigpactsof acidification tended to be followed up by
subsequent studies on larger sample sizes yielding much smaller and typicadlyisient effects. They
call for their colleagues to improve research practicestmtert he fAdecl|l i ne effect o:

[The] vast majority of studies with large effect sizes in this field tend to be characterized by low
sample sizes, yet are published in higipact journals and have a disproportionate influence on
thefield in terms of citations. We contend that ocean acidification has a negligible direct impact on
fish behavior, and we advocate for improved approaches to minimize the potential for a decline
effect in future avenues of reseaf€liementst al, 2021).

In summary, ocean life is complex and much of it evolved when the oceans were acidic relative to the
presentThe ancestors of modern coral first appeared about 245 mjiarsaga CO; levels for more than
200 million years afterward were matipes higher than they are tod&uch of the public discussion of
the effects of ocean fdaci disifledand éxaggemated.on mar i ne bi
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3 HUMAN INFLUENCES ON THE CLIMATE

Chapter Summary:

The global climate is naturally variable on all time scales. Anthropodg&icemissions add to that
variability by changing the total radiatiemergybalance in the atmosphere.

The IPCC has downplayed the role of the sun in climate change but there are plausible solar irradiance
reconstructions that imply it contributed to recent warming.

Climate projections are based on IPCC emission scenarios that have tended to exceed observed trends.
Mostacademic climate impact studies in recent years are based upon the &@DR&g scenario that
is now considered implausible; its use as a busiaggsual scenario has been misleading.

Carbon cycle models connect annual emissions to growth in the atmogpBesitock.While models
disagree over the rate of land and ocean @iake all agree thait hasbeen increasing since 1959.

There is evidence that urbanization biases in the land warming record have not been completely
removed from climate data sets.

3.1 Components of radiative forcing and their history

3.1.1 Historical radiative forcing

A changing climate has been-btioh-geaor mi shoowghohbe
temperature and weather patterns change naturally over timescales ranging from decades to millions of
years. Natural variations in the surface climate origina two ways. Internal climate fluctuations
associated with circulations in the atmosphere and aeegrangesnergy, water, and carbon between the
atmosphere, oceans, land, and ice. External influences on the climate system include variationsgythe ene
received from the sun and the effects of volcanic eruptions. Human activities influence climate through
changing land use and land cover. Humans are diaogingthe composition of th@tmosphegs by
emissions of C@and other greenhouse gases and by altering the concentration of aerosol particles in the
atmosphere.

The earth is warmed by the sunlight it absorbs and is cooled by the feetatédo space. Averaged
over the Earthoés surface, each of these processes
(W/m?). When they are in balance, there are no net external causes of warming or cooling. Both human
and natural influences on the climate alter this balance and so cause the climate to change.

I nfluences on the Earthodés energy balance at the
forcingdo, the extent to which they disturb the wa
negative forcing c¢ ool sofmabrhcempénent Gfdasliatieedarcingreinteeddtb0 hi st
is shown in the following two figures from its AR6.
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Figure 3.1.1: IPCC estimates of radiative forcing components over time. Shading indicates
uncertainty ranges. Source: AR6 WGI Ch2 Fig. 10
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Figure 3.1.2 IPCC estimates of radiative forcing component changes from 1750 to 2019. Source:
AR6 WGI Ch 7 Fig. 7-6.

These graphs show that the total radiative forcing is comprised of both natural and anthropogenic
components. Carbon dioxide is the largest human influence on the climate and the one most relevant to the
influence of fossil fuel use It exerts a warming influence by decreasing the cooling power of the
atmosphereEmissions of C@are accumulating in the atmosphere, as described in the following section,
so that the warming influence is growing. Other greenhouse gases (methane, nitrous oxide, halogens, and
ozone) act similarly, currently adding another pi&rcentto CO:6 s war mi ng. MRaverals ol s
cooling effect, although with large uncertaintieshe way they catalyze the formation of reflective clouds.

As a result, understanding the causes of recent wamaqgresnot justidentifying the warming effects
of CO,, butalsothe more uncertain cooling effects of aerosols.

The IPCCassessethe change in the radiative forcing by the sun to be negligible, based on their
preference fodatareconstructions that imply minimal solar change since preindustrial times. But Connolly
et al. (2021) reviewed sixteen different Total Solar Irradiance (TSI) reconstructions in the literature
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covering the years 16€®D00; the reconstructions vary from almost no change in TSI to a relatively large
upward trend. Those authors note that the variation in TSI reconstructions combined with variations in
surface temperature reconstructions allowsiriéerences consistent with either no or mosf 26entury
warming being attributable to the sun.

A particularly thorny issue is the gap in TSI data between 1989 and 1991 due to a delay in the launch
of a monitor following the Space Shuttle Challenger disaster on January 28 Tl€i8@lelayprevented a
replacement satellite from being launched in time to overlap with, and its readings to be intercalibrated
with, the prior system (Zacharias 2014, Scafettal. 2019). This is called the ACRIM (Active Cavity
Radiometer Irradiance Monitor) gap problem. The question of whether there is an upward trend in TSI over
1978 to 201&hangs orhow the ACRIM data gap is filledConnollyet al.(2021) f ound t hat t he
consensus statements on solar forcing were formupagdaturelythrough the suppression of dissenting
scientific opinions.

Another natural radiative forcing component is volcanic aerosols, which exert an episodic cooling
influence. Box 4.1 in the IPCC AR6 Report addresses the climate impact of volcanic eruptions, noting
three explosive volcanic eruptions that occurred in tisefiialf of the 19 century. This included the 1815
Tambora eruption that resulted in the o6éyear wit hi
Northern HemisphereThere is uncertainty about the sign of the relatively small forcing duleto t
submarine volcano Hunga Tonga which erupted in 2022 (Jeekals2023, Schoebéet al.2024)

Figure 3.1.1 shows that ttenthropogenic forcing component was negligible before about 1900 and
has increased steadily since, rising to almost 3 3aay. However, this is still only about 1 percent of
the unperturbed radiation flows, making it a challenge to isolate the effects of anthropogenic forcing; state
of-the-art satellite estimates of global radiative energy flows are only accurate to/é/feiv

Natural sources of global energy imbalance other than volcanoes and total solar irradiance (TSI) are
not included in thesgraphs because they remain largely unknown.

3.1.2 Change in atmosphericO; since 1958

Car bon di oxidebdbs warming i nf | uenacamuldtespire the s on
atmospherei.e., its concentratiombove the preindustrial value of 280 ppirthe CQ level as recorded at
the Mauna Loa observatory in Hawajenerally used as the representative global average concentration
is available online ahttps://gml.noaa.gov/ccgg/trends/index.htifihe concentration was about 316 ppm
at the start of the record in 1959 and is now ab80tppm, a36 percent increasét the end of the last
glaciationCO:; levels had fallen to about 180 ppm. As discussed in Chapter 2, C3 plants begin @ag at
levels below about 140 ppm and C4 plants at levels below 100 ppnC®glévels had continued falling
plant life would have been imperiled.
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Fig. 3.1.3. Yearly average atmospheric CO2 concentrations (1959-2025) in ppm measured at
Mauna Loa (blue). C3 Threshold: Level below which C3 plants begin dying (140 ppm, see
Chapter 2). C4 Threshold: Level below which C4 plants begin dying (100 ppm, see Chapter 2).
Glacial minimum: Minimum level during recent glaciations (purple arrow). CO2 data source:
https://gml.noaa.gov/ccga/trends/index.html

The annual increase in concentration is only about half of thee@@ted because land and ocean
processesurrentlya b s o r b i gaxeacraesappooxima@ly Fercenof thehuman emissionguture
concentrations, and hence future human influences on the clihmereforedepend upotwo components:
(1) future rates of global human €@missions, and (2) how fast the land and ocean remove exiifac@O
the atmosphere. We discuss each of these in turn.

3.2 Future emission scenariosand the carbon cycle

3.2.1 Emission scenarios

Assessing the dangers of future GHG emissions requires assumptions about what those emissions will
be. Future emissions, and hence human influences on the climate, will depend upon future demographics,
economic activity, regulation, and energy and agnicalttechnologies. Various assumptions about each
of those lead to projections of greenhouse gas emissions and concentrations, aerosol concentrations, and
changes in land use, which ultimately can be combined into assumptions about anthropogenic radiative
forcing.

The great uncertainties about these many factors make it impossible to precisely predict future
emissions. Instead, the IPCC hasedvarious sets of scenarios meant to span a plausible range of
possibilities for population, economy, and technologies. Recent versions of the scenarios are labeled by a
number indicating the anthropogenic radiative forcing expected in 2100 under thaicscéfaus, a
scenario |l abel ed wit Ifofaumanthduced radiative forpimgriwhisning) at thé W/ m
end ofthe century. (Recall current anthropogenic radiative forcing is about 2.7.W/m
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Although the IPCC does notaimits emission scenari@geforecaststhey are often treated as such.
Comparisons of past scenario groups against observationstetdiC Cemission projectionisavetended
to overstate actual subsequent emissiés.the IPCC Third and Fourth Assessment Reports a set of
emission projections from th@pecial Report on Emission Scenaness used; these were referred to as
the SRES scenarios. McKitriclet al. (2012) showed that, when converted to per capita values, th8 SRE
scenario emissions distribution was skewed upwewdgaredvith observed trend3.he bias of the SRE
scenarios was confirmed by the later analydisHausfatheret al. (2019) who showed that observed
atmospheric C@concentrationdracked the low end of the SRES rargad also of subsequent IPCC
scenario range@-igure 32.1).

For AR5 the IPCC developed a new set of scenarios called the Representative Concentration Pathways
(RCP»). These were identified by a number representing the increase in forcing and were thus called
RCP2.6, RCP4.5, RCP6.0 and RCP8.5. RCP2.6 (implyingnshropogenicadiative forcing in 2100f
2.6 W/m?) describesa GHG concentration pathwégading towarming well below 2C. At the other end
of the scale RCP8.5 is an extreme outcome implying nez@y&armingfrom 1900 to 2100

RCP8.5 came to be referredtoasthepno |l i cy basel-asmepabp irflntathéa née s s
academic literature and popular media. It weeseforeused to generate the reference outcome supposedly
representing the 2tentury world in the absenceiotreasingly stringergmission reduction policies. But
RCP8.5 was intended as a l@robability high emissions scenario and it® as a businesasusual
baseline has been criticized as grossly misleaditmusfather and Peters (2@2riting in a commentary
in Nature pointed out that RCP8.5 was developed as an extremewwvargs e, and i ts misuse
as usual 0 baseline has resulted in a .large number

The implausibility of the RCP8.5 scenario was examined by Burgess(2021). The implausibility
of RCP8.5 should not be interpretedvasy unlikely(e.g. 9% percentileo r a i w pbutsatherasa s e 0
genuinely implausible owing to the implausibility of the inputs required to reach a forcing of 8% W/m
They noted that RCP8.5 has already diverged from obs&nevadks inrenergy use and the near future trends
diverge sharply from those of the International Energy Agency (IE/&jch provides markebased
projections of energy use ftie coming decadegielke Jr.et al (2022)further showed that thieistoric
and projectedEA trendsrun near the bottom of the envelsé bothRCP projectionand the more recent
Shared Socioeconomic Pathway (SSP) scenario trends

Schwalm et al. (2020) defended the use of RCP8.5 on the grounds that cumulatarei€Xidns over
20052020 track it more closely than the lower RCP scenarios. They also argue that a modified version of
the IEA scenarios closely track RCP8.5 in the coming decades. Hausfather and Peters (2020b) responded
that the skill of RCP8.5 over the 15 years is due to offsetting errors in its representation ofr@® fuel
use and land use change, and the apparent agreement with IEA in coming decades is due to Schwalm et al.
adding in very high | and us e;emissinstsackoel below REP85.1 EAOG s

Widespread use of RCP8ads a nepolicy baselinehas createa@ bias towards alarrim the climate
impacts literature. The exteoft this problem was confirmed in a literature analysis by Pielke Jr. and Ritchie
(2020). They found that some 16,800 scientific papakdishedbetween 2010 and 202@edthe RCP8.5
scenario,with about 4,500 of tharticleslinking RCP8.5tot he ¢ on c e p tasuosfu afl Bu s i Thhees
analysis Bowed how RCP8.5 was misused not only by individual researchersalsotby influential
science agencies like the IPCC and th8. National Climate Assessment (USNCA), which has directly
led to misleading coverage in prominent media outlets.

1 This extreme scenario is useful for modelers, since a large forcing generates a large response (warming) making
it easier to assess a model 6s sensitivityaucomBut thatds
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Figure 3. 2.1 Since the 1970s successive families of emission and concentration projections (colored

lines) have consistently overestimated observations (black line). Source: Hausfather et al. (2019)
Figure S4.

Pielke and Ritchie (2020) reported new studies using RG#&:& publishedt a rate of about 20 per

day, with about two per day specifically Ilinking
climate research community has spent diddahdothe® A c O
that fAThe scientific |iterature has become i mbal a

The IPCCdeveloped a new set of scenarios for AR e A Shared Soci(@®conomic
scenarioswhich have continued the bias showrthe RCP and SRES scenarios. FigBi&2 shows total
global observedCO, emissionscompiled by the International Energy Agency (IEEerged withthe
emission projection from thEIA taking account of energy use projections and current policiesothibe
lines show the range of IPCC SSé&enarios (SSP$SP5) As of 2023 global CO, emissions have been
trackingwell bdow SSP7.0 andreeven below SSR2.5
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Figure 3.2.2. Observed and projected CO2 emissions. Source: IPCC (SSP scenarios) and
Energy Information Administration (EIA). Green: observed historical emissions and EIA
projections. Other lines: SSP1-5. Data source: Friedlingstein et al. (2024).

3.2.2 The carbon cycle relating emissions and concentrations

Carbon dioxide emissions from fosilel burning (and to a lesser extafgforestatiorand cement
production) hse led to steadily increasing G@oncentrationgn the atmosphere, as shown in Bgl.3
The relation between emissions and concentration is determined blpltlad¢ carbon cyclef land and
ocean processes thaxchange carbowith the atmosphere. Our understanding of these processes was
reviewed by Crisget al. (2021).

There are about 850 Gt of c&amdbsoahofifiGtheGormdE®. t he Ea
Each year, biological processes (plant growth and decay) and physical processes (ocean absorption and
outgassing) exchange about 200 GtC of that <carbon
and 120 GtC with the oceans). Before humaivities became significant, removals from the atmosphere
were roughly in balance with additions. But burning fossil fuels (coal, oil, andeasyescarbonfrom
the ground and adds it to the annual exchamigje the atmosphererhat addition (together with a much

2 BecauseCO; is chemically transformed through the course of the carbon cycle, it is more convenient to track
atoms of carbon rather than molecule€&b. One gigatonne of carbon (GtC)eiquivalento about 3.7 Gt o€0O..
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smaller contribution from cement manufacturing) amountetdt8 GtC in 2023or only about 5 percent
of the annual exchangeth the atmosphere

The carbon cycle accommodatdsout 50 percentdf u mani t yé6s smal | annual [
the air by naturally sequestirg it through plant growth and oceanic uptakehile the remainder
accumulates in thetmosphez (Ciaiset al, 2013).For that reasorthe annual increase &aimosphericCO;,
concentratioraverages only about half of that naively expected from human emissions.

To project future C@concentrations in the atmosphere, and hence future human influences on the
climate, it is important to know how the carbon cycle might change in the fufithre historical near
constancy of that 5percentfraction means that the mo@O, humanityhasproducel, the fastenature
remove it from the atmosphere. That F@rcentfraction changes somewhat from year to year due to
natural carbon cycle imbalances from El Nino, La Nina, and varying weather patterns. There was also a
substantial additional reduction in atmosph@@; after the 1991 eruption of Mt. Pinatubo, a curious result
that has yet to be explained (Angettal, 2004).

The main processethat remove exces€£0; from the atmosphere are increasgwth of land
vegetation (especially at high latitudes), some increase in the sequestering of carbon in soils, and uptake of
CO; by the ocean due to the increasing partial pressure of atmosg@i@rimver that ofCO, dissolved in
the ocean. All twenty land carbon cycle models tracked by the Global Carbon Project (Friedletgdtein
2024) show land processes have been removing eff@ssat an increasing rate since 1959. Tlss i
consistent with a g (Chapterl.1phserged byisatalites smde enandonirey wfo n
global greenness began in 1982.

While land vegetation has been responding positively to more atmosfi@yicptake of extr&CO;,
by ocean biological processes remains too uncertain to be meesiably. Our current understanding of
these and many more carbon cycle processes was reviewed bgtG@ligR021).

COz uptake by land processes

The uptake of extr&€0, from the atmosphere by land surface processes (as also inferred from global
greening) has been modeled with 20 different dynamic global vegetation models, the outputs of which are
updated every year by the Global Carlisnject (Friedlingstein, 2024). As seen in Fi@.3, all of those
models agree that vegetation and soils have been sequestering carbon from the atmosphere. But we also see
that the longterm trends over 1959 to 2023 (65 years) vary widely between models, by nearly a factor of
7. This demonstrates that there remains considerable uncertainty in how fast land processes are removing
CO, from the atmosphere, which in turn creates uncertainty in future atmosg@riconcentrations,
whichthen produceincertanty in climate model simulations of future climate change.
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Figure 3.2.3 Trends of annual CO2 uptake (GtCO2 per year per decade) by land processes
during 1959-2023 simulated by 20 different dynamic global vegetation models periodically
reported by the Global Carbon Project (Friedlingstein, 2024).

CO, uptake by ocean processes

The uptake of extr&0O, from the atmosphere by ocean processes has been modeled with 10 different
ocean biogeochemistmodels, the outputs of which are updated every year by the Global Carbon Project
(Friedlingstein, 2024). Like the results from the land models, all of the ocean models agree that the global
oceans have been sequestering carbon from the atmosphere @easimg rate during 1958023 (Fig.

3.2.4). Unlike the land models, however, the ocean models show much better agreement with each other,
with the model producing the fastest increastit® uptake being only 6percentfaster than the model

with the mosslowly increasingC O, uptakeIn spite of the relative agreement among models, Friedlingstein

et al.(2022) notes thahere is substantial discrepancy between the different methods on the strength of the
ocean sink over the last decade, particularly in the Southern Ocean

Note that the average trend@®, uptake across all land models in Fig2.3.is 25percentarger than
the average trend in ocean uptake. This suggests land processes are increasing in their ability to remove
CO;, faster than ocean processes are increasing@agisequestration.
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Figure 3.2.4 Trends of annual CO2 uptake (GtCO2 per year per decade) by ocean processes during
1959-2023 simulated by 10 different ocean biogeochemistry models periodically reported by the
Global Carbon Project (Friedlingstein, 2024).

3.3 Urbanization influence on temperature trends

Historical temperature data over land has been collected mainly where people live. This raises the
problem of how to filter out neglimatic warming signals due to Urban Heat Islands (UHI) and other
changes to the land surfacethfseare not removed the damaight overattribute observed warming to
greenhouse gases. The IPCC acknowledges that raw temperature data are contaminated with UHI effects
but claims to have data cleaning procedures that remove them. It is an open question whether those
proceduresre sufficient.

ARG6 downplayedhis issue by saying (WGI p. 235) that no recent evidence had emerged to alter the
ARS5 finding that urbanization causes an upward bias of no more thaaerdéhtn the global land surface
warming trend. AR5 (WGI p. 189) also cited the gércentupper bound without citing a source. AR4
(WGI p. 244) cited Jonest al. (1990) and Petersaat al. (1999) as the basis of the claim. Petersbal.
had failed to find any difference in trends between rural and urban samples, although theiorefiniti
rural included local populations up to 10,000 persons while the relative influence of urbanization begins
well below that (Spencet al, 2025). Jonest al.compared rural/urbawarmingin three regions: Eastern
Australia, Eastern China and West&aoviet Union Their definition of 66rur a
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10,000 in thdormer Soviet Uniorand up to 100,000 in Chinahey found relative warming biases greater
than 10percenin these areas but conjectured that the urbanization effect averaged over the areas they did
not examine would bring the global land bias to undepet@enif the observed warming trend.

Several papers appeared in print prior to the IPCC AR4 that argued that the warming effect of UHIs
added a relatively large (3&0%) component to observed warming and was not simulated by climate
models (de Laat and Maurellis 2006, McKitrick and Michadd®7). These findings were based on
correlations between locations of maximum warming over land with locations of maximum socioeconomic
development. AR4 asserted (p. 244) that these correlations were an artefact of natural atmospheric
circulations and werim fact statistically insignificant, and on that basis set the findings aside. Their claim
was controversial because it was presented with no supporting evidence. McKitrick (2010) and McKitrick
and Nierenberg (2010) showed that taking into account vacamjectured alternative explanations for the

correlations did not affect their significance. A
evidenceo for its assessment and furt heignfiaknowl e
evidence for such contamination of therecordi . e. a war ming bias in the | a

noted, elsewhere in the AR5 report they carried forward AR4 claim that it was less tparcégtof
observed warming. Further they provided no caution about using the land record for climate measurement
despite conceding the evidence for UHI contamination. Recently 8oai. (2023) estimated an
urbanization bias in the Northern Hemisphere land record overA®&B® sufficient to increase the trend

in the blended record from 0.55°C to 0.89°C per century.

Some studies providing evidence against UHI contamination compared warming rates between rural
and urban locations (Jonesal. 1990, Petersoet al. 1999, Wickhanet al.2013). It is not known whether
such methods would be capable of detecting UHI bias even when present. The influence of UHI warming
is logarithmicin population in other wordst is strongest at low populatiaensitythenlevelsoff as local
urbanization expands (Oke 1973, Sperataal. 2025).Hencefailure to find a difference in warmg rates
between urban and rural statiodges not prove the absence of UHI contaminatdoKitrick (2013)
provided an empirical demonstration in which the rural/urban trends were not significantly different in a
data set shown on other grounds to be contaminated with UHI bias.

Parker (2006) examined a sample of urban locations and found no difference in trends between subsets
partitioned according to nighttime wind speed, concluding on this basis that urbanization could not be a
significant factor. Here again the question is thiee such a method would find UHI bias even if present.
McKitrick (2013) presented an example in which ddintaminated data did not exhibit significant trend
differences when stratified according to wind speed.

The challenge in measuring UHI bias is relating local temperature change to a corresponding change
in population or urbanization, rather than to a static classification variable such as rural or urban. Spencer
et al. (2025) usd newly available historical population archives to undertake su@mnalysisand found
evidence of significant UHI bias in.B. summertime temperature data.

In summary, while there is clearly warming in the land record, there is also evidence that it is biased
upward by patterns of urbanization and that these biases have not been completely removed by the data
processing algorithms used to produce climate skt
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4 CLIMATE SENSITIVITY TO CO2 FORCING

Chapter Summary

There is growing recognition that climate models are not fit for the purpose of determining the
Equilibrium Climate Sensitivity (ECS) of the climate to increasing.d®@e IPCC has turned to data
driven approachemcluding historical data and paleoclimate reconstructions, but their reliability is
diminished by data inadequacies.

Datadriven ECS estimates tend to be lower than climate rgeledrated values. The IPCC AR6 upper
bound for the likely range of ECS is 4.0°C, lower than the AR5 value of 4.5°C. This lowering of the
upper bound seems well justified by paleoclimatic daie. AR6 lower bound for the likely range of
ECS is 2.5°C, substantially higher than the AR5 value of 1.5°C. This raising of the lower bmssd is
justified; evidencesince ARG finds the lower bound of thieely range to be around 1.8°C.

4.1 Introduction

Themagnitude ofthe | i mat eds response t o jiscentraktatiseisaegtficc o nc e n
debate on anthropogenic climateangeandsoalsoto the publicddebateonic | i mat e acti on. 0
measure of that response is the rise in the global average surface temperature, quantifieglitibtiiem
Climate Sensitivity (ECS). ECS is defined as the amount of warming expected in response to a doubling
of CO, from its preindustrial concentration of 280 ppm, after all climate components have had time to
adjust. Some components, like temperatures in the lowersphere (troposphere), adjust rapidly, while
others such as the deep ocean and cryosphere might take as long as centuries. A related measure, the
Transient Climate Response (TCR), better describes the shorter time scales; it is defined as the amount of
warming when the C@concentration is doubled by rising one percent annually for 70 years.

The 1979 Charney Report for theS. National Academy of Sciencebldtional Research Council
1979 proposed that the most likely ECS was 3.0 = 1.5°C. The IPCC repeatedly reaffirmed that range with
only minor variations until its most recent AR6. AR5 termed 4.5°C as thdikely range (66 percent
probability) and stated that ECSastremely unlikel§95 percent probability) to be below 1.0°C arady
unlikely (90 percent probability) to exceed 6.5°C.

The uncertainty ifeCS has remained stubbornly wide, despite many individual studies that claimed to
narrowit (Hausfather 2P3). Most recently,AR6 narrowed thdikely range ta2.54.0°C and deemed the
very likelyrange to be 2i®.0°C. This narrowing on the low end is disputed, as will be discussed below.

Uncertainties in ECS are highly consequential for policy making. As will be discussed in Chapter 11,
economic models use ECS values to project the costs p€@Bsions. The traditional value (3.0 °C) has
typically yielded modest global social costs of {&nissions, sufficient to justify some policy actions, but
mostly deferred to later in this century. If ECS is very high (above 4.5°C) immediate aggressive emission
controls become more imperative, whereas ne €@flssion controls are economically juisiifle for ECS
below 2.0°C (Dayaratnat al. 2017, 2020). Obtaining a precise estimate is impossible, so policy making
needs to account for the uncertainty.

By itself, the equilibrium warming effect of a doubling of atmosph€@ is slightly more than 1°C
(Soden and Held 2006). Larger values of ECS arise from positive feedbacks that ampi@y terming.
Water vapor feedback is positive: a warmer atmosphnggét have more water vapor, which itself is a
powerful greenhouse gas. Warmer temperatures also result in less snow and sea ice cover, allowing the
Earth to absorb more of the sundés radiation. Some
around 2°C (Sherwooet al, 2020).Larger values of ECS are associated with positive cloud feedbacks.
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Climate scientists use multiple lines of evidence to determine the Equilibrium Climate Sensitivity:
A Climate model simulations

A Historical observations

A Paleoclimaticeconstructions

A Process understanding of feedbacks

4.2 Model-based estimates of climate sensitivity

The ECS ranges given in IPCC AR4 and AR5 were obtained primarily by examining the behavior of
large-scale climate models, also called General Circulation Models (GCMs). However, the IPCC changed
course in its AR6 when it turned to a more direct ahitgen methodology. Here we discuss some of the
pitfalls of using GCMs to try to determinethe Eé&rth c¢c | i mat e sensitivity.

ECS can be determined from climate model simulations by doubling the concentration ahdCO
allowing several centuries for the warming to equilibrate. To avoidhésel forsuchlong simulations,
Afeffective climate sensiti wyedr gindulatiorsin respamse toralsugdder v a |l u
guadrupling of CQ@

In principle, ECS is an emergent property of G@Mbat is, it is not directly parameterized or tuned
but rather emerges in the results of the simulation. Otherwise plausible GCMs and parameter selections
have been discarded because of perceived conflicamitxpectevar mi ng rate, or avers
climate sensitivity being outside an accepted rdhgriritsen et al. 2012)This practice was commonplace
for the models used in AR4; modelers have moved away from this practice with time. H@vewen
a CMIP6 model, Mauritsen and Roeckner (2020) state the follorearding their Max Planck Institute
(MPI) climate model (emphasis added):

iWe have documented -BSMN2 giobal climate enddel ttohneatchMiel
instrumental record of warming; an endeavor which has clearly been successful. Due to the
historical order of events, the choice was to do this practicaltgriggting an ECS of about 3 K

using cloud feedbacks as opposed to tuning the aerosol f

In other words, théM1Pl modelers chose an ECS value of 3°C and then tuned the cloud parameterizations
to match their intended result.

As noted, @dect warming from C® doubling is only about 1°CSpden and Held 2006further
warming arises from climate feedbacks that are not explicitly resolved by the GCM but rely on
parameterizations of physical processegher values of ECS arise primarily from positive cloud
feedbacks, whereas th@agnitude and even the sign of the feedbacks are very uncertain. Elements of cloud
feedback include changes in the latitudinal distribudiociouds,changen thedistributionof cloudheight
(changesn low versushigh clouds),changego the phaseof clouds(ice versudiquid), changesn cloud
particlesize(associatewvith changesn concentratiorand/orcomposition ofaerosolparticles),changesn
the precipitationefficiency of clouds,andevenchanges in how clouds are distributed over the daily solar
cycle (Curry and Webster, 1999). It is difficult for GCMs to simulate any of these processes correctly owing
to their small scale, let alone predict how they will change in the future. Furthed petcessemodulate
the magnitude®f thewatervapor,lapserate,andthe surface albedo feedbacks.
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Figure 4.1 Equilibrium Climate Sensitivities in °C of 37 climate models from the CMIP6 ensemble.
Identifiers for the various models appear along the horizontal axis. From (Scafetta, 2021)

The spread of ECS values from the CMIP5 ensemble of climate models used in AR5Wag ;0
that range increased for the CMIP6 models used in AR6 to between 1.8 and 5.7°G{@heR021,
Scaffeta 2021, see Figudel). Far fronresolvingthe modelbasedlimatesensitivitythe rangeappeas to
be growing. The main cause of the overall upward shift in ECS in CMIP6 relative to CMIP5 is a larger
positive cloud feedback, driven by changes to the cloud parameterizations in many CMIP6 models (Zelinka
et al, 2020)

Because of concerns about model tuning and the $agisitivity to cloud parameterizations, AR6
(2021)did notrely on climatemodelsimulationsin theirassessmemf climatesensitivity,relying insteacon
datadrivenmethods.

4.3 Data-driven estimates of climate sensitivity

Climate sensitivity can also be estimated from instrumental records of surface temperatures and ocean
heat content, combined with estimates of how climate forcings (e.g., greenhouse gases, solar, volcanoes,
aerosols) have changed in the past (@ttal, 2013). Using this information, a simple empirical Energy
Balance Model can be employed. It requires estimating a feedback parameter whose uncertainties are highly
amplified in the resulting ECS (Roe and Baker, 2007).

The accuracy of the datitiven methods depends on the quality of the input data. Assumptions are
needed about ocean heat storage goudl data is only available for recent decadée greatest source of
uncertainty is the amount and composition of aerosol particles and their interactions with cloud radiative
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properties (the soalled aerosol indirect effectee Figures 3.1.1, 3.).Zlimate models exhibit warming

in response to GHGs but cooling in response to aerosols (Sctevatz2007). Observed 20century

warming can be shown to be consistent either with low ECS and low aerosol cooling, or high ECS and high
aerosol cooling. Since fossil fuel use adds both GHGs and aerosols to the atmosphere, both effects need to
be estimated to isolate the warmefgect of CQ.

Paleoclimate proxies are also used to evaluate the sensitivity of past climates by comparing
pal eocli mate changes in the Earthés temperatures
informative periods are the last glacial maximum (around 20,686 ago), which was abolit/3C colder
than today, and a miBlliocene period (roughly three million years ago), which wi& @ warmer than
today. The limits on cooling during the last glacial maximum give the best single evidence that high values
of climate sensitivity are unlikely. However, paleoclimate estimates are associated with very large
uncertainties in the estimated temperatures and forcings. Further, estimates of climate sensitivity based on
past climate statemightnot beapplicable tdhe current state of the climate system.

A recurring theme in the climate literature is that ECS estimates based on historical data are smaller
than ECS estimates inferred from climate models (Sherwood and Forest 2024). About 15 estimates based
on historical data appeared in the pemirewed lierature between 2012 and 2024 yielding ECS best
estimates between 1.0°C and 2.5°C, although critics have gquestioned some of the methods and the data
quality. For ARG, the IPCC placed primary weight on the results of Sheretcd2020) that combined
historical dataand paleoclimate proxiesith the procesbased approacand yielded a best estimate of
3.1°Cwith alikely range of 2.63.9°C Lewis (2022) raised a number of concerns about this result, including
met hodol ogi cal errors, outdated input values, and
analysis found that climate sensitivity is estimated to be much lower dted benstrained than in the
Sherwoocet al.analysis’ median 2.2°C (118.7°C in the 1¥83 percentikely range, ad 1.6 3.2°C in the
51 95 percenvery likelyrange). The IPCC ARG estimated only a 5 percent probability that ECS was below
2.3°C, whereas Lewis estimated it to be over 50 percent. The most recent publications on the debate
between Sherwooetl al.and Lewis further defend their respective positions: Sherwood and Foster (2024)
and Lewis (2025).

An argument emphasized in ARG is that ddteven ECS estimates might understate the future warming
response to GHGs because of ecsal | ed A pat t eetal 202)f Taecttopical Pdeificriss t e r
believed to strongly influence the overall efficiency with which the Earth radiates heat to space, but some
regions remove heat more efficiently than othershdf westto-east temperature gradient in the tropical
Pacific is weakened im warming climate, warming wouldoncentrag where heat is less efficiently
removed, raising ECS.

Most climate models simulate that rising GHGs will weakemtbesteastemperature gradient, which
led the IPCC in AR6 to conclude that dalidven ECS estimates understated thwire ECS value.
However, Seagest al. (2019) pointed out that, contrary to models,wWesteastemperature gradient has
been strengthening over time. They further argued that the mechanism predicting otherwise in climate
models was based on a faulty characterization of oceanic dynamics and there is no reason to expect the
gradent to weaken. A similar argument was recently made byeteb( 202 4) , who theoncl ude
trajectory of the observed trend reflects the res
other words, GHG warming should lead to a future strengthening rather than a weakening of the temperature
gradient. Increased efficiency of atmospbeooling implies, if anything, that the future ECS in a warming
climatemightbelowerthan current estimates.
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4.4 Transient Climate Response

The Transient Climate Response (TCR) provides a more useful observational constraint on climate
sensitivity. TCR is theglobal temperature increasieat results when CQs increased at an annual rate of
1 percent over a period of 70 yeais.( doubled gradually). Relative to the ECS, observationally
determined values of TCR avoid the problems of uncertainties in ocean heat uptake and the fuzzy boundary
in defining equilibrium arising from a range of timescales for the loteyen feedback prassesd.g, ice
sheets). TCR is better constrained by historical warming, than ECS. ARG6 judgeshythikelyrange of
TCR to be 1.22.4°C. In contrast to ECS, the upper bound of TCR is more tightly constrained. For
comparison, the TCR values determined by Lewis (2023) are 1.25 to 2.0°C, showing much better agreement
with AR6 values than was seen in a comparisiothe ECS values.
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5 DISCREPANCIES BETWEEN MODELS AND |INSTRUMENTAL
OBSERVATIONS

Chapter summary

Climate models show warming biases in many aspects of their reproduction of theveastiecades.

In response testimatecchanges in forcing they produce too much warming at the surface (except in
the models with lowest ECS), too much warming in the learet midtroposphere and too much
amplification of warming aloft.

Climate models also produce too much recent stratospheric caalsatid hemispheric albedogo
much snow loss, and too much warming in @oen Belt. The IPCC has acknowledged some of these
issues but not all.

5.1 Introduction

Climate models are the primary tool used to project future climate changes in response to increasing
atmospheric levels of anthropogenic greenhouse gaseassbBsdhe fithessof climate models for this
purpose, it is reasonable to ask how well tregyroducehe currentlimateand itsvariations over the past
century. The box ACIimate modelingd gives some de:

Of great concern is the fact that, after several decades of the climate modeling enterprise involving
approximatelythree dozen models operated by research centers around the world, the range of future
warming they produce in response to a hypothetical doubling of atmospherext@@ds over a factor of
three as we discussed in the previous chafthis range of disagreemearhongmodels has natecreased
for decades.

Problems with climate models are not just in their disagreement over the future, but also in their ability
to replicate the recent past. Here we review some of the most important metrics of climate model accuracy:
ability to reproduce historical surfaceropospheric and stratospheric temperature treabdity to
reproduce the vertical warming profilend ability to reproduce other climate features such as snowfall. In
all cases a persistent finding is that models on average err on the side of tooarmaigvin response to
estimatedhistorical forcings.
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BOX: Climate modeling

All but the simplest climate modelspresent Earth's land surface using a grid of sqsaree100 km wide. To
simulate the atmosphettgpically 30 or moregrid boxes are stacked above these squares. The ocean is mod
using a similar but finer grid, resulting i@ns ofmillions ofgrid boxes for the atmosphesadocears.

The computer models, based on physical laakulate how air, water, and energy move between grid boxes
over time. The time step can be as small as 10 minutes, and repeating this process millions of times allow
simulation of climate over centuries. Running these models, even on the mosupsugefcomputers, can
take months. Comparing simulation results with historical climate data helps assess the accuracy of a mo
while projections into the future estimate climate changes under assumeddnohraatural influences.

Despite sounding straightforward, climate modeling is highly complex. Many critical processes occur at scj
smaller than the grid size. For instance, the flows of sunlight and heat in the atmosphere depend strongly
cloud cover. Since tracking individlclouds is impractical, researchers must nigksagrich assumptions

about the distribution of clouds in each grid box. Snow and ice cover, which affects how much sunlight is
reflected or absorbed by the surface, is another subgrid factor.

Each subgrid assumption requires numerical parameters, which must be carefully set. Modelers initially

estimate these parameters based on physics and observed climate patterns, then run the model. Because early
results often diverge significantly from reabrld observations, thefftuned these parameters to better match
observed climate features. Different modeling teams use distinct assumptions and tuning strategies, leadipg to
varied outcomes. Tuning is a necessary but delicate aspect of climate madeltrigfor any complex system.
Poor tuning can result in inaccurate simulations, while excessive tuning risks artificially steering results toyard
predetermined conclusions.
The spread of modeépresentations of the current clima&teery wide.One of the most basic indicatérs
Eart hds aver ag ed varissbyahotut8°C accossMI®6 naotlelgariar to 1880(Figure5.1),
narrows slightly until 2040 then diverges to over 4 F6x. comparison 20century warming was only about
1.0°C.This variationsuggestss ubst anti al differencesesamong modelfsd p
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Figure 5.1 CMIP6 Average surface temperature range across 33 models and standard deviation using SSP5-85 scenario.
Data from KNMI Climate Explorer website at https://climexp.knmi.nl/start.cqi.
Beyond the model sfé aahluirleist yoft o ordeapyrbosd wccle mat e, the cr
they predict responses to subtle human influences, such as greenhouse gas emissions, aerosol cooling, and land

use changes. The most crucial aspleatmodels must capture correctlyfifeedbacks) These occur when
climate changes either amplify or suppress further warnhingeneralthe modelednet effect of all feedbacks
doublesor triplest he direct warming i mpact of CO
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5.2 Surface warming

A straightforward test o& climate moded salidity is its ability to reproduce historical warming in
response to known past changes in climate drivers such as greenhoudeigiarges.2s reproducedrom
Scaffeta (2023Yhatgroups thdatestgeneration (CMIP6) climate modefgo low ECS (1.5 to 3.0 degrees
C), medium ECS (3.0 to 4.5 degrees C) and high ECS (4.5 to 6.0 degrees C), and compares1B8d post
global average temperature simulation ranges to those of three surface temperaturenecomisatellite
based lower troposphere temperature data product.

The leftmost column shows that the I®&CS models track the pe$980 historical warming record
reasonably well, but the middle and right columns show that the medinoh highECS models
conspicuously ovepredict the warming.
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Figure 5.2: Model-Obser vati onal comparisons for Earthds surface

to model groups showing low-ECS (13 models) medium-ECS (11 models) and high-ECS (14 models),
while the rows correspond to widely-used observed temperature records, the first three showing
surface averages and the fourth showing the lower troposphere average. In each panel the yellow
area denotes the mean and range ( one standard deviation) of climate model simulations for that
group. The thick black line shows the observed annual average temperature in the indicated record.
Source: Scafetta (2023) Fig.2.

Spencer (2024) has also provided a useful summary of the Mdbelrvation mismatch lmomparing
trends insurface temperature data produeith those in individuaklimate models as summarized in
Figure5.3 mostclimate models show substantially more warming than the observaiimmes1979
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Figure 5.3 Global surface air temperature trends (°C/decade), 1979-2024, from various CMIP6 climate
models (red, 30-model average in orange); and the average of three thermometer datasets
(HadCRUT5, NOAA Global Temp, and Berkeley 1 deg.) and two reanalysis datasets (ERA5 and
NCEP/NCAR R1) in blue. Data source: https://climexp.knmi.nl/start.cgi.

5.3 Tropospheric warming

It has long been known that climate models on average overstate warmingropiba troposphere
This region is an important testadimatemodels since this is where the signal of anthropogenic greenhouse
warming emerges first and most strongly. Biases in tropospheric trends indicate model flaws in heat transfer
processethatcarry over to surface warming biases.

The discrepancyvas flagged as a serious inconsistency in the fir&. Climate Change Science
Program report (Kart al. 2006) and has been mentioned in every IPCC report,dicthe discrepancy
has gotten worse over timand the bias is now global. McKitrick and Christy (2020) congare
tropospheric warmingrendsin CMIP6 climate models tobserved trendisom satellites, weather balloons
and reanalysis systentsvery model overpredietlthe averageobserved warming trenover 19792014
in both Lower and Mid-Troposphere layers, both globally and in the tropicsost individuaimodelsthe
biaswas statistically significant and on averaagross modelg was highly significant.

34



Figure 5.4 presents the comparisons with data updated to(RRXitrick and Christy 2025)The
recent warm years moved the observed trend up slightly and widened the trend confidence intervals but the
overall pattern remains the same: model bias is towards too much warming, in most cases the difference is
statistically significant and on averagee bias is statistically highly significant. McKitrick and Christy
(2020)also showdthat the bias is larger in highCS models, but even the models with loweerage
ECS predict too much warming.fliture climatemodels were to realistidly represent global tropospheric
warming,theywould likely be less sensitivihan even the IovECS members of the CMIP6 ensemble
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Figure 5.4: Observed versus CMIP6 modeled warming trends (°C/decade 1979-2024) in the global
and tropical lower (LT) and mid-troposphere (MT) using the methodology of McKitrick and Christy
(2020) on data updated from 2014 to 2024. Blue dots: warming trends with 95 percent confidence
intervals for 3 data products (radiosondes, reanalysis, and satellites). Blue dashed line: warming
trend average for 3 observed series. Red dots: modeled warming trends with 95 percent confidence
intervals in 35 models arranged lowest to highest.

As mentionedpreviously the IPCC has long acknowledged the memlgdervation mismatch-or
example AR6 pp. 443444 offers this on the tropicafroposphere (it does not addrese global
comparison):
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Several studies since AR5 have continued to demonstrate an inconsistency between simulated and
observed temperature trends in the tropical troposphere, with models simulating more warming
than observations (Mitchedt al, 2013, 2020; Santet al, 2017a, b; McKitrick and Christy, 2018;
Po-Chedley et al, 2021) é OVvieodd perioce motlds7a®e more consistent with
observations in the lower troposphere, and least consistent in the upper troposphere around 200
hPa, where biases exceed 0.1°C per decadeeral studies using CMIP6 models suggest that
differences in climate sensitivity may be an important factor contributing to the discrepancy
between the simulated and observed tropospheric temperature trends (McKitrick and Christy, 2020;
Po-Chedleyet al, 2021), though it is difficult to deconvolve the influence of climate sensitivity,
changes in aerosol forcing and internal variability in contributing to tropospheric warming biases
(Po-Chedleyet al, 2021). Another study found that the absence opatmesized negative tropical

cloud feedback could explain half of the upper troposphere warming bias in one model (Mauritsen
and Stevens, 2015).

€ In summary, studies continue to find that CI
than observations in the tropical mathd uppeitroposphere over the 1978014 period (Mitchell

et al, 2013, 2020; Santeat al, 2017a, b; Suare@utiérrezet al, 2017; McKitrick and Christy,

2018), and that overestimated surface warming is partially responsible (Métla¢)l2013; Pe

Chedleyet al, 2021) . é. H e nncediym conéidenatsat EMPS and iCMIR6

models continue to overestimate observedni@g in the upper tropical troposphere over the

1979 2014 period by at least 0.1°C per decade,

Notably, despite the accumulation of evidence of excess model warming theafi3ig@only medium
confidencdo the existence of a warming bias.

5.4 Vertical temperature profile mismatch

Another importantmodelobservational discrepancy is the excess amplification with altitude found in
climate modelsThe comparison wags AR5 Chapter 10, although only in the online supplentEigiure
10.SM.1) and only in a figure whose formatting obscured the gégure10.SM.1is not referenced in the
mainIPCCreport nor in any summaso readers would not have been aware. &lihough not apparent
at first glanceit showsthat the 1972010 warming in the lower troposphere issmall as to beonsistent
with noGHG forcingat alland is inconsistent with the model runs that do have GHG forcifiggure 5.6
we adapt IPCC AR5 Figure 10.SM.1 to draw out this critical point.
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Figure 5. 5: Vertical warming pattern for tropics (20S to 20N). Horizontal axis:
°C/decade. Source: Annotated version of IPCC AR5 Figure 10.SM.1

Figure 55 comparesnodel and observationlmperature trends by altitubdetween 20S and 20N (the
tropics). In this region where the models say the warming should be strongest, the observations (shown here
in white) lie within thebluei NGOx0 band and enti €@&d yr editesn el dppe. AW
that in the entire tropical atmospheric column from the surface tbabe of thestratospheregpbserved
warming trends are so smabh to beconsistent with the output of models that havanihropogeni€O;,
and inconsistent with the entire envelope of warming trendsrgéed by models forced with increased
CQ..

A similar comparison is shown in Christy and McNider (2017), an updated version of which (covering
19792024) is reproduced as Figur&SModeled temperature trends exceed observations from the surface
through the top of the troposphere, with observed trends below the entire model range at most pressure
levels. Also shown in Figure &Gis the tropical tropospheric temperature (TTT) average from three satellite
data products (NOAA, UAH and RSS) compared to the same layer average from climate models for 1979
2024.Again, the observed trends lie below the entire model range.

The wide range of choices made by modelers to characterize the physical processes in the models (see
Box: Climate Modeling in Section 5.1 above) is seen by the large spread of trends in théropddjghere
+40 percentabout themedian (Figire 5.6). This vividly illustrates the uncertainties attempts to model
(parameterize) a complex system involving turbulence, moist thermodynamicenergy fluxes over the
fullrangeoft he t r opi c aine aad spacesspalee r e 6 s
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Figure 5. 6: Modeled versus observed warming, tropical troposphere. Source: updated
from Christy and McNider (2017) including data through 2024 and CMIP6 model outputs.
Red line: model average. Green and blue lines: observational series (reanalysis).

This discrepancy has been the source of much controversyomitrasguingthat even if there is very
little observed warmingloft in the tropiccafihot spot 6 st i | | exists in the
greater than at the surfag@anter et al. 2@&). But there is good evidence that models also exaggerate the
amplification rate. Klotzbachbt al.(2009) showed that models project greater amplification with altitude
than is observed his result was subsequently confirmed by detdilee series analysis (Vogelsang and
Nawaz 2016whichfound thatthe modelobservational difference is statistically significant

The atmospherebdés temperature profile is a case v
commonwarmingbias relative to observations. This suggests that itissepresentertain fundamental
feedback processes.

The IPCC AR&id not assess this issue

5.5 Stratospheric cooling

An i mportant el ement of the expected gener al i
simultaneous warming of the troposphere and cooling of the stratosfhwerdatter feature is also
influenced by ozone depletion and recoveé&R6 acknowledged that cooling had been observed but only
until the year2000.The stratosphere hahownsome warmingince contrary to model projections

AR6 WG1 Ch 2 pp. 32D states:
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Temperatures averaged through the full lower stratosphere (rougt®p kbn) have decreased

over 19802019 in all data products, withe bulk of the decrease prior to 2000e decrease holds

even if the influence of the El Chichon (1982) and Pinatubo (1991) volcanic eruptions on the trend,
found by Steineeet al. (2020a) to have increased the 182@18 cooling trend by 0.06°C per

decade, is removedlost datasets show no significant or only marginally significant trends over

2000 2019, and the results hiliponaet al. (2018) show weak increases over 2ML5in the

very | owermost stratosphere sampled by radioso

It is virtually certain that the lower stratosphere has cooled since th2Qthiccentury. However,
most datasets show tHatver stratospheric temperatures have stabilized since thé98ik with
no significant change over the last 20 yedtds likely that middle and upper stratospheric
temperatures have decreased since 1980, but there is low confidence in the magnitude.

The cited source, Philiporetal.( 201 8) , in an article entitled fARadi
Cooling, the Lower Stratosphere Is Now Warmingo,

In response to continued greenhouse gas increases and stratospheric ozone depletion, climate
models project continued tropospheric warming and stratospheric cooling over the coming decades.
Global average satellite observations of lower stratospheric tatopes exhibit no significant

trends since the turn of the century. In contrast, an analysis of vertically resolved radiosonde
measurements from 60 stations shows an increase of lower stratospheric temperature since the turn
of the century at altitudes tveeen 15 and 30 km and over most continents. Trend estimates are
somewhat sensitive to homogeneity assessment choices, but all investigated radiosonde data sets
suggest a change from late twentieth century cooling to early 21st century warming in the lower
stratosphere.

Santer et al. (2023)seupdated datéao showthat a cooling trend has not-eenerged in the lower
stratosphere.

A combination of tropospheric warming and stratospheric coolingésrenonly citedi f i nger pri nt o
anthropogeniclimate changeStratospheric warming since 2000 coincides with continued surface and
tropospheric warming, a pattern that is not found in climate model simulations and is not apparently
consistent with the anthropogenic fingerprint.

5.6 Snow cover mismatch

Datacompiled by the Rutgers University Snaab showthat Northern Hemisphere winter snow cover
is not decreasing (Figure?;, if anything, it shows an increasing trend.
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Figur e 5.7: Northern Hemisphere Winter Snow extent.

Source: https://climate.rutgers.edu/snowcover/chart_seasonal.php?ui_set=nhland&ui season=1

(accessed May 27, 2025)

Yet models project declining Northern Hemisphere snow cavex warmingclimate as described by
Connollyet al.(2019).

The climate models were found to poorly explain the observed triimdgorthern Hemisphere
snow cover] While the models suggest snow cogbould have steadily decreased for all four
seasons, only spring and summer exhibited a-teng decrease, and the pattern of the observed
decreases for these seasons was quite different from the modelled predMbossver, the
observed trends for autumn and winter suggest atienmg increase, although these trends were
not statistically significant.

ARG largely confines its discussion of changing Northern Hemisphere snow cover extent (SCE) to the
Spring seasaqrior which models and observations agree on a downward trend. Regarding Winter changes
it remarks as follows (AR6 WGI Ch. 2 p. 344).

Assessment of SCE trends in the NH since 1978 indicates that for the October to February period
there is substantial uncertainty in trends with the sign dependent on the observational product.
Analysis using the NOAA Climate Data Record shows an increa€tober to February SCE
(HernandezHenriquezet al, 2015; Kunkelet al, 2016) while analyses based on satellite borne
optical sensors (Hort al, 2017) or multiobservation products (Mudry&t al, 2020) show a
negative trend for all seasons.
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AR6 WGI Chapter 9 (p. 1284) points out that the NOAA Climate Data Record showing increased fall
and winter SCE is inconsistent with labdsed observations and mothelsed data sets. It notes that using
optical satellite imagery to infer SCE in winter isatlenging due to cloud cover and decreased solar
illumination in winter monthsFocusing on the Pacific Coast states (CA, OR and WA) cold season
mountain snowfall that melts in spring and summer provides a substantial portion of warm season water
resource. A comprehensive reconstruction of snowfall for the main source regions (Cascades and Sierra
Nevada Mountains) indicates no significareinds in annual totals since the late 19th century (Christy
2022).

In summary, the upo-date Rutgers SCE database indicates a mismatch between models and
observations. Further work to reconcile conflicting trends in observational data sets is required.

5.7 Hemispheric symmetry of the planetary albedo

The planetary albedo is the fractionimfomingsolar radiation reflected by the Earth back to spdice
is an importanelemenbf the radiativeenergybalance anihfluenceswvhether the planet will warm or cool
over time.The planetary albedo is typically estimated at around 0.30; variations on the scale of 0.01
correspond to changes in solar forcing of about 3 3Van amount larger than current anthropogenic
forcing. It has long been noted that models disagree with each other and with observatitngaine of
the global planetary albedo (Stephensl.2015).

An intriguing property of the Earthdés albedo is
Southern Hemisphere (SH) have had nearly the same albetiast throughout the fiftyear satellite
record (Stephenst al, 2015).This symmetry is surprising, because the SH has much more ocean than
land. Since ocean is less reflective than land, the NH should have higher albedo. Clouds (which are highly
reflective) are more common in tidH andso compensate the surface albedo imbalances of the two
hemispheres. Datseris and Stephens (2021) show that this cloud compensation comes from the extra
tropical storm tracks of the SH, which are cloudier than tlmdsbe NH. While the mechanism for this
hemispheric symmetry is unclear, it likely operates on large temporal and spatial scales.

The hemispheric symmetry of the albedo is a simple gross metric for climate nfigdsstein and
Hakuba (2023) defined that metric as the difference between the NH and SH annual mean albedos,
expressed as Wrhof the reflected sunlight, and compiled it for the CMIP6 climate models, as shown in
Figure 58. Mostof the CMIP6 models do not reproduce the small observed asymmetry (about )1 Wm
and even disagree as to which hemisphere is more reflective. Moreover, the magnitude of the asymmetry
ranges up t& Wni?in some models, twice as large as the current anthropogenic forcing (abdir?2).

The significance of unphysical albedo asymmetries in the climate models is not yet fully known.
However, other model studies suggest that interhemispheric changes in albedo can alter poleward heat
fluxes, meridional temperature gradients, storminessdédfetences in hemispheric ocean heat storage.

The discrepancy between models and observations further raises issues regarding cloud feedback processes
and so more generally diminishes confidence in model projections of the future climate.
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Figure 5.8. Differences in 20-year average reflectivity (albedo) between the Northern and
Southern Hemispheres for CMIP6 models used in the most recent IPCC assessment (colored bars).
The very small observed difference is indicated by the vertical black line. From Rugenstein and
Hakuba (2023).

5.8 U.S.Corn Belt

One of the largest discrepancies between models and obserigiiotise U.S. Corn Belg region of
particular importance to global food productidfigure 5.9 shows the warming trends for summertime
(June, July, August) for the 42ate Corn Belt (IN, IAIL, ND, SD, MO, MN, WI, MI, OH, KS, NE) during
19732022. All 36 climate models (red) watfiar too rapidlycompared to observations (blue)
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Figure 5. 9: Modeled versus observed warming trends in the U.S. Corn Belt, 1973-2022.

As discussed in Chapté&r the anticipated negative effects of increasing temperatures on U.S. corn
yields have not materialized, in contrast to widely publicized studies proclaiming that theoretical future
impacts are already being experienced (Seageet al, 2018).

The IPCC acknowledges limitations in the accuracy of regional climate model outputs. This example
shows that users need to assess model projections carefully orby-case basis since local biaseight
be sufficiently large that the models are simply not fit for purpose. As has recently been noted by two
leaders of the modeling community (emphasis added)

7

e for many key appl i clatémodesoutput a for assessinglangee r e g i
scale changes from smaltale processes, we believe tthet current generation of models
is not fit for purpose. (Palmer and Stevens 2019)

To summarize:

9 Climate models show warming biases in many aspects of their reproduction of the past few decades.
1 They produce too much warming at the surface (except in the models with lowest ECS), too much
warming in the loweand midtroposphere and too much amplification of warming aloft
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1 They also produce too much stratospheric cooling, too much snow loss, and too much warming in
theU.S. Corn Belt.

1 The hemispheric albedo difference in individual climate models ranges widely in sign and
magnitude compared to observations. The range in®Wgrthree times larger than the direct
anthropogenic forcing a€O..

1 The IPCC has acknowledged some of these issues but not others.
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6 EXTREME WEATHER

Chapter Summary

Most types of extreme weather exhibit no statistically significant-teng trends over the available
historical record. While there has been an increase in hot days h$heince the 1950s, a point
emphasized by ARG, numbers are still low relative to the 1920s and 1930s. Extreme convective storms,
hurricanes, tornadoes, floods and droughts exhibit considerable nedwiadility, but longterm

increases are not detected. Some increases in extreme precipitation events can be detected in some
regions @er short intervals buhe trends do not persigver long periods and at the regional scale.
Wildfires are not more common in théS. than they were in the 1980s. Burned area increased from
the 1960s t & howewitielawcompared o@heé éstimated natural baseline |e8l.

wildfire activity is strongly affected by forest management practices.

6.1 Introduction

High impact weather extremes, usually related to temperature, precipitation and/or high wind, can
disrupt infrastructure and therefore endanger human health and wellbeing. The issue is not whether
extremes occur. Rather, it is whether there are-teng (decadal scale) changes in the frequency or
character of extremes (fidetectiono), as well as t
in hazards are caused by anthropogenic emissions ¢
et al.2021).

Processhased understanding and simple thermodynamic arguments have been invoked to assert that
warming is worsening extreme weather eveldtavever, it is naivéo assume that any recent extreme event
is caused by human influences on the climate. Climate is about the statistical properties of weather over
decades, not single eventBurther there are only about 130 years of reliable observational records that
can be analyzed statistically. That brief interval does not begin to contain all the extetseteat the
climate system can create on its own. Over geologic time the climate system has generated an (essentially)
infinite variety of weather patterns and extremes that humans have never observed and thus are absent from
the databases used to detme extreme statisticsg¢ePerils of short data recordselow]. For that reason,
attributing an extremevent unprecedented in the recoedjuires assumptions about the magnitude of
natural variations.

This chapter is concerned with detection of trends in extreme weather, while Chapter 8 considers causal
attribution, with Section 8.4 specifically addressing extreme weather. If no trend is detected, then clearly
there is no basis for attribution. But ewghere a trend is observed, attributiorhumanrcaused warming
does not necessarifgllow.

This is especially true for precipitation events. The hydrological literature has long nopgdgbece
of long, slow and irregular oscillations rainfall data (Hurst 1951, Cohn and Lins 2005, Markonis and
Koutsoyiannis 208). The characteristicof these natural patterngquire long records to accurately
estimate variability. Analysis of records that are short relative to thecafaadeural variabilitywill tend to
misrepresent trengdsherefore overstating the significance of apparent trends amerastimating the
likelihood of extreme events (Cohn and Lins 2005).
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Figure 6.1.1: The annual minimum depth of the Nile River near Cairo over more than 650
years from 622 to 1284 A.D. The data, measured in meters, shows a characteristic pattern
of year-to-year fluctuations around longer-term trends. Data from Koutsoyiannis (2013)

A good example dhisis the eighicentury long record of the annual minimum height of the Nile River
observed at Roda Island in Cairo shown in Figure 6.THe Nile River is fed by precipitation over a 4
million square mile drainage basin, an area equal to about one third of CGMO& human influences on
the global climate were negligibleng before the 20 century, the centurgcale variability of the thirty
year average is entirely natural; Egyptians of the seventh and eight centuries would have been incorrect to
assure t hat the worsening drought during that time w

With these caveats in mind, we examine the evidence for changes in selected weather and climate
extremes. Arecurringtheme is the wide gap between public perceptions and scientific evidence. It has
become routine in media coverage, government and private sector discussions, and even in some academic
literature to make generalized assertions that extreme weather yealis getting worse due to GHGs
and fAclimate change. 0 Yet expert assessments typi
instead have emphasized the difficulty both of identifying specific trends and establishing a causal
connection with anthropogenic forcing.

In the sections to follow we provide excerpts from various IPCC and NCA assessment reports denoting
the sources as follows:

SREX: The IPCCSpecial Report on Managing the Risks of Extreme Events and Disasters to Advance
Climate Change Adaptatid2012)

ARG6: The IPCCSixth Assessment Report Working Grouf021).

NCA4: The U.S. Climate Science Special Repat the Fourth National Climate Assessm¢p017)
Volume 1.

NCADS: Fifth National Climate Assessmef@023).

In the excerptsitalics are in the original wheredmwldface emphasis has been added.
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Additionally weusestandard government sources to provittermation through 2024 wherever possible.

6.2 Hurricanes and tropical cyclones

ARG6 provides the following assessment of tropical cyclones (TCs; used here as a synonym for
hurricanes):

ARG6: There idow confidencén most reported longerm (multidecadal to centennial) trends in TC
frequency or intensitpased metrics due to changes in the technology used to collect teablest
data. (IPCC, 202fh. 1585

ARG: It islikely that the global proportion of major (Categoiybgtropical cyclone occurrence has
increased over the last four decades . . . Thel@vsonfidencen longterm (multtdecadal to
centennial) trends in the frequency ofeditegory tropical cyclones. (IPCC, Z03PM p. 9

ARG6: A subset of the bestack data corresponding to hurricanes that have directly impacted the
United States since 1900 is considered to be reliable, and slodvend in the frequency of U.S.
landfall events (IPCC 2021 p. 1585)

Since 1980, when satellite observatifirst fully covered the global oceans, we have confidence in the
numbers of total global hurricanes and major hurricanes (Category 3 and higher). Figure 6.2.1 shows that
on average, each year there are about 50 hurricanes, with about 25 reaching major Btatia(Maue,

2025). There is substantial yearyear and decadal variabilitta weak decreasen the number of
hurricanesand a slight but insignificarincreasein the number of major hurricanebhese twotrends
combine to create asverall increasén the proportion of major hurricanes.

Global hurricane statistics are dominated by the Northwest Pacific Ocean, which accounts for ~35
percent of total global hurricanes, whereas the Atlantic accounts for ~15 percent of global hurricanes
(ColoradoState University, 2025). Data in the Atlantic basin extends further back than in the other ocean
basinsand is most relevant to U.S. policy makers.

48



Global Major Hurricane Frequency — 12 month running sums — @RyanMaue

Updated March 10, 2025 Last 30-years, annual: 45H | 24 M
70 -
All Hurricanes
64 knots+ i 9
i .3 2y N & g £ g o {
28 = L v 3 ] (et o 1
d: 3 Q i " . ] qQ « ¢l o
. o 3 f ] o Nad\E d 9
& " [l e . 1 4 | (s kRd [ ¢ { '.‘ ol 511 B ¥
¥ R | % o il q8) S 2 . s . | Bd | B d
40 7 LH‘I. Ll ~.‘:-. T tt‘. Q .:Ll .! o ‘I}.‘ - it i ‘.
" ‘ ' 1 ELo R | h
b i v 4 LRI ‘g ] i ’
i ; > WY H TR { desd L& TN L i i | F& | 27
i [e¥g |l | ahd 1 I TR | l 1§ &' 1g 4 ‘.:‘ il | Il I ] .
SR . . 4 bl I > &l I s |
20 Hg ¢ N ey s 0 it [
LY Wl ]
Major Hurricanes
10 1 96 knots+

80 82 84 86 88 90 92 94 96 98 00 02 04 06 08 10 12 14 16 18 20 22 24 26
Figure 6.2.1: Global frequency of hurricanes and major hurricanes since 1980. Source: Updated
from Maue 2011.

Figure 6.2.2 shows the frequency of Atlantic hurricanes and major hurricanes (Category 3 and higher)
back to 1920. Data prior to 1965 (the onset of satellite observations in the Atlantic, shaded in blue) shows
some undercounting, with data prior to 192®wing substantial undercounting (Vecchi and Knutson,
2011).All measures of Atlantic hurricane activity show a significant increase since 1970. However, the
period from 19711994 saw exceptionally low activity, with high activity (comparable to the past two
decades, even with undercounting) also observed
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North Atlantic Hurricane Climatology
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Figure 6.2.2: Atlantic frequency of hurricanes (HR) and major hurricanes (MHR) since 1920. Source
National Hurricane Center (2024)

Figure 6.2.2 shows that Atlantic hurricanes vary strongly on decadal andenatiial time scales.
These variations are associated primarily with the Atlantic Multidecadal Oscillation (AMO), which is
manifest in basikwide sea surface temperature andleeal pressure fluctuations connected to large scale
ocean circulation patterns. The AMO was in its warm phase duringl®ZBand 199%resent, but in its
cool phase during 1971994.1t has its greatest impact on the number of major hurricanes (Categpr
which Goldenberget al. (2001) associated with above normal SSTs and decreased vertical shear in the
AMO warm phase (see also Bell and Chelliah, 2006; Klotzleael, 2018).

Klotzbachet al.(2018) conducted a comprehensive evaluation of the landfalling hurricane data for the
Continental U.S. since 1900. Figur@.8.updates their analysis through 2024. While the largest numbers
of landfallinghurricanes are from 2004, 2005 and 2020, there is no statistizailficant trendsince 1920.
Figure 6.2.3 also shows the time series for major hurricane landfalls (Categjoritie largest year in the
record is 2005, with 4 major hurricane landfalls. Howefa@lowing 2005therewere no major hurricanes
striking the U.S througB016, thdongest such period since 1920
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United States Landfalling Hurricane Climatology
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Figure 6.2.3: U.S. landfalling frequency of hurricanes (HR) and major hurricanes (MHR) since 1920.
Source NOAA HRD(a) (2024)

Figure 6.2.3shows sbstantialinterannual to multidecadal variability in U.S. landfall activity
Klotzbachet al.(2018) examined how the landfall counts vary with ENSO (FibNiersus La Mja) and
the warm versus cold phases of the Atlantic Multidecadal Oscillation (AMO).

Villarini et al.(2012) provide an analysis of U.S. hurricane landfalls back to 1878. While it is possible
that some landfalls were missed in the latd d@ntury owing to sparsely populated regions on the Gulf
Coast, it is remarkable that the highest year in the entire record is 1886, withicanelandfalls,when
human influences on the climate were much smaller than they are today.

Table 6.2.1 shows the 10 strongest hurricanes (plus ties) to make U.S. landfall. Of the hurricanes that
have made landfall with sustained winds greater than 150 mph, only one has occurredsteémeuRyL

In summary, analyses of both global and regional variability and trends of hurricane activity provide
the basis for detecting changes and understanding their causes. The relatively short historical record of
hurricane activity, and the even shorter reciooin the satellite era, is not sufficient to assess whether
recent hurricane activity is unusual relative to the background natural variability. Atlantic hurricane
processes are influenced substantially by the natural modes of ocean circulation variabaittlantic,
notably the Atlantic Multidecadal Oscillatiowhile it has long been hypothesized that a rising global sea
surface temperature would cause an increase in hurricane intensity, identification of any significant trend
in the hurricane data is hampered by a short data record and substantial natuibtyvariab

Processhased understanding also suggests that storm surges and rainfall from hurricanes should be
increasing with warmer temperatures. However, the relatively small number of hurricanes with varying
landfall locations and the complex dynamics associatddeach storm preclude meaningful detection of
change.
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Landfall Wind

Rank Year (MPH) Name
1 1935 185 "Labor Day"
2 1969 175 Camille
3 1992 165 Andrew
4 2018 160 Michael
5 1856 150 "Last Island"
5 1886 150 "Indianola"
5 1919 150 e
5 1932 150 "Freeport"
5 2004 150 Charley
5 2020 150 Laura
5 2021 150 Ida
5 2022 150 lan

Table 6.2.1 Strongest hurricanes to make landfall along the U.S. coast. Source (NOAA
HRD(b), 2024)

6.3 Temperature extremes

The AR6 assessmeficused on the period after 1950 and reported increasing trerdsaiwave
frequency and intensity. However, NCA4 noted that heatwave activity ib.®Baeached a peak in the
1930s(Figure 6.3.1)

ARG: Itisvirtually certainthat hot extremes (including heatwaves) have becoare frequent
andmore intensacross most land regions since the 1950s, while cold extremes (including cold
waves) have become less frequent and less severe (SPM, A3.1)

ARG6: In North America, there is very robust evidence feery likelyincrease in the intensity

and frequency of hot extremes and decrease in the intensity and frequency of cold extremes for
the whole continent, though there are substantial spatial and seasonal variations in the trends.
Minimum temperatures display warmiognsistently across the continent, while there are more
contrasting trends in the annual maximum daily temperatures in parts of the USA. (Chapter 11,
p 1550)

NCAA4: Changes in warm extremes are more nuanced than changes in cold extremes. For
instance, the warmest daily temperature of the yeseasedin some parts of the West over

the past century, but there welecreasesn almost all locations east of the Rocky Mountains.

In fact, all eastern regions experienced adeetrease most notably the Midwest (about 2.2°F
[1.2°C]) and the Southeast (roughly 1.5°F [0.8°C]). (pp-190)

NCAA4: Since the midl960s, there has been only a very slight increase in the warmest daily
temperature of the year (amidst large interannual variability). Heat waxdssy (eriods with

a maximum temperature above the 90th percentile forill®®D) increasedifrequency until

the mid1930s, became considerably less common through thd®6ids, and increased in
frequency again thereafter. As with warm daily temperatines, wave magnitude reached

a maximum in the 1930s. (pp. 19091)
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Figure 6.3.1: U.S. Heat waves since 1900. Source: NCA4 Figure 6.4

6.3.1 Temperatures in thg.S.are becoming less extreme

Daily maximum temperatures in thearm season {hax, MaySep) and daily minimum temperatures
in the cold seaso(min, DecMar) are available beginning in Dec 1898 (126 years). The dataset consists
of 1,211 CONUS stations designated as United States Historical Climate Network or USHCN stations (see
Figure 63.2; Quinlanet al. 1987, Karlet al. 1990). These stations were selected by NOAA as having the
fewest problematic issues with gaps, station moaed instrument changes. Where gaps still exist, nearby
stations (biasorrected) were mged so that the median volume of data available for a station is 98%.
Although there are certainly errors in the datasetuding unresolved spurious warming due to UHI effects
that especially bias Tmin records, this data set is sufficiently accurate for assessing trends in Tmax heat
extremes
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Figure 6.3.2 Locations of USHCN temperature stations. Source: USHCN.

We begin with the question of whether the occurrence of daily record high or low temperatures has
changed since Dec 1898. Eaghrmseason has 153 days (1 May to 30 Sep) and eaciseatibn has 122
days (1 Dec to 31 Mar). For each station and day, we calculated the year in which the record highest
(lowest) temperature occurred. With 126 years of observations, if there wereperature trends over
time, the expected number of records Tonaxwould be 1.21 (=153/126) per station per year andfiain
0.96 (=122/126) per station per year.

Figure 6.3.3 shows the observed distribution in time of the occurrence of these extreme events. There
isa common feature in many metrics of waseason extremes in the CONUtBe exceptional heat of the
1920s and especially the 1930s, peaking in 1936. Onstaiern average, Giercentof the Tmax records
and 59percentof the Tmin records occurred in the first half of the period (18381).
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Figure 6.3.3 Number of daily record High (red) and Low (blue) temperatures for warm and cold
seasons in the CONUS. The lines represent the 15-year running, centered average. Source: 1,211
USHCN stations supplemented as needed to achieve a minimum of 92 percent of observations in
the 126-year period since Dec 1898. US48: contiguous U.S. states. Tmax: maximum temperature.
Tmin: minimum temperature.

Onthecoldside t he Valentineds Day Arctic outbreak in
extreme experienced by CONUS, with 1917 A [@ace. The frequency of cold records has declined,
especially over the last quarter of the period in which onlpdi@entof the extreme cold events were
measured. In contrast, Z¥ercentof the extreme Tmax records were achieved in the last quarter, in
accordance with statistical expectations. These general features have been noted in past assessments (see
above, IPCC ARBNCA4). Combining the twdistories the overall reduction in numbers of both cold and
hot extremes over the past century indicatelin@ate less prone to extremes.

This pattern is also shown in Figure 6.3.4. For each station and for each year the hottest warm season
and coldest coldeason temperatures were calculated. Then the differences between these were computed
by station and geographicalveraged over all ations, thus yielding an annual measure of the expected
range of local extreme temperatures for each year. Figure 6.3.4 showsytbar 1filing average of this
measure, which has clearly declined over the past century.
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Figure 6.3.4. 15-year trailing average of the difference each
season Tmax and coldest cold-season Tmin relative to the long-term average. Source: Author
analysis of USHCN data.

The average differender each station between the hottest summer Tmax and coldest winter Tmin has
declined by about 5°F in the past 126 years. The decline is due mostly to warmer winter Tmin, but a decline
in summer Tmax is also a factor. The rise in Tmin has been straeigted to the growing presence of
manufactured surfaces around Weather stations over the last 100+ years (theaied urban heat island
effect; Section 3.3Karl et al. 1988, Runnals and Oke 20@6)dSpenceet al.2025).

In summary, while temperature extremes are regularly experienced in the U.S. and attract a great deal
of media attention, long term records show th8. climate has become less extreme over time (milder)
when measured by the range between warm season maxima and cold season minima.

6.3.2 Exceedances of a heat threshold

Under the heading of AThe Risk of TelNatiosat ur e EX
Climate Assessment repoNCADb5) notes the increase in a threshold metric of number of days at or above
95°F, stating,

The westerd.S.has been particularly affected by extre
a larger increase in days o\@5°F, as would be expected given the greater warming in that region

relative to the eastern US. Several major heatwaves have affecté&tbmce 2018, including a
recordshattering event in the Pacific Northwest in 2021.

Are the occurrences of 95°F days changihg? climate as varied as that of CONUS, threshold
statistics can be misleading. A region with many stations that have near 95°F Tmax average temperatures
in the summer might see large swings in the metric when only small changes in average temperature occur.
Elsewhere with stations that either rarelyvimtually always achieve 95°F Tmax temperatures, a small
change will not have much impact on the results.
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Figure 6.3.5. Total number of days 95°F in 6-yr periods, U.S. 48 (bars) and regions (lines). A 6-
year period is used as this evenly divides the 126-year record. Results are robust to using periods
from 2 to 11 days. US48: contiguous U.S. states. See Figure 6.3.2 for region names. Source: Author
analysis of USHCN data.

In the past 126 years, the average CONUS station experienced 128xdagsling 95°C per-&
period but the regional values range from 278 in the Southern Plains to 9 in the Northeast. Thus, such
threshold analyses must be interpreted with cauligure 6.3.5 shows that only three of the nine regions,
all in the West, have experienced upward trandhe number 095°F or hotter days (dashed lines). The
CONUSas a whole has not, attte other six regions have experienced declines.

The Pacific NW heatwave of 2021 referenced in the NCA5 quote will be examined more closely in
Section 8.1 The evidence indicates that it was a single, unprecedented event in the record, not part of a
pattern of increasing extreme heat. For example, tth@ySaverage tropospheric gyqidint temperature
anomaly over the Pacific NW during that event was +0).8ie most extreme Northern Hemisphere grid
point summer anomaly in the 46 years from over 4 million grid values. In contrast, the global teraperat
anomaly during that time was virtually zero (+0.03 C, Matsal. 2024).

6.3.3 Heatwaves

Heatwaves (consecutive days that exceed an extreme threshold) have a greater societal impact than a
single daily record temperature. We meas-8pe fAHea
each year that exceed the"gercentile for that day and that lie within a period of at least six consecutive
days. This is equivalent to the method usetl@A4, except that the reference period here is the entire
record 1892024 while NCA4 truncated the reference period to 18830, which was a coahterval
(The pattern of results shown below does not depend on the choice of reference Pleaibti)ncation
boosts positive results (days exceeding thé& @&rcentile) inyearswarmer than the referengeeriod,
especially starting in 1960 and moving to the presentHiggre 6.36 and discussionddow).
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Figure 6.3.6 15-year trailing average of number of heatwave days per year per station in the
CONUS (black line) and two regions: West (red), Central-east (green).

Figure 6.3.6 indicates that there are regional variations in heatwave activity. The excessive heat of the
first half of the 2@ century occurred primarily in the eastern ttirds of the natiomwhile theWest has
seen a recent increase of heatwave d&GA5). This indicates that the background warm season
circulation favored heatwaves in the eastern portions of the country in the first half of' tbenfiry, but
in the 2% century the patterns have favored heatwaves in the West. For CONUS as a whole, heatwaves
are no more common today than they were a century ago, consistent with the upper panel of our Figure
6.4.1 taken fronNCAA4.

This metric varies significantly with region. The four northern regions (Pacific NW, Northern Plains,
Upper Midwest, and Northeast) on average experience 15 to 27 heatwave days/gar iériod. In
contrast, the five southern regions (Pacific Southwéstorners, Southern Plains, Ohio Valley and
Southeast) see 37 to 54 such days, essentially twice as many. This suggests the summer circulation pattern
is more prone to stationary events in the southern regions while transient systems in the noitimsrn reg
are more common and thus cut short these potentially longer events.

The analysis of heatwaves is an example of why it is important to consider complete datasets and
appropriate metrics. The NCA5 directs readers to the website
https://www.globalchange.gov/indicators/heaives (USGCRP 2023) to view a figure showing the
number of urban heatwaves by decade from the 1960s, which we reproduce as Figure 6.3.7.
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Figure 6.3.7: Average number of urban heatwaves per year for 50 large U.S. metropolitan areas,
a misleading metric for reasons explained in the text. From
https://www.globalchange.gov/indicators/heat-waves (accessed May 22, 2025).

The figure shows a monotonic increase in each decadetfrormccurrences per year in the 1960s to
sixin the 2020s. The definition of a heatwave used is an unusual but practical measure of human discomfort
- a period of at least 2 consecutive days when ni@mum apparent temperature (combination of
temperature and humidity) exceeds thé g&rcentile. Note too, the dataset is limited to the 50 largest U.S.
cities.

Given the unusual heatwave definition and urban focus, these increasing values since 1960 presented
in USGCRP (2023) are not informative about long term trends or the influence of GHG emissions for at
least two reasons. First, as shown in Figures 6.3.6&n6, the 1960s was the coldest decade and 1970s
the second coldest decade since the 191060s, so t
increases. Second, pds260 urbanization in these cities is a major factor in the rise of Tmiivestatco
located Tmax and relative to Tmin at nearby rural stafjiasl et al. 1988, Runnals and Oke 2006, Christy
et al.2009, McNideret al2012) This does not dismiss the real rise in nighttime temperatures in major U.

S. cities and the societal impacts associated with these changes. However, we note for a variety of reasons
that summer Tmax (especially in rural areas) is a better metric fectiuhgt changes in heatwaves
influenced by changes in the background climate due, for example, to ingré&xsd(ds (Christyet al.

2009).For CONUS as a whole, the evidence in this section suggests GHG emissiertsad littleto-no

effect on heatwavesgainst the background of urbanization and natural clinvaxiability. Irrespective of

the ultimate cause of regional trends, heatwaves have important effects onthatiatyst be addressed,

as we discuss in Chapter 10.
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BOX: Perils of short data records

San Francisco provides a good case study of the limitation of using short historical samp
characterize natural variability of extreme events. Suppose we useyadr3fample of daily San
Francisco precipitation from 1895 to 2024 and we look fdag 5-day, 14day and 3@day rainfall
records. The results are as shown in Télfle

Event Record Year
(inches)

3-day 6.94 2023

5-day 8.55 2023

14-day 12.62 2023

30-day 18.93 1998

Table 6.2: Extreme rainfall records, San Francisco, 12924.

The records all cluster in the more recent years. 2023 appears to be an exceptional year and
is near the end of the sample, it might suggest that the climate has shifted into a more haz
state, perhapsecause dfiuman influence§Not e 20230 i ndicates -t
year of Aug 2022 to Jul 2033.

But the picture is very different if we use a sample that begins 45 years earlier, in 1850. Tah
shows that the recorsktting events all happened in the 1860s. Furthermore 2023 is now not
in 2"9 place but falls to '8 or 4" place.And comparing the records of the two chastowsthe
extreme precipitation events in 1862 and 1867 involved considerably more rainfall than the
and 2023 events, with 14nd 30day totals about 50 percent higher.

Rank of 130yr

Event Record Year extreme listed
(inches) in Table 6.2

3-day 8.85 1867 3

5-day 9.80 1867 3

14-day 19.05 1862 4

30-day 28.25 1862 2

Table 6.3: Extreme rainfall records, San Francisco, 126@4.

The range of natural variability is made even more remarkable when paleoclimate evider
examined. Portegt al. (2011) discovered that in the past 1,800 years at least six megastorms
more intense than the devastating £821ARkStorm that struck the region. Evidently such extren
events, Aunpr e c-20@4esanple,thave impactea the regiol eddut every 300 ye
though not since 1895.

This example illustrates the limitations of using relatively short climate periods (~130 year
assess the character and range of natural variability in general and of extreme events in par
Accurate representation of the full range of natumiability is necessary for any attribution
analyses$ection8.6). Infrastructure planners, emergency management institutions and attribu
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scientists would understand the significant mischaracterization of the magnitude of a future extreme

if based on} on the last 130 years. In this case, a single-Semaple of 130 years provides ar
underestimation of the extreme value by up tqsfcentdetermined when adding only 45 more

years of observations. Compared to millensizdle paleoclimate evidence, an even greater

underestimation would occur. An important lesson is that the climate can deliver great surpris
its own, even without hunmainfluences.
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6.4 Extreme precipitation
ARG assessed that an increase in heavy precipitation has been observed in data starting in the 1950s.

ARG6: The frequency and intensity beavy precipitation events havdancreasedsince the
1950s over most land area for which observational data are sufficient for trend analysis (high
confidence). (SPM A3.2)

ARG6: In North America, there is robust evidence thantlagnitude and intensity of extreme
precipitation has very likelyincreasedsince the 1950s. Both [orday maxima] and [slay
maxima] have significantly increased in North America during 18308 (Chapter 11, p.
1560)

TheU.S.National Climate Assessments (NCA4, NCA5) have highlighted an increase in the occurrence
of the heaviest precipitation events (defined in different ways) primarily in the eastern half of CONUS,
especially the Northeast, when starting the analysis in eltb@t or 1958. Interestingly, the regional
variations indicate that the largest increases in extreme precipitation events are in the Northeast and the
smallest in the West, a pattern counter to the changes in temperature effigoress.3.6)

McKitrick and Christy (2019) examined losigrm and consistent station observations of extreme daily
precipitation to test some of these NCA claims forSbetheast and West Coast using a trend model with
a nonparametric variance estimator robust to the comaléggcorrelation properties of precipitation data.
When the time series were extended back in time (as far as 1872 in some cstaet®dater (1978), there
were no significant trends for either region.

These findings have been updated for this reflltKitrick and Christy 2025)with similarly
constructed observations from 29 stations on the CONUS Pacific Coast (1893ff from San Diego CA to
Blaine WA) and 24 stations in the humid Southeast (1872ff from Austin TX to Washington DC), also
adding 27 stations in the Northeast (1888finfirBuffalo NY to Eastport ME). The locations are shown in
Figure 6.41. The stations were selected based on availability ofterrg highquality records. The regions
are eachssociated with important features of extreme precipitation behdveoPacific coast is associated
with landfalling atmosphericivers for which ARG6 cites evidence of increasing activity since 1948 with
further increases expected as the world warms (AR6 8.3.2182)CA reporindicateghat the Northeast
has experienced the greatest increase in extreme gardtse Southeast is also a place noted in the NCAs
as havingncreased extreme events.

The results of applying the analysis of McKitrick and Christy (2019) were as follows for each region,
then followed by further explanation.

Pacific Coast heavy rainfall events

1 The average precipitation trend is statistically significant (downwards) in Astoria OR; insignificant
elsewhere.

The trend in rainfall variance is positive and significant in Big Sur CA; insignificant elsewhere.

The trend in daily maximum precipitation is positive and significant in Aberdeen WA and Big Sur
CA and negative and significant in Newport OR (insignificant elsewhere).
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1 Averaged over all stations in the region, none of these three trend parameters is statistically
significant.

The Pacific Coast receives considerable precipitation from Atmospheric River (AR) events which often
last more than a day or two (e.g., Gershuebal. 2017, Paret al.2024). The worst series of such events
in recent history was the gmlled ARkStorm that occurretliring December 1861 and January 1862; it
dumped nearly 10 feet of rain in parts of California and submerged the entire Central Valley for weeks
under as much as 15 feet of water (Brewer 1930, Null and Hulbert 2007). Additiqrad#pclimate
research has found six megastorms more severe than1B&2lin California during the last 1800 years,
occurring at intervals of 300 years or so (Poeteal. 2011).
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Figure 6.4.1: Locations of precipitation monitoring stations used in this report.
Orange: Pacific coast. Blue: Northeast. Green: Southeast. Data from McKitrick and
Christy (2025).

We examine occurrences ofday deluges as follows. Taking the Pacific coast as an example; a 130
year span contains 26year intervals. At each location we computed théa$ precipitation totals
throughout the year and selected the 26 highest valuessattre sample. A single yaaight have more
than one of the 26 heaviest. Each of those can be thought ehd&s/devents. If there are no trends in
precipitation, then the total number of these events across all stations should be evenly spré&d over t
years. In Fig. 8.2 we show the distribution in time of these events for the Pacific coast. The deluges
associated with the massive 1994 El Nifio event are readily apparent. While erratic, as is typical of such
precipitation metrics, there is no indication of a tendéadyecome more frequenver time.
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Figure 6. 4.2. The time distribution by 5-year periods of the 26 heaviest (1-in-5 yr) occurrences for 29

stations on the Pacific coast.
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Figure 6.4.3. As in Fig. 6.4.2 but for the heaviest 30 (1-in-5yr) events for 24 stations in the humid
Southeast from Austin TX to Washington DC in 5-year bins for 1875-2024.
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Southeast heavy rainfall events

1 The trend in average precipitation is positive and statistically significant in Mobile AL and Quitman
GA butinsignificant elsewhere.

The trend in rainfall variance is positive and significant in MobilebAitinsignificant elsewhere.

The trend in daily maximum precipitation is positive and significant in Vicksburg MS and Norfolk
VA butinsignificant elsewhere.

1 Averaged over all stations in the region none of these three trend parameters is statistically
significant

Figure 64.3 is analogous to Figure 6.4f@r the last 150 years in the Southeast humid zone. The
temporal pattern of-Bay totals of the-In-5yr heavy events is generally unremarkable, though a cluster of
higher values appears in 1995 to 2019. The increase in those years is due largdintottieasteAmost
stations of Wilmington NC, Weldon NC, Washington DC, and Norfolk VA. This confirms the pattern
indicated in NCA4 and NCAS- an increasing frequency of heavy events due to a temporal clustéring
tropical storms from eastern NC to Maine discussed below. Otherwise, the remaining 20 stations show an
unremarkable temporal distribution of heavy events.

North eastheavy rainfall events

1 The trend in average precipitation is positive and statistically significant in 12 of 27 locations and
also in the regional average.

1 The trend in rainfall variance is positive and significant in Portland ME, Albany NY, Buffalo NY
and Eastport ME but insignificant elsewhere.

1 The trend in daily maximum precipitation is positive and significant in Portland ME, Gardiner ME
and Eastport ME but insignificant elsewhere.

1 When averaged over all stations in the region, there is no statistically significant trend in either the
precipitation variance or maximum

Fig. 6.4.4 is analogous to Figure 6.4f@r the last 135 years in/Xtations in the Northeast (including
Montreal Canada). We useday totals here as this produced the largest temporal variations in time. In
this region, 7 percentof events occur during June to October and are dominated by incursions of
hurricanes, tropical storms, or tropical storms that transition to extratropical systems. According to NCA4
and NCAG this region experienced the largest increases in extreme suédntserits a cloer examination.

There is a noticeable clustering of extreme events from 1995 to 2014. Hewaltf2019) examined
a similar region as in Fig. 44 that includes PA and NJ and reported significant differencearious
precipitation extremes between two-yidar periods, 19796 and 19972014 Thatincludeda 317percent
increase in 2dr events exceeding 6 inches, while we find8apBrcentincrease over the same years.
However, Figure @..4 shows that frequency drops sharply after 2014, returning to thedomgaveage
in the subsequent-¥ear intervals, again illustrating the perils of drawing conclusions from-tdromt
trends in highly variable metrics.
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Figure 6.4.4. As in Fig. 6.4.2 but for the heaviest 27 (1-in-5yr) 3-day precipitation events for 27
Northeast stations from NY to ME, including Montreal.

Average Inches per Event
= N w &

o

R R g

6
é’qs»

IS LSS E S S S

) .
'&ep‘ ‘ﬁ’“@@»»&@wswég#ﬁ* %'ég'&@ﬁ@xﬁﬁ@q@m& ¥m°¢m°é>‘

Figure 6. 4.5. Average amount of precipitation falling in the 1-in-5yr events for the NE stations.

The high percentage increase in the Howerthl. sample is associated with small numbers at relatively
few locations: there were only 6 in the first period and 25 in the second across 58 dtéistnst the

stations did not record such an event.

If there is a regid@ increase in heavy events, it should be seen

in the average across all stations. Figudes&hows the average precipitation in thimdb yr events across
the NE. Thetrend is only +0.8 incheddecade. The highest amount, 183 includes the Great New
England Hurricane of 1938, one of the rare major (Category 3 or higher) hurricanes to strike the region.
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The results in Figs. 6.4 and 64.5 thus suggest that though there was a surge in the number of events at a
few locations during the 1995 to 2014 interval, there was no regional pattern and the change did not persist
beyond 2014

Jonget al.(2024) document the increase of tropical influences on precipitation events in the Northeast
since 1959 and concluded AThe aut umnJ.Sesxptimaglyne pr ec
attributed to tropical cyclone el at ed events since the 1MVWOtle. 0 Th
temporal clustering of tropical systems in 198¥14 which affected the Northeast a response to increasing
GHGs? Jonget al.examined CMIP6 model output which suggests that there will be fewer such systems
in the 2F century but that the intensity of the rainfall events might increase. This conjecture is not seen in
Fig. 64.5 where the amourierevent has remained steady over the-y&&r period.

There is some evidence to indicate the heaviest rainfall evegitsbe redistributed due to the impact
of urban infrastructure on the local weather (e.g., Pielket&t.2011, Zhangt al.2018, Yang et al. 2024).
Yangetalst at e ACities that experience compact devel o}
rainfall frequency over downtown than their rural surroundings, while the anomalies in extreme rainfall
frequency diminish for cities with dispersed developnient. Wh i | e t tartissight ® comsiderj mp o r
the effect on the specific stations used in this analysis is unknown, or at least not detectabledis Fig. 6.

In summary, somdJ.S. regions show shoduration increases in extreme precipitation events,
consistent with natural variability. But analysis of long term, nationwide historical rett@tsonsiders
the autocorrelation properties of precipitation data does not support the claim that extrerdarstiort
rainfall events are becoming more frequent or intense

6.5 Tornadoes

ARG assesses tornado trends inthg&. as follows:

[O]bservational trends in tornadoes, hail, and lightning associated with severe convective storms
are not robustly detected due to insufficient coverage of thetény observations. There is
medium confidencinat the mean annual number of tornadoes in the USA has remained relatively
constant. (Chapter 11, section 11.7.3, p. 1594)

The monitoring of weak tornadoes has changed over time. The growth opopahtions and the
increasing ability to take video with hasheld devices has led to more frequent reports of weak tornadoes
that produce minimal damage. In contrast, strong to violent tornadoes have been observed more consistently
over time. Note thabrnado strength is measured by the damage it produces, not by the visual appearance
of the funnel. Limited reatime observational capabilities in earlier decades did not prevent identification
because strong to violent tornadoes leave much more damagke witli be assessed later even if the
tornado itself was not observesince statistics began in 1950, there has been a substantial decrease (by
about 50%) in the number of strong to violent tornadoes as shown in53:i.6.

To summarize, there is a noticeable downward trend in the number of severe tornadoes in the U.S. since
1950. After 1990 the number of weak tornadoes in the U.S. has remained roughly constant; data before that
are incomplete due to limited monitoring.
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Figure 6.5.1. Annual U.S. tornado counts for (a) strong to violent tornadoes (EF3 to EF5),
and (b) weak tornadoes (EFO to EF2). Based upon NOAA Storms Prediction Center data,
available at https://www.spc.noaa.gov/wcm/data/1950-2024 actual_tornadoes.csv

6.6 Flooding

Changes in floods were assessed as follows:

AR6: The SREXassessedow confidencefor observed changes in the magnitude or
frequency of floodsat the global scale. This assessment was confirmed by the AR5 report.
The SR15 found increases in flood frequency and extreme streamflow in some regions, but
decreases in other regions. . . [H]ydrological literature on observed flood changes is
heterogeneus, focusing at regional and srdgional basin scales, making it difficult to
synthesise at the global and sometimes regional scales. (Chapter 11.5)

ARG6: [T]he seasonality of floods has changed in cold regions where snowmelt dominates the
flow regime in response to warmirgigh confidence Confidence about peak flow trends over
past decades on the global scallews (Chapter 11.5)

NCA4: Trends in extreme high values of streamflow am@ed across the United States.
Analysis of 200 U.S. stream gauges indicates areas of both increasing and decreasing flooding
magnitudebut does not provide robust evidencghat these trends are attributable to human
influences (pp. 24@41)
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The absence of detectable ile trends in flooding is consistent with the findings in Secti@dno§.
absence of coherent changes in extreme precipitation.

6.7 Droughts
Assessments of drought trends were as follows.

ARG6: Few ARG regions show observed increases in meteorological drought (Section 11.9, p.
1575),

ARG6: Increasing trends in agricultural and ecological droughts have been observed on all
continentgmedium confidengebut decreases only in one AR6 regiame@lium confidenge
Increasing trends in hydrological droughts have been observed in a few ARG regions. (Chapter
11 Summary)

NCAA4: As a consequence of this increased precipitatdooght statistics over the entire
CONUS have declined(p. 233)

NCAA4: Recent droughts and associated heat waves have reached record intensity in some
regions of the United States; however, by geographical scale and duration, the Dust Bowl era
of the1930s remains the benchmarkirought and extreme heat event in the historical record
(very high confidence). (p.231)

SREX: From a paleoclimate perspectiragent droughts are not unprecedentegdwith severe
O6megadroughtsdéd reported in the paleoclimatic
(p. 170)
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Figure 6. 7.1: Monthly percentof USc | assi f i ed 1830 Z02eData soDrceyNDAA
https://www.ncei.noaa.gov/access/monitoring/uspa/wet-dry/0 least squares trendline added.

As shown in Figure 8.1, U.S. long-term data shows an insignificantly declining tréndextreme
dryness {0.001percentper year)
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https://www.ncei.noaa.gov/access/monitoring/uspa/wet-dry/0

Koganet al.(2020)examines a 38ear highresolution satellitdbased drought measure and concludes

that gl obal drought has not intensified and i s not
that gl obal and main gr ai nytrendsuhave not leendfollodvingpglolgah t a r ¢
climate warming since 19806s. 0

In summary there is no evidence of increasimgteorologicaldrought frequency or intensity in the
U.S. or globally over recent decades.

6.8 Wildfires

The IPCC has not provided attributionassessment of wildfires. As shown in Figurg.B. global
wildfire activity as measured by European Space Agency shows a downward trend ihdbetQrdy.
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Figure 6. 8.1: Global wildfire area 2001-2018. Source: From Lizundia-Loiola et al. (2021) Figure
12. The different coloured lines represent data products derived from different satellites and
algorithms

Global data show that wildfire coverage is constardemiining on every continent (Samborska and
Ritchie, 2024) However there is evidence that the intensity of fires in some regions is worsening
(Cunninghanet al. 2024) and that wildfires resulted in a net loss of global forest cover over220®1
(Tyukavinaet al 2022).

Active fire suppression since 1900 makes it difficult to establish a natural baseline for wildfire activity
in the U.S. Paleoclimatic evidence indicates that past activity was much higher than today.a¥larlon
(2012) used sedimentary charcoal layers to reconstruct fire history of wgsgfar the past 1400 years
and also fit a model to predict fire activity as a function of climatic conditions. Their results are summarized
in Figure 68.2 below (from Figure 2 in their papefhere has been a growinvildfire deficit over the 20
century. In other words, however much fire was observed in theéttury, it was less than what would
have been observed in previous centuries based on the climatic con8itideset al.(2025) likewise find
that despite the recent increase in wildfire burn area in North America, a significant wildfire deficit remains
relative to historical wildfire regimes.
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Figure 6. 8.2 Fire frequency and fire deficit in the US. The red line shows the smoothed charcoal
record and the black dotted line shows the predicted charcoal record based climatic conditions.
model. Source: Marlon et al. (2012) Figure 2.

U.S. data from the National Interagency Fire Centre (NIFC) from 1926 to 2023 are shown in Figure
6.8.3. The NIFC has removed the pi©60 data from its current website on the grounds that measurement
methods changed after 1960 making the comparison unreliable. Nonetheless just focusing o1l &85 post
interval the number of fires is not increasing. The &wgaed did increase but only until about 2007.

Forest fires have always been a part of nature, and they can certainly create conditions that are
inhospitable in the short term for all lifmcluding humans. Science has confirmed the overall benefit and
necessity of forest fires. While recent higtofile fires and seasons serve as a reminder of the potential
destructive impact, the highest profileS. forest fire remains the 1910 Big Blowup firethe U.S. west
which destroyed over three million acrasd eliminaied entire towns like Taft, MT (Apg, 2020). The
1910 fire reshaped the U.S. Forest Service (National Forest Foundation 2022) leading to a focus on fire
suppression with a primary goafl defeatingall forest fires (Forest History Socie®022). This led to the
fi10 am rulé@in 1935 requiring that all fires spotted on any day had to be controlled by 10 am the following
day (National Forest Foundatid?022)

While defeating all fires seemed a noble goal, questions began to arise as to whether this behavior
Afoll owed UW.SHkorest ServiecB022. Oveltime the U.S. Forest Service has begun to rethink
its goals, recognizing that new approaches such as prescribed burns, fuel elimination, and controlled
wildfires are more appropriate (Somm2016). Recent research is validating this approach and recognizing
that more frequent smaller fires likely result in healthier forests, water ecosystems and biodiversity
(Stephengt al, 2021).
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Figure 6. 8.3: U.S. wildfires 1926 to 2023. Source: Post-2018: National InterAgency Fire Center
data https://www.nifc.gov/fire-information/statistics/wildfires. Pre-2017 webarchive.org (n.d.).
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7 CHANGES IN SEA LEVEL

Chapter Summary

Since 1900, global average sea level has risen by about 8 inches. Sea level change along U.S. coasts is
highly variable, associated with local variations in processes that contribute to sinking awdralso

ocean circulation patterns. Thargestsea levelincreasesalong U.S. coasts are Galveston, New
Orleans, and the Chesapeake Bay regi@ach of these locations is associated with substantial local

land sinking (subsidence) unrelated to climate change.

Extreme projections of global sea level rise are associated with an implausible extreme emissions
scenario and inclusion of poorly understood processes associatechypithheticalice sheet
instabilities.In evaluatingARG6 projections to 2050 (with reference to the baseline perioe2098%,

almost half of thentervalhas elapsed b¥025 with sea level risingt a lower rate than predicted.SJ

tide gauge measurements reveal no obvious acceleration beyond the historical average riateebf sea
rise.

7.1 Global sea level rise

Global sea level rise is arguably the most important climate impact driver that is unambiguously
associated with increasing temperatures. At the global level, warming raises sea level through thermal
expansion of sea water and through melting of glaeiedsice sheets. Variations in land water storage are
another important factor. At the regional scale, sea level change is influenced bgckEe®cean
circulation patterns, and geologic processes and deformation from the redistribution of ice and water
Locally, vertical land motion from geologic processes, ground water withdrawal, and fossil fuel extraction
are also important.

ARG estimates that global mean sea level increased by 719 &) 9nches between 1901 and 2018,
with the rate of sea level rise accelerating in recent decades. At the ocean basin scale, sea levels have risen
fastest in the Western Pacific and slowedhm Eastern Pacific over the period 182318 (FoxKemper
et al, 2021). The rate of global sea level rise is estimated to be 0.12 yedwpgboutthe height of two
stacked pennies (NASA, 2020).

The observing systems for global sea level rise have advanced significantly in the satellite era,
particularly with the advent of satellite altimet@érsl993. Local tide gauges have provided useful data for
the past century, and even longer for a few locations. Following the end of the Little Ice Age in-the mid
nineteenth century, tide gauges show that the global mean sea level began rising duringdfis&pa
1860, well before most anthropogenic greenhouse gas emissions.

7.2 U.S. sea levelrise

Observed and predicted rates of mean global sea level rise might have little scientific relevance for
specific locations, owing to local processes (NOAA, 2025). Figure 7.1 showis thahada and Alaska
(and also northern Washington), sea level is decreasing, owing to uplift from glacial rebound. Most of the
Pacific coast tide gaugeshowlow rates of sea level risavhile largest U.S. rates are on the Gulf coast
(Louisiana and Texas) and in the rfitlantic states (Chesapeake Bay region).
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Figure 7.1. Map of rates of relative sea level rise along the U.S. coast (NOAA,
https://tidesandcurrents.noaa.gov/sltrends/). For reference, 3 mm = 0.12 in.

Measurements of relative sea level rise from tide gauges conflate the climatologically relevant increase
in the volume of seawater with local vertical land motidie latter, which varies from place to plade,
best measured using a Global Positioning System (GPS) station located near the tide gaddgeentoy
a range of processes that can be comparable to the climate signal and can locally exacerbate
(subsidence/sinking) or mitigate (uplift) the risk of sea level rise (W6ppelmann and Marcos, 20i@)n
activities triggering subsidence are often significant. They include soil drairage f¢r urban
developmerjtand subsurface extraction of groundwakehydrocarbons

Table 7.1 shows absolute deael rise (ASLR) for selected locations, determined from the sum of
uncorrectedelativesealevel rise(RSLR)as estimated from tide gauge time series (NOAA, 2025) and the
vertical land motion (VLM) measurements (NAS, 2012; Letedtedl, 2015; Karegaet al, 2016). The
absolute sea level rise for each of these locations is significantly smaller than the measured relative sea
level rise owing to local subsidence. More than half of the measured relative sea leveltrigeiischto
land sinking for these locations: San Francisco, Galveston, Grand Isle. For reference, the global average
rate of absolute sea level rise is estimated to be 0.12 inches/year.
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Location RSLR VLM ASLR

San Francisco, CA  +0.08 -0.06 +0.02
Galveston, TX +0.26 -0.19 +0.07
Grand Isle, LA +0.36 -0.28 +0.08
St Petersburg, FL +0.12 -0.02 +0.10
New York City, NY +0.11 -0.05 +0.06

Table 7.1 Absolute sea level rise (inches/year) consisting of Relative Sea Level Rise
(RSLR) plus Vertical Land Motion (VLM)

San Francisco Bay

Over the past 100 years, relative sea level in the San Francisco Bay area has risen by 7.8 inches, at an
average rate of 0.08 inches/year (Figure 7.2).
is -0.06 inchesl/year (sinking), producingexent absolute rate of +0.02 inches/y®antions of Treasure
Island, San Francisco International Airport, and Foster City are sinking as fast as 0.4 inches/year (Shirzaei
and Burgmann, 2018roblems in the San Francisco Bay area, including thre#te airportarecaused
primarily by soil compaction in landfill zones that were formerly wetlands, not by the slow creep of global
sea level rise.

9414290 San Francisco, California 1.98 +/- 0.17 mm/yr
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Figure 7.2. Tide gauge measurements at San Francisco, California, obtained from NOAA -
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=9414290 (downloaded 4/22/25).

Galveston Houston

Long-term tide measurements at Galveston Pier 21 show sea level rise of 2.18 feet in the past century,
or a rate of 0.26 inches/ye@figure 7.3) Vertical land motion (subsidence) at Galveston is estimated at
-0.19 incheslyear, yielding an absolute rate of rise of +0.07 inches/year (Tabldfiel)J.S. Geologic
Survey found thatnost of the lanegsurface subsidence in the Houst®alveston region is a direct result of
groundwater withdrawalsK@smarek and Ramage0l17, which caused compaction of the aquifer
sediments, mostly in the fingrained silt and clay layerd8y 1979, as much as 10 feet of subsidence had
occurred in Houston.
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8771450 Galveston Pier 21, Texas 6.65 +/- 0.21 mm/yr
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Figure 7.3. Tide gauge measurements Galveston Pier, TX, obtained from NOAA -
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=8771450 (downloaded
4/22/2025).

New Orleans and the Mississippi delta

Long-term tide gauge measurements at Grand Isle, Louisiana, show that sea level has risen by slightly

more than 3 feet over the last 100 years at an average rate of 0.36 inch&sgyear7.4) Vertical land
motion (subsidence) is estimate@28 inches/year. Table 7.1 gives the absolute sea level rise as +0.08

incheslyear.
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Figure 7.4. Tide gauge measurements at Grand Isle, LA, obtained from NOAA -
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=8761724 (downloaded 4/22/25).
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The issues of sea level rise and land loss in the Mississippi Delta region are complex, with geological
subsidence and the decline in sediment transported by the MissRsippibeing the dominant drivers.
The construction of dams in the basin since the 1
load by ~50percent(Maloney2018). A new subsidence map of coastal Louisiana finds the coastal region
to be sinking at about one third of an inch per year (Neirdtuis 2017), associated with grodwater and

resource withdrawal . As t he ¢®dloivsedlevelestadevehrise flom aver
anthropogenic warming is hardly the dominant dri v
New York City

New York City is particularly vulnerable to the effects of sea level rise because it is built primarily on
islands and has 520 miles of coastliMeasurements by a tide gauge at the southern tip of Manhattan (The
Battery) show that relative sea level has risen over 11 inches over the past century, at amadwerhge
0.11 incheslyeafFigure 7.5) Butvertical land motion in the New York City area-&05 inches/year
(roughly 5 inches per century), so that the absolute rate of sea level rise at The Battery is 0.06 inches/year,
or about 55ercenbf the measured relative sea level rise.
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Figure 7.5. Tide gauge measurements at The Battery, New York, obtained from NOAA -
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=8518750 (downloaded
4/22/25).

7.3 Projected sea level rise

The concern over sea level rise is not about the rowdhtinches of globatise since1900.Rather,
it is aboutprojections ofacceleratedise based upon simulations of a warming climate through tfie 21
century,

ARG finds high agreementacrosspublishedglobal mean sealevel projectionsfor 2050 with little
sensitivityto emissionscenarios. Considering only projections incorporatingleeet processes in whose
guantification there is at leasiedium confidengéhe global sea level projections 850, across all emissions
scenarios, fall between 3.94 and 15.75 inches §&ih percentilesery likely range)relativeto the 1995
2014baselingperiod (FoxKemperet al, 2021).
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Conversely, ARG states therdasv agreemerdicross published global mean smzel projections for 2100,
particularly for higher emissions scenarios. Considering prijectionsrepresentingce sheejprocesses
in whose quantification there is at leastmediumconfidencethe AR6 globalmeansealevel projections
for 2100lie between Rand 394 inches (5th95th percentileery likelyrange) under the medium emissions
scenario SSH2.5 (FoxKemperet al, 2021).There is deep uncertainty surroundpngjectionof seadevel
rise to 210@wing to uncertainties in ice sheet inslaies particularlyfor thehigheremissionscenarios.

In February 2022, NOAA issued its projections of sea level rise for various sites aldh¢theast
(Sweetet al, 2029. They claim that by 2050, the sea will have risen one foot at The Battery in Manhattan
(relative to 202Q)A onefootrise in thirty years would be more than twice the current rate and about three

ti

me s

the average rate over the past centudy.

as shown in Figure 7.6, it would require a dramatic acceleration deyoithing observesincethe early

20" century. But even more noteworthy is tf@weetet al (2022)s ay t hi s r i &iewili s Al

n

happen no matter what future emissions are. We should know in a decade or so whether that prediction has

legs.
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8 UNCERTAINTIES IN CLIMATE CHANGE ATTRIBUTION

Chapter summary

AAttri but i idemtdyingrtleetarisecf some aspect of climate change, specifically with
reference to anthropogenic activity. There is an ongoing scientific debate around attribution methods,
particularly regarding extreme weather events. Attribution is made difficult by high natural variability
the relatively small expected anthropogenic signal, lack of-gigility data, and reliance on deficient
climate modelsThe IPCC has long cautioned that methods to establish causality in climate science are
inherently uncertain and ultimately dependexpert judgement.

Substantive criticism of the main IPCC assessments of the r@®pin recent warming focus on
inadequate assessment of natural climate variability, uncertainties in measurement of solar variability
andin aerosol forcing, and problems in the statistical methods used for attribution.

The IPCC does not make attribution claims for most climate impact drivers related to extreme events.
Statements related to statistics of global extremgsgvent probability or return times, magnitude and
frequency) are not generally considered accurate owing to data limitations and are made with low
confidence. Attribution of individual extreme weather events is challenging due to their rarity.
Conflicting claims about the causes of the 2021 Western North America Heatwave illustrate the perils
of hastyattribution claims about individual extreme events.

8.1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) distinguishes between detection of climate
change and attribution of its cause. As defined by the AR6 WGI Glossary (IPCC, 2025):

Detection Detectionof changds definedasthe procesf demonstratinghatclimateor a system
affectedby climatehaschangedn somedefinedstatisticakensewithoutprovidingareasorfor that
change. An identified change is detected in observations if its likelihood of occurrence by chance
due tointernalvariability aloneis determinedo besmall,for example <10%.

Attribution: Attribution is defined as the process of evaluating the relative contributions of multiple
causafactorsto achangeor eventwith aformalassessmetatf confidence.

Both detection and attributiorely on statistical analysis. Detection focuses on whether changes are
significant enough tetand out from randonariation regardless of caugétribution involves comparison
of observed events to modgénerated counterfactuals. Since experimentation on the climate is not
possible, attribution requires statistical inference to assess how much human asuidlesas GHG
emission} versus naturalfactors (like volcanic eruptionscontribute to observed changes. Attribution
methods assume all external and internal drivers of the system are known and represented.

Thereareongoingscientificdebatesroundattributionmethodsespeciallythoseor attributing extreme
weather events to climate chang&he IPCC has long cautioned that methods to establish causality in
climate science are inherently uncertain and ultimately depend on expert judgement. AR4 Working Group
| (Hegerlet al, 2007) explained it as follows:
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O6Attributioné of causes of <c¢climate change is t
the detected change with some defined level of confidence... unequivocal attribution would require
controlled experimentation with the climate system. Sihagis not possible, in practice attribution

of anthropogenic climate change is understood to mean demonstration that a detected change is
oconsistent with the estimated responses to ¢t
f orci ngo nasternt with alterhative, physically plausible explanations of recent climate
change that exclude i mportant el ements of the
approaches used in detection and attribution research described above canaotdulhyt for all
uncertainties, and thus ultimately expert judgement is required to give a calibrated assessment of
whether a specific cause is responsible for a given climate change.

AR5 Working Group Il (Crameet al, 2014) makes the following statement:

Two broad challenges to the detection and attribution of climate change impacts relate to
observations and process understanding. On the observational sidquaiityy longterm data

relating to natural and human systems and the multiple factors aff¢iaim are rare. In addition,

the detection and attribution of climate change impacts requires an understanding of the processes
by which climate change, in conjunction with other factors, may affect the system in question.

Because of the complexity of the causal chains in the climate system, investigation of these
relationships is exceptionally challenging.

8.2 Attribution methods

The IPCC employseveralattributionmethodgo assesshe causes obbserved climate changes,
distinguishing between natural and hunriaduced factors. Belois aconcisedescriptionof thekey
IPCC attributiormethods.

Optimal Fingerprintinguses linear regression to explain variations in observed climate data as a
weighted sum of climate model simulations run with and without anthropogenic forcings. The data
used in the regression modslweighted to try to minimize the influence of random noise and the
estimation method is chosen to accoiartclimate model error.

Time Series Analysiexploits statistical differences between anthropogenic forcing and natural
variability to see which dominates observednperatures andlso uses variations in the timing of
changes to determine if causal dependence across data series can be inferred.

ProcessBased Attributionfocuses on understanding the physical mechanisms behind observed
changes. This approach combines observations, climate models, and theoretical understanding to attribute
changes in specific processes to forcings. This approach is often used for relijioetal phenomena,
such as monsoon changes or polar amplification

Extreme Event Attributiomssesses the role of human influence in the likelihood of occurrence or
intensity of extreme weather evengsg.heat wavesr droughts). Methods include:

9 Probabilistic Event Attribution uses large ensembles of climate model simulations to compare
observed events to modgénerated counterfactuals

9 Storyline Approach examines the physical processes driving an everdvahttes how
anthropogenic forcings might have modified those processes
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8.3 Attribution of global warming
Attribution statements for global warming in the three most recent IPCC Assessment reports are:

AR4: Most of the observed increas global average temperatures since the-2@iticentury is
very likelydue to the observed increase in anthropogenic greenhouse gas concentrations. (IPCC
2007)

ARS: It isextremely likelythatmore than half of the observed increasi global average surface
temperature from 1951 to 2010 was caused by the anthropogenic increase in greenhouse gas
concentrations and other anthropogenic forcings together. The best estimate of tharidunad
contribution to warming is similar to th@served warming over this period. (IPCC 2013)

ARG6: Thelikely range of total humanaused global surface temperature increase fromi 1850

to 2010 2019is 0.8°C to 1.3°C, with a best estimate of 1.07°C. likidy that wellmixed GHGs
contributed a warming of 1.0°C to 2.0°C, other human drivers (principally aerosols) contributed a
cooling of 0.0°C to 0.8°C, natural drivers changed global surface temperai@elbg to +0.1°C,

and internal variability changed it bhy).2°C to +0.2°C. It ixery likelythatwell-mixed GHGs

were the main driver of tropospheric warming since 1979. (IPCC 2021)

The AR4 and AR5 attribution statements reference the warming since #&9Mientury, the period
when greenhouse gas emissions began increasmdy. The words fimosto and i
deliberately imprecise, potentially ranging from 51 to @&centof the warmingi presumably this
imprecision is to account for structural uncertainties such as natural internal variability. The confidence
level increases fromery likelyto extremely likelyfrom AR4 to AR5. The structure of the attribution
statement in the ARG is fundamentally different, referencing the warming to the period 9880 The
AR6 attribution statement I s more precise nmumeric
ARG attributes essentially all the warming torie@ses in greenhouse gases. The most confident statement
from AR6 relates to the tropospheric weerylikehn g si nc ¢

There are three areas of substantive criticism
warming: inadequate assessment of natural climate variability, inappropriate statistical methods, and
substantial discrepancies between models and obsmryalihe last is discussed in Chagewhile this
chapter discusses the first two factors. Al l of
recent warming, which also underpins extreme event attribution

8.3.1 Natural climate variability

ARG states that natural external drivers since 1BHI0 have changed global surface temperatuie by
0.1°Cto +0.1°C, and internal variability has changedithg°C to +0.2°G on average having essentially
no net impact on the warming since 1880.As discussed below, this minimal contribution of natural
variability has been disputed by several publications that question the magnitudes of solar variability and
internal variability from largescale oceanirculatiors.

Solar variability

AR5 concluded that the best estimate of radiative forcing due to Total Solar Irradiance (TSI) changes
over the period 175@011 was very small (0.05 W#nMyrhe et al, 2014). AR6 acknowledges
substantially higher values amdmuch larger range of estimates of changes in TSI over the last several
centuries, stating that the TSI between the Maunder Minimum (1645) and the second half of the
twentieth century increased by 0277 W/nt, a range that includes both low and high variability TSI data
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sets (Gulev, 2021). However, the recommended forcing dataset for the CMIP6 climate model simulations
used in ARG for attribution studies averages two data sets with low solar variability (Matthes, 2017).

While AR6 shows a substantially greater solar impact than does AR5, the overallofrgzdat forcing
on the climate was still assessed to be small compared to anthropogenic forcing. Hihweugract of
solar variations on the climate is uncertain and subject to substietiiatig Lockwood, 2012; Connollgt
al., 2021)- something that is not evideintthe IPCC assessment reports.

The variationsof TSI over time remains a challenging problem. Since 1978, there have been direct
measurements of TSI from satellites. However, the data exhibitsewligible inconsistencies, and
interpreting any multdecadal trends in TSI requires comparisons of masiens from overlapping
satellites. There are several rival composite TSI datdisetsdisagreeas to whether TSI increased or
decreased during the period 1986 (the ACRIM gap; see Chapter 4). Further, the satellite record of TSI
is usal to calibrate proxy modelhat inferpast solar variations from sunspots and cosmogenic isotope
measurements (Velasco Herretaal, 2015).

There is substantial evidence for high solar activity in the second half of thee@fury (starting in
1959) and extending into t hescdntury;ths periodIs efferoterreeda d e c
the AModer n Maxi netam?2023; Sofarmket al,2004; tUsoskigebak, 2007). However,
some scientists have concluded that it is not possible to be confident of angenaltial trend in TSI
(Schmutz, 2021).

This uncertainty causes some reconstructions of TSI from 1750 to have low variability (implying a very
low impact of solar variations on global mean surface temperature) whereas datasets with high TSI
variability can explain more than 70 percent of the temperature variability since preindiistes|
(Scafetta, 2013; Stefani, 202I)he choice of TSI satellite record used in an analysis can therefore
substantially influence how much climate change is attributed to human versus natural forcings.

There is growing evidence that other aspects of solar variability, which are referred to as solar indirect
effects, either amplify TSI forcing or amedependent of TSI forcingscafettaet al. (2023) suggests that
~80 percentof solar influence on climatmight stem from norl'SI mechanisms. There are numerous
candidate processes, including solar ultraviolet changes; energetic particle precipitation; atmospheric
electricfield effect on cloud cover; cloud changes produced by-sotatulated galactic cosmic rayarge
relative changes in the magnetic field; and the strength of the solar wind. Such solar indirect effects are not
included in climate models, although indirect methods of estimating their impacts suggest they are
significant. However, claims of nehSI mechanisms influencing climate are uncertain and debated.

Natural variability of largescale ocean circulations

Variations in global mean surface temperature are linked to recurrenstzigevariationsin ocean
circulation patterns, includinghe Atlantic Multidecadal Oscillation (AMO), the Pacific Decadal
Oscillation (PDO) and the EI NinSouthern Oscillation (ENSO). These circulations influence ocean heat
uptake and hedatistribution andalso influence atmospheric circulation patterns and cloud distributions.
There is some debate as to whether these variations are strictly internal to the climate systerheor whet
this variability can have a solar/astronomical origin or can be influenced by large volcanic eruptions.

While climate models simulate the largeale ocean circulations and internal climate variability, most
modelshavetoo little amplitude comparetb observations at muldecadal frequencies and phasing-out
of-sync with the observed climate (Kravtset al. 2024). Averaging multiple simulations effectively
averages out the internal variations, leaving only the forced climate varia®ilityOO; forcing). With
most of the modern war mi ng b e-gearrwarininggsomnthestetine | at e
scale as the multiecadal oscillations of the AMO and PDO.

Here are summary statements from the AR5 and ARG reports:
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AR5: Decadal variability in the Pacific, associated with the PDO or IPO [Interdecadal Pacific
Oscillation], contributes significantly to regional agtbbal temperature trends, but the relative
contributions of internal variability and external forcing are difficult to disentangle in CMIP5
simulations.

ARG6: Since AR5, there has been increased understanding of the role of internal variability, such as
ENSO, PDO, and AMO, in modulating regional climate trends. However, limitations in simulating
the exact timing and amplitude of these modes in CMIP6 modelsiagetito uncertainties in
attributing observed changes to anthropogenic fordirgh(confidencke

The amplitude of the pedk-trough impact of the muHilecadal oscillations on global temperatures has
been assessed by the IPCC ARBhe likely range of change due to internal variability0i2°C to +0.2°C

(1 PCC, 2021) .0 Torpeak changepdf 0.4°6. Ower manyocenguhies, any global
temperature changes from the troughs and peaks will cancel out, with little toimpaet.

However, with a nominal timescale of -80 years for oscillations such as the AMO and PDO, the
timing of the peaks and troughs can be confused with the secular trend. This becomes very relevant for
attributing the warming for the past 50 years, when mbghe recent warming has occurred. Even if
climate models have the correct amplitude of the multidecadal oscillations, the timing of the peaks and
troughs is not adequately simulated, with each model and individual ensemble simulating a different
phasing. Once the simulations of the ensemble members and different models are averaged, the natural
internal variability contribution is averaged awing to differences in phasingffectively cancelling the
role of natural internal variability in the attribution process.

The time series of global surface temperature anomalies since 1850 (Figure 8.1) shows irregular
variations of significant amplitude against the background of an overall warming trend anti9a&ea
pronounced difference in trends between the Northern Hemisphere and the Southern Hemisphere. The
period between 1905945 shows a strong trend of warming. The followBtyyears from 1948976
showed slightly declining temperatures. The most recent warming period started in 1977.
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Figure 8.1 Global average surface temperature anomalies 185008 2025. Top: Northern
hemisphere. Middle: Southern hemisphere. Bottom: Global average. Source: UK Hadley Centre
https://crudata.uea.ac.uk/cru/data/temperature/HadCRUT5.0Analysis.pdf

The causes of the early 20th century warming are discussed by teeger(2017; 2019). The
atmospheri€CO, concentratiorincreased from 298 ppm in 1905 to 310 ppm in 19%hplying that CO,
had little impact. Volcanic activity during this period was very low, and solar forcing is uncef&in.
Hegerlet al (2017) somehow inferred that 43 percentof this warming could be attributed to external
forcing, with the rest associated with internal variability. Bronnimiaal (2024) focused on the causes of
the cooling in the first decade of thé™fentury in the Southern Hemisphere. They found that the cooling
was related to a L&lifia-like pattern in the Pacific, a cold tropical and subitapBSouth Atlantic, a cold
extratropical South Pacific, and cool southern midlatitude land areas. The Southern Annular Mode was
positive, with a strengthened AmundgBellingshausen seas low, although the spread of the data products
is considerable.

The warming in the 1930 éndd-cantuigwas paticailerly pranounceddno ol i n g
the Arctic. Bokuchava and Semenov (2021) find that these variations mase likely caused by a
combined effect of longerm natural climatevariations in the North Atlantic and North Pacific with a
contribution of the natural radiative forcing related to the reduced volcanic activity and variations of solar
activity, as well as growing greenhouse gases concentrations. Tokitegla(2017) showed that the
combined effect of internally generated Pacific and Atlantic interdecadal variability intensified Arctic
warming in the early 20th century. The synchronized Paéifliantic warming drastically alters planetary
scale circulations @ar the Nothern Hemisphere; these same circulation patterns have a global influence.
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The cooling period between 1945 and N@méereushas be
causes have been hypothesized: natural internal variability from fluctuations associated with the Pacific
Decadal Oscillation and Atlantic Multidecadal Oscillation; cooling from increased emissions of aerosols
from industrial activities; increasdtkat uptake in the Atlantic, Southern and Equatorial Pacific Oceans.
Thompsoret al.(2010) find that that the hemispheric differences in temperature trends in tHe ofitte
twentieth century stem largely from a rapid drop in Northern Hemisphere sea surface temperatures of about
0.3 AC between about 1968 and 1972.

The Great Pacific Climate Shift of 192877 was a notable climatic event characterized by an abrupt
change in the North Pacific Ocean's atmosploesan system that interacted with global climate patterns.
This shift is closely associated with the Paciblecadal Oscillation (PDO) that oscillates between warm
and cool phases over decades. The 1976 shift marked a transition from a predominantly negative (cool)
PDO phase (194721976) to a positive (warm) phase (1977 through 2000), with significant implisdtion
global and regional climate pattermscluding the frequencies of El Nino and La Nina events. The Great
Pacific Climate Shift coincided with the beginning of a period of accelerated global wakiviireg the
Great Pacific Climate Shift is accounted for in climate attribution analyses since 1950, 40 percent or more
of the warming in the second half of thet26entury is attributed to natural internal variability (McLedn
al., 2009; Tung and Zhou, 2013; Chylekal, 2016; Scafetta, 2021).

8.3.2 Optimal fingerprinting

Optimal fingerprinting is a statistical technique introduced by Allen and Tett (1999) that compares
observed climate data to climate model simulations to identify patterns (or "fingerprints") associated with
human or natural forcing. It involves taking ector of observed climate changes, such as warming rates
in |locations around the world, and decomposing the
to the observations generated by climate models with different types of forcings. The wegtit®sen
using a regression method called Total Least Squ@te?). The analysis commonly uses just two signals,
one generated by models using only anthropogenic forcings and one using only natural forcings. If the
estimated weighting coefficient attached to a signal is significantly different from zero, then thatssignal
said to be Andetectedo. | f it is ¢close to 1.0, t he
observations. If it is less than 1.0, then the model signal fofdiang is too strong and needs to be scaled
down, and viceversa. Both the observed data and the signals are weighted using ggemetelted estimate
of patterns of randomness in the climate system so as, in principle, to put maximum weight on regions
where natural variability is minimized.

Optimal fingerprinting is the primary tool for attribution in the research literature. While it has been
widely used and prominently featured by the IPCC since ,20@1e is very little literature examining the
statistical properties of the results it generates. One of its inherent weaknesses is that results depend on
assumptions about the accuracy of climate models, especially regarding their representatioralof natur
variability (IPCC AR5 Ch 10.2.3).

A series of papers by McKitrick (McKitrick 202 2022, 20232025) has challenged the optimal
fingerprinting method, arguing that it is inherently unreliable and that practices adopted from econometrics
can provide more valid results. Statistical theory requires that for regression models to yield unbiased
coefficients, a set of assumptions called the Gaviagkov conditions must hold. McKitrick (202 argued
that the Allen and Tett (1999)ethodologyviolatesthe GausdMarkov conditions, leadingo potentally
biasedandinconsistenfingerprinting coefficientsunderminingthe reliability of the method.Chenet al.

(2023) confirmed this analysalthough theyargued that the method could yigtlid results under very stringent
assumptions. McKitrick (2@ and (2023) raised a further concern thiatate scientists virtually alone among
scientific disciplined have used TLS to estimate anthropogenic greenhouse gas signal coefficients, despite
its tendency to benstableunless some strong assumptions hold that in praatizainlikely to be true.
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Under conditions that easily arise in optimal fingerprinting, TLS estinfetes darge positive bias. Thus,
any study that used TLS for optimal fingerprinting without verifying its applicability in the specific data
context has likely overstated th#ribution

McKitrick (2025) presented an empirical example comparing the results of conventional optimal
fingerprinting against methods drawn from mainstream econometrics that are known to be valid for the
specific application of signal detectionVhile the IPCC optimal fingerprinting method yields an
anthropogenic signal coefficient close to 1.0 on a global temperature data set spanning 1900the 2010,
consistenmethodyields a coefficient around 0.4, which rises to about 0.65 on data spanning 1980 to 2010,
implying the model response to greenhouse gases needs to be scaled down by about half to optimally match
observations. The natural forcing signal coefficient, by remtt is between 2.0 and 4.0, implying the
climate model signals of naturadrting need to be scaled up twmfour-fold to match observed climate
change. The fingerprinting coefficients estimated in McKitrick (2025), when used to scale the average
sensitivity of the climate models used to generate the forcing signals in hisedaaply a Transient
Climate Sensitivity of 1.4°C, which is consistent with the estimate by Lewis3|Ad&ng a different
estimation method and multiple independent data sets.

These findings indicate that the basis on whieoptimal fingerprintingnethod has long beerewed
as eliable isnotvalid. Reexamining previous resulisdividually would be required to determinehich
findingsare statistically robust

8.3.3 Time series methods

The IPCC (AR5 WGI 10.2.2) drew attention to alternative approaches of assessing causality that
emerged from the time series econometrics literature. These have the advantage of not depending on
assumptions about the accuracy of climate models, but thavdistage that they depend on diffictdt
test assumptions about the data generating process underlying climate and forcing data. The methods, now
referred to as climate econometrics, use the tools of unit root testing, Granger causality and cointegration
analysis, all of which are familiar in economics and finance and which are slowly being adopted in climate
science. Time series analysis methods hold out the possifilitgtermining whether anthropogenic or
natural forcings are the primary drivers of climate change without requiring the use of clioustks,
although key questions remain unsettled (e.g. Dergiettls 2016, Balcombet al, 2019, Dagsvilet al,
2020,Razzak 2022, Dagsvik and Moer2023).

iGranger causalityo modeling is a tool for deter
together. It is a statistical, not a physical, concept. If knowing the current value of one variable significantly
improves the forecast accuracy of Hmer variablewe can infer a causal connection exists; this is called
Granger causality. The modeling tools, called vector autoregression, measure direct-iegpndsse
patterns and feedbacks. An application to the -wediwn Vostok ice core data revedlan error in Al
Gor e 6 s d oAnm Incomrveniert TrythGore showed the data and drew attention to the coherence of
temperature and€CO, changes over a 440,000 year span, which he asserted was @@ tiving
temperature changes. But temperature changes can also affect atmaSfhdeicels. Davidsoret al.
(2015) examined the series and found that temperature Granger Caudmst not the reverse. In other
words on the time scales represented in the Vaddtd the coherence in the series is philyadue to the
influence of temperature d0O; levels not the feedback a0, levels on temperature.

In summary, the primary statistical methods for attributing causation in climate data are optimal
fingerprinting and time series analysis. Applications of the Allen and Tett (1999) optimal fingerprinting
method dominate the attribution literature and havaerpinned past IPCC conclusions, but results depend
on the accuracy of climate models and the method has recently been criticized as inherently biased. Time
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series methods do not depend on climate models but require assumptions of their own and have generated
results that have thus far not converged on a consensus.

8.4 Declining planetary albedo and recent record warmth

A sharp recent increase in global average temperatures has raised the questionesfhisldonters of
climate. One such candidate is the fraction of absorbed solar radiation which hasralssedbruptly in
recent years. The question is whether the change is an internal feedback to warming caused by greenhouse
gasesor whether something els#screasedhe fraction of absorbed radiation which then caused the recent
warming.

The planetaryalbedois the fraction of incoming solar radiation that is reflected back into space rather
than being absorbed by the planet. Highly reflective surfaces like cloud tops and snow and ice are most
important in this regardThe Earth's albedo is approximately p@rcent meaning almost a third of the
sunlight that reaches Earth is directly reflected back to space. A lower albedo implies more solar energy is
absorbed by the planet to be themadiated as heat. Hence, other things being egutgclinan planetary
albedois associated with a warming of the Earth.

Arguably the most striking chan §eentiryisatsigndicaitar t h o s
reduction in planetary albedo since 2015, which has coincided with at least two years of record global
warmth. Figure & shows the planetary albedo variations since 2000, when there are good satellite
observations. Th8.5 percentreduction in planetarglbedo since 2015 corresponds to an increase of 1.7
W/m? in absorbedsolarradiationaveraged over the planet (Hansen and Karecha, 2B@bxomparison,

Forster et al. (2024) estimate the current forcing from the increase in atmospBgrenpared to
preindustrial timeso be 2.33 W/rh.

Looking back prior to 2000 with less adequate datas8imget al.(2025) assessed thak planetary
al bedo was relatively |l ow around the 19406s and 5
increasedhea |l bedo until the 198006s. The st-aledogmsedes pl ane
caused by volcanic eruptions, such as after the Mount Pinatubo eruption in 1991. Although uncertain, the
2023 planetary albedo minimumight have been the lowest since at least 1940.

Changes in surface characteristiesinotexplain this decrease in planetary albedo since 2015:

1 Arctic sea ice extent has declined by about Percent since 1980
(https://nsidc.org/data/seaice_index/images/s_plot_hires.png), although following 2007 there has
been a pause in the Arctic sea ice decline (Engiaiadl, 2025)

T Regarding Antarctic sea ice, the | PCC ARG6 conc
Antarctic sea ice area from 1979 to 2020 due to regionally opposing trends and large internal
v ar i ab unmary fprPolicynfalSers A.1.5)

1 Northern hemispheric annual snow cover has been slowly declining since 1967, with barely
significant trends. The data show the Northern Hemisphere has snowier winters, accompanied by
more rapid melt in spring and summseehttp://climate.rutgers.edu/snowcovard Section 5.6

1 Global greening (Chapter 2) is contributing to the decrease in planetary albedo, as forests have a
lower albedo than open lands or snow. However, there is some evidence that forests increase cloud
cover (high reflectivity), which counteracts the diredtealodecreaseassociated with increasing
forested area.
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Changes in surface reflectivity are contributing to a small, slow decline in planetary albedo. However,
these changes cannot explain the sharp decline in planetary albedo beginning in 2015. Further, any changes
in surface albedo are effectively dampeddtout a factoof threeon average, primarily due to cloud
masking (Loebet al. 2019). Surface albedo changes have thus contributed only weakly to the recent
planetary albedo decline, particularly when averaged annually and globaikyleaves the modikely
explanation for the sharp albedo decline as changes in atmospheric aerosols and/or clouds.

Aerosols are small particles in the atmosphere that reflect sunlight and can interact with cloud processes
to make the clouds more reflective. Aerosols have both natural orggmsligst from soils, wildfires) as
well as human origins from combustion (including fossil fuels). Regions that are greening and/or have an
increase in rainfalnightproducdess dust. For anthropogenic aerosols, new ship fuel regulations aimed at
reducing sulfur emissions were implemented in three phases, in 2010, 2015 ands202® particles
reflect solar radiationso deaner air means less solar radiation is reflected, which contributes to surface
warming. Indirect effects of sulfate aerosols include increasing the reflectivity ofdeal clouds in the
subtropics.There is controversy surrounding the importance of this change in sulfate emissions to the
Earthodés radiat i oenal, 2G24; ¥uareteal, Z024p Hub thelrastacgon of this effect to
major shipping routes suggests a small global impact (Schmidt, 2024).

Changes in cloudarethe primary candidate to explain the decline in global albedo since 2015. Two
recent papers (Loedt al, 2024; Gesding et al 2024) have addressed recent variations in cloud properties.
By considering satellite and reanalysis data, Leie#l.found that decreases in leand midlevel clouds
since 2015 are the primary reason for decreasing planetary albedo in the Northern hemisphere, whereas in
the Southern hemisphere the decrease in planetary albedo is primarily due to decre@skesel clouds
across all latitude zones. &sslinget al. (2024) found that cloud anomalies were mainly due to reduced
low-level clouds. Regions with coherent ld&wel cloud reductions over the past decade indladevarm
pool region around the Maritime Continent and the northern extratropical western Pacific, as well as large
parts of the Atlantic and adjacent land regions. The reduction of global cloud cover identified in these
analyses since 2015 is2lpercent.

Theissuethenbecomeghe cause othe change in cloud cover. Tvexplanationdave been posited
for the declining cloud cover over the past decade:

1 Natural climate variability
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1 Changes in low cloud cover associated with warming sea surface temperatures, implying an
emerging positive feedback to climate cha(tdensen and Karecha, 2025)

It is not easy to justifya new positive low cloud feedback that began emerging in 20t® there is no
obvious feedback trigger starting at that tinkeowever, there are numerous natural climate signals during
this period that are associated with atmospheric circulation changes that can influence the distribution of
clouds:

1 The 20142016 wasne ofthe strongest El Nib evens on record

1 A cold anomaly beginning in 2015 in the subpolar gyre of the North Atlantic reflects a shift in the
ocean circulation pattern associated with decadal variability in the Atlantic (Fh&jkams et al,
2017; Arthunet al.2021).

1 The Pacific Decadal Oscillation positive index peaked in 2016, then declined and has been in
negative territory since late 2019

1 Eruption of the submarine Hundganga volcano in 2022

Interannual cloud anomalies associated with the HEoNsouthern Oscillation (ENSO) have a
significant global signal and strong regional signespecially over the tropical Indian and Pacific Oceans.

The Hunga Tonga eruption is remarkable in its coincidence with the exceptionally low value of
planetary albedo in 2023. @&sslinget al. (2024) found that the cloud perturbations in 2023 showed a
different pattern from the overall pattern since 2015, with reduced cloud cover being most pronounced in
the northern hemisphere and tropics. Regional reductions in cloud cover were most pronountted over
eastern Indian Ocean, over South America and extending over the eastern Pacific, as well as over northern
North America, in the Southern Ocean around 60S, in the subtropical and eastern North Atlantic, and in
parts of the North Pacific.

The Hunga Tonga eruption was unusual in that it injected large amounts of water vapor into the
stratosphere in addition to sulfate particles. Early publications focused on the impacts to stratospheric
circulations and the direct radiative impact. In 2Q2fpers are emerging that examine the indirect effects
of Hunga Tonga on surface climate using ensemble simulations from earth system models @Bedinarz
2025; Kuchatret al, 2025). These papers found statistically significant impacts on regionatedirteat
were driven by circulation changes from couplings between the stratosphere and tropdseiserpapers
indicate the complex interactions between volcanic activity and climate dynamics. More research is needed
to untangle any impacts tieHunga Tonga eruption dhe planetary albedo.

In summary, the decline in planetary albedo and the concurrent decline in cloudiness have emphasized
the importance of clouds and their variations to global climate variability and change. A chang@e of 1
percent in global cloud cover has a greater radiative impact on the climate than the direct radiative effect
of doubling CQ. While it is difficult to untangle causes of ttezentirend, the competing explanations for
the cause of the declining cloud cover have substantial implications for assessing the Equilibrium Climate
Sensitivityandfor the attribution of the recent warmingyn additional 10 years of data should help clarify
whether this is a strong positive cloud feedback associated with warming or a temporary fluctuation driven
by natural variability

8.5 Attribution of climate impact drivers

The IPCC (Ranasinghetal.2 02 1) defines fcl i mat ephysicalpchnate dr i v e
system conditions (e.g., means, events, extremes)
CIDs are those features of the weather and climate system of primary interest in assessing the impacts of
climate change since theptentially affect humans and the natural world. For instance, under the heading
AfHe at ondCl@sl dare identified as mean ai rtThélRQ8per at u

92



also points out that CIDs are not necessarily haatated: depending on the system in question they can be
detrimental, neutral, beneficial or a combination.

The first columss Table 12.12 in Ranasinghet al. (2021, p. 1856), reproduced here as Table 8.1,
summarize the AR6 assessment of whether a signal of attributable anthropogenic influence has emerged
across all major CIDs. One of the themes of this chapter is that attribution methods used by the IPCC tend
to overstate the anthropogenic influence and understate the role of natural variability. Nonetheless a striking
feature of that summary table is how few CIDs exhibit an anthropogenic signal sufficiestingudsh
them from natural variability.

Out of the 33 weather impact categotisted,an anthropogenic signal is asserted Withh confidence
in only five, and witmedium confidenae a further four. (Note that one of the CIDs is an increase ih CO
levels, and since it is a tautology to attribute this to increasede®€ls this CID can be ignored.) For the
rest the IPCC does not claim to have detected anthropogenic drivers. Of thighieenfidence assertions
two are for changes in average temperatures (air and ocean) hence aresnio¢snafaextreme weather.
Further,two of the fourmedium confidencassertions are related to ocean chemistry and thus are likewise
not related to extreme weather. The IPCC does not assert a human influence on raanypecature
weather features such as wind, precipitation, floodingrought

Other olumns of IPCC Table 12.12 report on whether anthropogenic signals are expected to emerge
this century under RCP8.5, the most extreme forcing scenario. We have omitted these columns for several
reasons. First, because they refewt®therclimate models project detectable signals in the observations,
which is a very different question than our concern hetether a signal has been detected in historical
data. Second, as we discuss in Chapter 4, the RCP8.5 scenario is a misleading and implausifide high
storyline, i t 1 s nastsuahprofedii@nsTaird,che enseinbleaf detailedsmodets & s
acknowledged (Palmemnd Steveng019)t o be finot fit for purposeodo in
flunable to represent future conditions at the degree of spatial, temporal, and probabilistic precision with
which projections aretal 2009 Evan wjlr tlresei caveats, we ndteNhatstizea n
omitted columns in AR6 Table 12.1&¢how most weather impacts are not expected to exthit
anthropogenic signahrough the end dhis century.

As discussed in Chapt& natural variability dominates patterns of extreme weather systems and
simplistic assertions of trend detection are frequently undermined by regional heterogeneity and trend
reversals over time. Table 8.1 makes the related poinit isatot currently possible tattribuie changes
in most extreme weather types to human influentaking wind as an example, the IPCC claims that an
anthropogenic signal has not emerged in average wind speeds, severe windstorms, tropical cgeloties or
and dust storms, nor is one expected to emerge this century even under an extreme emissions scenario. The
same applies to drought and fire weather.
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Climatic Impact-
driver Type

Climatic Impact-driver
Category

Already Emerged in
Historical Period

Heat and Cold

Maan air temperature

Extreme heat

Cold spell

Frost

Wet and Dry

Mean precipitation

River flood

Heawy precipitation and pluvial flood

Landslide

Aridity

Hydrological drought

Agricultural and ecological drought

Fire waather

Wind

Mean wind speed

Severe wind storm

Tropical cyclone

Sand and dust storm

Snow and lca

Snow, glacier and ice sheet

Permafrost

Lake, river and sea ice

1

Heawy snowfall and ice storm

Hail

Snow avalanche

Coastal

Relative sea kevel

Coastal flood

Coastal erosion

Open Ocean

Mean ocean temperature

Marine heatwave

Ocean acidity

Ocean salinity

13

Dissolved oxygen

14

Other

Air pollution weathar

Atmosphenc Ck at surface

Radiation at surface

B

High confidence
of decrezse

Table 8.1: Reproduction of column 1 of Table 12.12, IPCC AR6 Working Group | report. Emergence
of anthropogenic signal in historical period for CIDs shown. White: no signal detected. Blue and
orange: change detected (decrease or increase) and confidence level as indicated in color legend.

Medium confidence Medium confidence. B0
of decease diection of cange of inorease of inrease

Numbers refer to specific regions and confidence levels: see original Table for notes.
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8.6 Extreme event attribution (EEA)

Examining the | PCCb6s treatment of extreme weat he
provides an ambiguous assessment of the role of anthropogenic warming that differs bethepters.
Chapter 11 of WG1 states (Seneviraghal, 2021):

Evidence of observed changes in extremes and their attribution to human influence (including
greenhouse gas and aerosol emissions andusmdhanges) has strengthened since AR5, in
particular for extreme precipitation, droughts, tropical cyclones ang@ond extremes (including
dry/hot events and fire weather). Some recent hot extreme events would have been extremely
unlikely to occur without human influence on the climate system.

By contrast, as noteth Section 8.5 Chapter 12 of WG1 (Tablel2.12) paints a different piciure
presumably, the expert judgment of different groups of authors for the two chapters cdiffieréat
conclusions (Ranasinghe, 2021):

1 High confidence in an increase in extreme heat events in tropical regions where observations allow
trend estimation and in most regions in the-hatitudes, medium confidence elsewhere

T Medium confidence in a decrease in extreme cold events in Australia, Africa and most of northern
South America where observations allow trend estimation

1 No evidence of emergence in the historical period of a change in river floods, heavy precipitation,
drought, fire weather, sevenendstorms and tropical cyclones

While the overall issue of detecting changes in extreme weather events and their attribution remains
ambiguous, most of the activity in this area relates to the attribution of particular extreme weather events.
The most prominent effort is World Weatherttrifoution (WWA; worldweatherattribution.org), an
international research initiative for extreme event attribution that purports to analyze how climate change
influences the likelihood and intensity of extreme weather events. Their approach is to usedangeles
of regional climate modelstocompamee v e nt i n t o daegirdasourderfactoedpraedustrial t h
climate without human influences.

WWA has a prominerublic presenc@ linking extremeweatherto climatechange, with its press
releases attracting considerable attention in pub
promotion of norpeerreviewed findings, its open admission to shaping analyses to serve litigation, and its
methodologicalchallengeshave sparked controversies,with critics questioningthe robustnessand
impartiality of theirconclusions (Pielke Jr. 20248)espitethesassuesWWA owsrk continuegoinfluence
climate scienceand medianarratives. Technicatriticisms of the approach include a lack of a formal
detection process; an implicit assumption that péfcentof the postindustrial warming is caused by
greenhouse gases; and a failure to adequately account for internal climate variability.

Because EEA is relatively newany basic methodological issues have yet to be settled in the expert
literature. An important challenge is the lack of data. Extreme events are by definition rare. Many analyses
of extreme event types (including thleS. National Assessment Reports) only evaluate data since 1950 or
1970. However, as emphasizedChaptei6, many of the worst extreme weather and climate events in U.S.
history occurredn or beforethe first half of the 20 century including in the early 19century. And if
paleoclimate reconstructions are considered, it becomes very difficult for an event to pass thresholds of
what is expected from natural variability, particularly if a reasonably sized geographic region is considered.
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Another challenge is defining the event under study. There is a longstanding literature in statistics and
econometrics on the challenge of analyzing data with outliers. The issue arises because a data series
establishes a probability distribution definitige expected range of observations. If an outlier is observed
it might indicate that the underlying process giving rise to the data distribution has changed (which in the
weather context would mean that a climate change has been detected) or that thimgipidecess has
multiple regimes each with a different probability distribution, in which case observing an outlier simply
means we were temporarily in a different regime, but the system itself was unchanged. If a time series
contains only a single outli event at the end of tlseries,it is not possible to determine which model is
the correct one (Chen and Liu 1993). For instance,
a distribution of summer daytime highs in a particular coastabregi and a second fAheatw
kicks in when an inland blocking event occurs, which yields a temperature distribution centered 15°C higher
than the first one. A day with temperatures 13°C above normal would either be an extreme heat anomaly
underthe first regime or a somewhat cool event under the second, and we have no way in this case of
knowing on statistical grounds which view is correct.

Visser and Petersen (2012) and Sardeshnetili. (2015) both point out that different distributions
mightfit observed dataqually well but yield very different implications about the likelihood of a specific
weather event. Visser and Petersen argue that, in view of the deep uncertainties of extreme weather analysis
drawing a connection between individual events and global climate change should be avoided. Furthermore,
the existence of an outlier at the end of a data series poses the problem that estimates of the event
probabilities will be biased whether the outlielincluded or excluded (Barloet al, 2020). Methods to
eliminate the bias have not yet been established, leading some egpeiNbrélles and Davison 2023) to
argue that in settings in which a data series contains a single extreme event at the end, estimation of a return
period for the extreme event will be so biased and uncéhaiit should be avoided altogether.

We provide a case study of a recent high impact extreme event in the U.S. to illustrate the challenges
and ambiguities in attributing the frequency and intensity of extreme weather events tecdawseah
warming.

8.6.1 Case study 2021 Western North America heat wave

The2021 Western North America heat wavas an extreme evetitat affected much alVestern
North Americain late June 2021Surfacetemperature records were set in Portland, OR *@1grevious
record 107F) and Seattle, WA (10G; previous record 108) (Masset al, 2024).

The WWA team generated international headlines with their analysis, which provided the following
attribution statements (WWA, 2021; Phikp al, 2022):

71 Based on observations and modeling, the occurrence of this heatwave was virtually impossible
without humarcaused climate change.
1 The eventis estimated to be aboain@in 1000y e ar event in todayds cl i m
1 The event would have been at least 150 times rarer without hunthaced climate change.
f This heatwave was about 2hGtter than it would have been if it had occurred at the beginning of
the industrial revolution (when global mean temperatures were 1.2°C cooler than today).

But an important counter to the first claim is that other researchers concluded from historical weather
data that while a heat wave of the magnitude observed was indeed virtually impossible without
anthropogenic climate change, it was also virtually imiptessvith climate changeBercosHickey (2022)

noted Athese temperatures were virtually impossi.l
conditions, with or without gl obal war ming. o McK
explanation remains that the weatherent it sel f was O6bad |l uck. 60 The

(Fleischman2023) concluded that the heat dome would have formed even without climate change and
fiThere is no evidence that the highly unusual combination of weather features that diowat theme
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were made more likely by climate change, and climate models do not project an increase in the frequency
ofhighpr essure ridges over t he02Fm49).fi c Northwesto (F

Masset al. (2024) summarizes the proximate sequence of compound events leading to the heat wave.
There was a recordreaking midtropospheric ridge over the Pacific Northwest, forced by a tropical
disturbance in the western Pacific. This produced rebogdking midtropospheric temperatures, strong
subsidence in the lower atmosphere,-lewel eastdy flow that produced downslope warming on regional
terrain and the removal of cooler marine air, and an approachinigi@htrough that enhanced downslope
flow. The event occurred at a time of maximum solar insolation, andtdeanormal soil moisture. Using
a storyline approach, Mass$ al. assessed that themasno trend in drought and dry soils in the Pacific
Northwest; there is no evidence of global warming producing stronger ridges of high pressure, and no
observed trend in heat waves or record temperatures in the region. They concluded that although
anthropogaic warmingmighthave contributed as much as 2°F to the magnitude of the event, thiee is
evidence of further amplification of the event from increasing greenhouse gases.

BercosHickey et al. (2022) conducted a statistical analysis of a mbdesled attribution study of this
heat wave Because the event is a far outlier and far above the bounds of Generalized Extreme Value
distributions fitted from historical data, they concluded that estimates of return times, quantitative changes
in event magnitude and frequency, and probability ofetkieeme temperatures such as provided by the
WWA are not accurate and should be interpreted as having low confidemee found that hindct
attribution methods using an ensemble of regional climate models, combined with Pearl (2009) causal
inferences, can provide limited and conditional information about the magnitude of the human influence on
this heatwave they provided anore highly constrained estimate that human activities cauBdo4ai
1.8°F increase in the daily maximum temperatures.

Zederet al.(2023) also concluded that the methods employed by h#ip(2022, the WWA analysis)
tend to overstate the rarity of extreme heat waves, leading to a biased perception of the effect of climate
change on the heatwave event: AThe tendency to o
heatwave events may futlle impression that seemingly impossible heatwave extremes are currently
clustering at an unprecedented rate. o

The 2021 Western North America heatwave was a rare and unprecedented compound weather event
that broke centurpld temperature records by mmsich as 9. While the WWA team received worldwide
publicity for their rapid attribution claims blaming anthropogenic climate change, subsequent peer
reviewed analyses showed that the event was caused by rare meteorological conditions that were not made
more probald by global warming.
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9 CLIMATE CHANGE AND U.S.AGRICULTURE

Chapter summary

Therehas beermbundant evidence going back decades that risinge€¥@Is benefit plants, including
agricultural crops, and that G@hduced warming will be a net benefittbS.agriculture. The increase

in ambient CQhas also boosted productivity of all majdiS.crop typesThere is reason to conclude

that on balance climate change has been and will continue to be neutral or beneficial for most U.S.
agriculture

9.1 Econometric analyses

Econometric analyses of the effects of climate change on agriculture have sought to integrate
information about long term crgpeld changes in response to temperature and precipitation changes under
assumptions about adaptive behavior by farmers. One method focuses on variations in agricultural land
values. The rationale is that if climate change is a-tengn net benefit for agulture it should be
capitalized into higher market values for agricultural land, and vice versa. While individual crops might
benefit from or be harmed hylimate change, once the adaptative responses of farmers are considered the
value of farmland neresents an index of whether the changes are expected to be beneficial or not.
Mendelsohret al. (1994) examined the relationship between historical climatic variations on agricultural
land values and concluded global warming would be slightly beneficial to American agriculture.

The Mendelsohet al. method, called Ricardian analysis after David Ricardo, tfec&@tury British
economist who pioneered the study of land values, attracted subsequent criticism from authors who argued
it failed to account for differences in land values attributable to fixed locational characteristics like soil
guality, and noftlimatic changes including nearby urbanization. Désels and Greenstone (2007) looked
at agricultural profits instead of land values and reached conclusions similar to Mandtlab(1994),
namely that past climatic variations had relatively little effect on farm profitability and that warming would
likely yield small overall benefits for thd.S. agricultural sector. However, a subsequent exchange with
critics led them (Desd@mes and Greenstone 2012) to revise their conclusions and project potentially large
losses inJ.S. agriculture due to climate warming.

Burke and Emerick (2016) looked at temperature variations over 1980 to 2000 and argued that farmers
were not as able to adapt to temperature changes as the Ricardian method assumes and that climate change
would have large negative impacts on corn and selgsy. Schlenker and Roberts (2009) similarly argued
that yield gains to past warming would not carry over to the future and corn and soy yields would sharply
decrease this century due to climate change.

Two recent studies have argued that pessimistic findings such as these are not robtBbb€atiz
(2019) argued that land values aggregate farm andaroninfluences and the latter need to be filtered
out. He developed a data set using cash rents ficuéigral activity as a measure of land value specifically
for farming activity. Whereas the land value model implied future losses under climate warming, the same
model estimated using cash rents did not, leading the author to conclude the pessauitstizeee due to
using an inaccurate measure of the returns to farming activity. Bareille and Chakir (2023) assembled a large
data base on farm sale prices in France for properties that sold twice between 1996 and 2019. They could
replicate pessimistic sellts showing negative effects of warming on agricultural land values using
conventional econometric modeling. But by taking advantage of the repeat sales data, which provides
information on sitespecific changes in land prices, they found the resultsseseand implied that climate
change will be very beneficial for French agriculture. The authors concluded that, taking adaptation into
account, a warming climate would yield positive benefits for French agriculture that were between two and
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20 times larger than had previously been estimated. On average, with full adaptation, they concluded that
climate changes under the medium RCP4.5 scenario could double the value of French farmland by 2100.

A major deficiency of all these studies, however, is that they omit the r@l®dertilization. Climate
change as it relates to this report is caused by GHG emissions, ci@flyrhe econometric analyses
referenced above focus only on temperature and precipitation changes and do not take account of the
beneficial growth effect of the addition@alo, that drives them. As explained in Chapte€®: is a major
driver of plant growth, so this omission biases the analysis towards underestimation of fite bEne
climate change to agriculture.

9.2 Field and laboratory studies ofCO2 enrichment

One of the ways the effect @O, on cr op growth has been studied i
experimerdd or FACE pl ot s, iQ®O;arplacedhn fislde autrdundmgplantcaadshe o f
growth response to elevat@D, under varying weather conditions are recorded. Ainsweirtil. (2020)
summarizes results from about 250 such studies. They found that elevafi®a lmf 200 ppm caused an
average 1®ercentincrease in crop yield in C3 plants. C4 plants exhibited benefits mainly undehtroug
conditions.

In addition to FACE plot experiments there have been thousands of laboratory experiments on the
effects of CO, on all kinds of plant growth. Here we review some of the results otUk&yagricultural
crops.

Soybean

Studies on the impact of eleva@@, on SoybeanGlycine maxL.) Merr.) plants in the watedeficient
region of HuangHuakHai Plain, China, showed that eleva@@, concentrations improved photosynthesis
rate, water use efficiency, and grovdh(2013) under both normal conditions and drought conditions. The
CO2Science.org website reports on 108 published experiments between 1985 and 2019 exposing soybean
to enrichedCQO; levels. Converted to a +300ppm common scale the average growth benefit was +50.9
percent. There were also ten studies reporting on +600 @@mn enrichment, which increased
photosynthesis by an average of 90.3%.

Maize (corn)

The CO2Science.org website reports on 28 published experiments between 1983 and 2018 exposing
corn Zea mayd..) to enrichedCQO; levels. Converted to a +300ppm common scale the average growth
benefit was +23.7 percent. Corn also benefits from increased drought tolerance under Elevatetd
experimental studyAllen Jr., 2011)exposed plants to water stress conditions in sunlit controlled
environment chambers at 360 ppm (ambient) and 720 ppm (ele@@ed)he drought stress caused a 41
percentloss of gowth under ambien€O; but only a 13ercentoss under elevatedO..

Wheat

The CO2Science.org website reports on 92 published experiments between 1983 and 2020 exposing
common wheatTriticum aestivuni.) to enrichedCO; levels. Converted to a +300ppm common scale the
average growth benefit was +67.6 percent. Blandino (2020) measured both the yield and nutritional quality
of an Ai mprovero hybrid wheat levads(Hl65 ppn). Bheydeporteds p ar ¢
a grain yield increase of +X@&rcentout a 7percentdecrease in grain protein levels. But tlzdsofound
that the food quality of different wheat varietals responded differently to ele@&iektvels, so that with
proper varietal selection, growers could select wheat types that best take advantage of theC€evated
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Figure 9.1: U.S. average CO: levels and yields of corn, soy and wheat all normalized
s0 1940=100. Source: Taylor and Schlenker (2021)

Further evidence

A 2021 report from th&).S.National Bureau of Economic Research (Taylor and Schlenker 2021) used
satellitemeasured observations of outdd®. levels across the United States, matched to ceens}
agricultural output data and other economic variables. After controlling for the effects of weather, pollution
and technology the authors concluded ®©@ emissions had boosted U.S. crop production since 1940 by
50 to 80 percent, attributing much larger gains than had previously been estimated using FACE
experiments. They found thavery ppm of increase O, concentration boosts corn yields by 0.5 percent,
soybeans by 0.6 percent, and wheat by 0.8 percent.

Beyond growth benefits, ext@0; boosts plant resilience to dryneSge discussion in Section 2.1.3.

9.3 Crop modeling metaanalyses

Notwithstanding the abundant evidence for the direct benef@®etnd of CO,-induced warming on
crop growth, in 2023he US. Environmental Protection Agency (EPA 2023) boosted its estimate of the
Social Cost of Carbon (SCC) about fif@d basedargely on a very pessimistic 2017 estimate of global
agricultural damages from climate warming (Moeteal, 2017). One of the two damage models used by
the EPA attributed nearly half of the 2030 SCC to projected global agricultural damages based on the Moore
et al. (2017) analysis. This study was a matalysis of crop model studies simulating yield changes for
agricultural crops under various climate warming scenarios. Metoaé projected declining global crop
yields for all crop types in all regions due to warming.
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Figure 9.2 Crop yields under COz-induced climate warming. Blue: as published in Moore et
al. (2017). Green: after including omitted data. Source: McKitrick (2025).

McKitrick (2025) reexamined the Mooret al.database and found that, while it claimed to cover 1,722
studies, only half the entriedl£862) had complete records, so that the sample available for regression
analysis was much smaller than both studies indicMeHitrick noted thatthe recordsmost commonly
missingwerethe changgin ambientCO, andfoundthat in many cases these could be recovered from the
underlying studies or the original climate scenario taleseby increang the usable sample size by 40
percent. The crop yield projectiomgorporating the newly available data changed considerably. As shown
in Figure9.2, whereas the partial data set implied warming would decrease yield (bluetfinegmplete
data set implied constant or increase global yields, even out to 5°C warming (green lines).

9.4 COg2fertilization and nutrient loss

Evidence has shown th@D.-inducedbiomass gains are sometimes accompanigedhyctiorsin the
concentrations of protein amtherkey nutrients such as iron and z{{ihi et al.2021).Someexperiments
haveshown that the rising temperatures expected to accompany l@ghdevels will offset this loss
(Kohleret al.2019) although the evidence for this is mixaslis the evidence that nutrient dilution observed
to date ientirelyattributable to highe€O, (Ziska 2022) If nutrient dilution does occur under risiG§.
levels,there are several adaptive strategiesdbatdbe pursued

First, selective breedirtg raisemicronutrient content is already establisli§dltzman et al. 201 &@nd
has proven to be a cesffective agronomic strategy (Ebi et al. 2021). Strategies can include both
conventional breeding and geneticathpdified organisms. An example of the latter is Golden Ritégh
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containselevatedevels of betecarotengo boost biosynthesis of vitamin A in the human bo@ptimal
strategies will be locatieapecific because they vary by crop, climate and soil (fi® et al. 2021).
Second, fortification of food products with micronutrients is already routine. Folic(addvitamin)is
added to flour and many other fogdsdine is added to table salt, most commercial breakfast cereals are
fortified with iron and numerous vitaminsic. Third, dietary supplements in the form of multivitamin
tablets arénexpensivewidely-available and routinely consumed.

One concern about reliance on adaptive strategies is whether they are feasible@oloecountries.
Micronutrient deficiency is already a problem in the developing world and dietary supplements have proven
to be an effectivéow-costresponse (Elat al.2021). It shouldalsobe noted the IPCC emission scenarios
that generate high levels of warmiatgo involve strongncome growth. Th&SP scenariégssume that,
compared to 2005 levels, global per capita income will double by 2100 in the lowest growth case (SSP3),
and in the highest emission case (SSP5) glodedapitaincome will grow nearly 16old. In that scenario
even the poorest regions (Africa and the Middle Esrsd)jup witha per capita income aboutUS$126,000,

70 percent higher thasurrentU.S. per capita incomébout US$75,000onsequently the same scenarios

in whichCQ; levels increasthe mostre also those in whidaylobalpoverty is largely eliminatedh which

caseall countrieswould be able to afford dietary supplements as necessary to address micronutrient
deficienciesif they ariseand cannot be addressed usingfarm agricultural strategies

In summary, there is abundant evidence going back decades thatGingvels benefit plants
including agricultural crops, and tha0.-induced warming will be a net benefittbS.agriculture.To the
extent nutrient dilution occurs there are mitigating strategies available that will need to be researched and
adapted to local conditions.
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10 MANAGING RISKS OF EXTREME WEATHER

Chapter summary

Trends in losses from extreme weather and climate events are dominated by population increases and
economic growth. Technological advances such as improved weather forecasting and early warning
systems have substantially reduced losses from extreme weaérgs. Better building codes, flood
defenses, and disaster response mechanisms have lowered economic losses relative tolGBP. The
economy's expansion has diluted the relative impact of disaster costs, as seen in the comparison of
historical and moder GDP percentages. Heallated mortality risk has dropped substantially due to
adaptive measures including the adoption of air conditioning, which relies on the availability of
affordable energy. U.S. mortality risks even under extreme warming scen@iostaprojected to
increasdf people are able to undertake adaptive responses.

10.1 Socioeconomic context

Risks from humaitaused climate change are affected by natural weather and clianeteility and
are dominated by the exposure of wealth in coastal and other digasterregions and vulnerabilities of
poorer populationsThe evolution of climate risk in the U.S. has been dominated by societal factors, rather
than by changes to the actual weather and climate hazards. Deaths from weather disasters have decreased
substantially since 1900, even aslpopulation grew from 76 million in 1900 to over 33illion in 2020
(Goklany 2011). For example, the Galveston hurricane killed over 8,000 people in 190pg({@@itof
the US. population), whereas the worst recent disaster, Hurricane Katrina in 2005, killed 1800 people (or
0.0006percenbf the US. population) (NOAANational Hurricane Cent@025; US. CensusBureaw2025).

Technological advances hasgbstantially reduced losses from extreme weather events. Early warning
systems, satellite monitoring, and improved weather forecasting have reduced deaths, although exact
numbers are hard to quantify (Deryugina and Hs0®2B). US. weather forecasting has been estimated
to reduce losses from weather events with an annualized benefit of $31.5B, protecting lives, property, and
supporting agriculture and transportation (NRC 2010). Improved hurricane forecasts have reduced pre
and poslandfall spendingwith annual per hurricane cost reductions estimated at 8oBna and Rudik
2024).

Infrastructure improvements have contributed to substantial reductions in losses from extreme weather
events. Building codes, such as those implemented in Florida after Hurricane Andrewh{@@92¢duced
losses by ensuring structures can withstand high winds and floods. Homes built after 2002 showed minimal
damage during Hurricane Michael (2018), unlike older homes (FEGED). Sea walls, like the Galveston
Seawall, protect against wave action and storm surge. The New Orleans Hurricane and Storen Damag
Risk Reduction System successfully mitigated storm surge during Hurricane Isaac @ata)e(
Memorial Institute2013). Inland dams in the.8l help control flooding by storing excess water during
heavy rains. It is estimated that the Tennessee Valley Authority (TVA) dams prevent about $309M in
annual flood damage in the TVA region and along the Ohio and Mississippi Rivers (TVA, 2025). During
Hur ri cane Helene (2024), TVAOGs strategies prevente
2024).
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10.2 Data challenges

Since 1980, NOAA has provided a count of annual U.S. weagfetied disasters that it estimates to
have exceeded $illion (inflation adjusted), showing a substantial increase starting in 2008. NOAA and
other government officials have cited the upward trend in the Billion Dollar Disaster series as evidence that
climate change is making extreme weather worse (Pielke Jr., 2024). Btinmgpopulation and wealth
have increased dramatically in theSl) so when an extreme weather or climate event occurs, there is more
damage even if there is no underlying trend in the frequency or intensity of extreme weather. Pielke Jr.
(2024) demonsétes that losses per weather disaster as a proportion of GDP have decreased by about 80
percentsince 1980as shown irFigure 10.1 Pielke Jr. (2024) also argued that in addition to relying on
opaque data sources and unreported adjustments, NOAA failed to normalize its Billion Dollar Disaster data
series properly for changes in population exposure and wealth. In May 2025 NOAA anniumed
withdrawn the Billion Dollar Disaster product from publication (Pielke Jr., 2025).

Losses per Disaster in NOAA's "Billion Dollar"” Disaster Dataset
as % US GDP 1980-2022

0.50%

0.40%

0.30%

0.20%

0.10% ————

Figure 10.1: Losses per disaster as a % of Gross Domestic Product i
disaster dataset (the version downloaded in July 2023), 1980 to 2022. Source: (Pielke, Jr. 2024)

In summary, trends in losses from extreme weather and climate events are dominated by population
increases and economic growlechnological advances such as improved weather forecasting and early
warning systems have substantially reduced losses from extreme weather Bettes building codes,
flood defenses, and disaster response mechanisms have lowered economic losses relativEitaGDP.
the US. economy's expansion has diluted the relative impact of disaster costs, as seen in the comparison of
historical and modern GDP percentages.

10.3 Mortality from temperature extremes

10.3.1 Heat and cold risks

Changes in temperature extremes are among the most certain impacts expected in a warming world. It
stands to reason that extreme heat events would likely become more frequent while extreme cold events
would become less frequent. This pattern is evidetitarhistorical periodthough not in the continental
U.S. (Chapter 6)and is expected to continue with further warming.

111



Mortality during heat extremes is typically caused by heat stroke and heat exhaustion, while mortality
during cold extremes typicalgtems fromhypothermia and heart strain. Global mortality is substantially
greater for cold conditions than for hot conditions (Zhao et al 2021, Ritchie 2024). Unlike witelaézd
mortality, cold-weather risks set in even at moderately cold conditions (Gasg#raili 2015, Lee and
Dessler 2023)The US. EPA (citing data from the Centers for Disease Contreportsthaton average
over 1999 to 2015 there weBe2 deaths per million Americans for which cold was listed as the main
underlying cause and an additional 2.4 deaths per million for which collistesasa contributing factor
(EPA 2025. By contrast there were 1.3 deaths per million for which heat was the main cause and an
additional 0.8 per million for which it was a contributor. By this metric cold accounts for approximately
double the weatheaelated deaths as does heat.

Epidemiological methodkatconsider correlational evideng®t just death certificate reports, indicate
the cold/warm ratianight be much higherA 13-country study of 74 million deaths from 1985 to 2012
estimated that, on average, pércentof deaths were attributable to saptimal temperatures, of which
7.4 percentwere attributable to cold and only (pdrcentwere attributable to heat (Gaspawtial. 2015).
In otherwords,cold weather killed 18.5 times as many people as did hot weather.

Figure 102 shows the distribution of results from Gaspadhal. (2015) by country. For the United
States the fraction of deaths attributable to temperature waef€nt of which 5.5percentwas due to
cold, thus cold weather killed 14 times as many people as hot weather.
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Figure 10.2. Mortality attributable to extreme and moderate cold and heat by country. Source:
reproduced from Gasparini et al. (2015).

There is strong evidence that people adapt to weather risks. Lee and Dessler (2023) reported that 86
percentof temperaturgelated deaths across 40 cities in the U.S. were due teaedatéd mortality, and
that due to adaptation the relative risk of death declined in hot and cold cities alike as seasonal temperatures
increased. Allen and Sheridan (2018) foumak tshort, earhseason cold events were 2 to 5 times deadlier
than hot events, but the mortality risk of both cold and hot extremes drops to nearly zero if the events occur
late in the season.

Daviset al. (2003)examined heatelated mortality in 28 U.S. cities from the 1960s to the end of the
1990s and found that heatlated mortality declined by thregpiarters over the sample period. Bahlal.
(2014) examined mortality data for 106 million people in over 100 cities U.S. cities and fouipe iac &0t
decline in average heatlated mortality over the period 1982005, from 51 per thousand deaths to 19.
They furthermore found that the greatest drop was among seniors over the age of 75. In a study of 42 million

112



deaths in 211 U.S. cities from 1962 to 2006. Nostial. (2015) found a more than 90 percent decline in
the risk of mortality from excess heat.

In the context of large declines in healated mortality, rising temperatures are associated with a net
saving of livessince theyredue mortality from cold eventsAR6 Working Group 2 Chapter 16.2.3.5
( O 6 Netal 20R2) acknowledges that heatated mortality risk is declining over time:

Heatattributable mortality fractions have declined over time in most countries owing to general
improvements in health care systems, increasing prevalence of residential air conditioning, and
behavioral changes. These factors, which determine the shdigptif the population to heat,

have predominated over the influence of temperature change.

Yet the IPCC misrepresents theerallsituation in its AR6 Synthesis report. Section A.2.5 of that document
statesfiln all regions increases in extreme heat events have resulted in human mortality and meebjdity (
high confidencg . 0 But it is silent on the |l arger decline

The observed decline in.8l heatrelated mortality has been specifically attributed to adaptation. Wang
et al.(2018) exploited the spatial variability of heatwaeéated mortality across 209 U.S. cities from 1962
to 2006. While simple correlation appeared to imply an increase in mortality risk during heatwaves,
accounting for adaptation to heatwave intensityseduhe effect to fall to near zero and become statistically
insignificant. They used the results of their epidemiological model to projectdiatad mortality out to
2050 under four RCP warming scenarios (including RCP8.5) with and without adaptive behavior.
Assuming people continue to adapt to the heatwave risks in the regions in which th&yalhget al.
(2018)project not only no increase in heatated mortalitybut an overalimortality decreasdor the US.
They conclude that

Ignoring adaptation would result in a substantiadrestimate of future mortality related to heat
wavesé Accounting f or -rdated mportaity by @060 wotld ret cltange r a | |
substantially over time compared to 2006.

10.3.2 Mortality risks and energy costs

A 2016 study of UB. long term mortality risks associated with temperature variations (Bagteada
2016) showed that increases in mortality across tI$ dde associatedith both cold weather and hot
weather. But over time, the introduction of electricity and the adoption of central heating and air
conditioning (AC) dramatically reduced both risks, especially those associated with hot weather. Prior to
1960 a day above 90°F43C) added 2.2 percent to the average mortality risk rate, but after 19Gihibe
weather added only 0.3 percent to mortality risk, an 85 percent reduction. Prior to 1960 temperatures below
39°F (4°C) added about 1 percent to mortality risk but after 1960 the same weather only added about half
that amount. Adaptation through comtienal household improvements dramatically reduced public
vulnerability to weather extremes. The entire reduction in hot weather mortality was attributable to
widespread adoption of indoor AC, which depended on the availability of reliable and affaidabieity.

The corollary of this finding is that the use of heating and cooling systems depends on energy being
affordable. Doremust al.(2022) showed that wealthy and poor households in t8eddjust their energy
expenditures at similar rates in response to moderate temperature swings, but not in response to extreme
temperature swings. When temperatures swing to very cold levels (< 5°C) energy spendingnicoimgh
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households rises by 1.2 percent but in-loeome households by only 0.5 percent. On very hot days
(>30°C) electricity spending in higincome households rises by 0.5 percent but does not change at all in
low-income households. The latter result is obsgmren in subsamples where all households have AC.
Cong et al. (2022) report similar findings for a sample of households in AriZbeaimplication is that
even with widespread adoption of home heating and cooling systems, inability to afford energiolsave
income households exposed to weather extremes.
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11 CLIMATE CHANGE , THE ECONOMY, AND THE SOCIAL COST OF
CARBON

Chapter summary

Economists have long considered climate a relatively unimportant factor in economic growth, a view
echoed by the IPCC itself in AR5. Mainstream climate economics has recogniz&Dthatiuced

warming might have some negative econondffects,but they are too small to justify aggressive
abatemenpolicy andthatt r yi ng t o fAstopd or cap gl obal war mir
target would be worse than doing nothing. An influential study in 2012 suggested that global warming
would harm growthn poorcountries,but the finding has subsequently been found not to be robust.

Studies that take full account of modeling uncertainties either find no evidence of a negative effect on
global growth fromCO, emissions or find poor countries as likely to benefit as rich countries.

Social Cost of Carbon (SCC) estimates are highly uncertain due to unknowns in future economic
growth, socioeconomic pathways, discount rates, climate damages, and system responses. The SCC is
not intrinsically informative as to the economic or societaldotp of climate change. It provides an

index connecting large networks of assumptions about the climate and the economy to a dollar value.
Some assumptions yield a high SCC and others yield a low or negative SCC (i.e. a social benefit of
emissions). The édence for or against the underlying assumptions needs to be established
independently; the resulting SCC adds no additional information about the validity of those
assumptions. Consideration of potential tipping points does not justify major revisidd€QGo
estimates.

11.1 Climate change and economic growth

11.1.1 Overview

It has long been noted that economies tend to do poorly in very cold and very hot regions, with the
optimum somewhere in betweedqrdhaus2006) This implies that warming will tend to be harmful in
hot regions but beneficial in cool onéBemperaturesensitive economic activity migrates, whenever
possible, to where it is best suited, and society adapts to the local climate. Based in part on these
observations, in 1992 Thomas Schelling, then President of the American Economic Associuien, ar
that any effects of climate change orSleconomic activity would be small relative to the many other
changes that would happé&chelling 1992)

€ Manufacturing rarely depends on climate, and
difference, air conditioning has intervened. When Toyota chooses among Ohio, Alabama, and
Southern California for locating an automobile assembly, geographicaideoations are

important, but not because of climatd-inance is little affected by climate; similarly for health

care, or education, or broadcasting. Transportation can be affected, but improvements in all
weather landing and taladf in the last 30 yars are greater than any differences that climate makes.

If the average effect is a warming, iced waterways and snow removal may decline in importance.
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