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Introduction
Human activities are changing the climate. The evidence for warming across multiple aspects of the Earth 

system is incontrovertible, and the science is unequivocal that increases in atmospheric greenhouse 

gases are driving many observed trends and changes (KM 3.1). There are more greenhouse gases in the 

atmosphere primarily because humans have burned and continue to burn fossil fuels for transporta-

tion and energy generation.1 Industrial processes, deforestation, and agricultural practices also increase 

greenhouse gases in the atmosphere.1 As a result of increases in the atmospheric concentrations of these 

heat-trapping gases, the planet is on average about 2°F (1.1°C) warmer than it was in the late 1800s.2,3,4,5 No 

natural processes known to science could have caused this long-term temperature trend. The only credible 

explanation for the observed warming is human activities (Ch. 3).

Climate change is happening now in the United States. Including Alaska, the continental US has been 

warming about 60% faster than the planet as a whole since 1970. This temperature change has driven 

increases in the frequency and severity of some extreme events, consistent with the scientiţc understand-

ing of climate change (Ch. 3). There has always been extreme weather, which occurs even in an unchanged 

climate due to the natural variability of the Earth system. However, recent advances in attribution science 

(KM 3.3) mean that the role of climate change in some extreme events can now be quantiţed in real time.6,7 

For example, climate change made the record-breaking Paciţc Northwest heatwave of June 2021 2° to 4°F 
hotter,8 and in 2017, Hurricane Harvey’s rainfall was estimated to be about 15%–20% heavier than it would 

have been without human-caused warming.9,10,11 

Climate change is already affecting people in the United States. Extreme heat was estimated to be 

responsible for more than 700 deaths per year between 2004 and 2018,12 although some estimates put 

heat-related mortality closer to 1,300 deaths annually.13,14 Disasters are now coming more frequently and 

causing more damage. In the 1980s, the country experienced, on average, one (inŤation-adjusted)  
billion-dollar weather disaster every four months.15 Now there is one, on average, every three weeks.15

Disaster risk in a complex society such as the United States is never determined simply by extreme weather 

events. It also depends strongly on exposure (who or what lies in the path of hazards) and vulnerability 

(their ability to cope with hazards). Climate change interacts with existing social, political, and economic 

structures—increases in property values as well as increased development in hazard hotspots16 have also 

contributed to the increase in billion-dollar disasters—and exacerbates existing inequalities. Certain groups 

are more vulnerable to extreme events due to socioeconomic or demographic factors. Americans over 65 

are several times more likely to die of heat-related cardiovascular disease than younger people, while Black 

Americans die from heat-related diseases at a rate twice that of the general population.17 The extreme 

rainfall brought by Hurricane Harvey increased the Ťooded area in the Greater Houston area by 14%,18 which 

led to 32% more homes Ťooded in Harris County,19 with a disproportionate impact on low-income Hispanic 

neighborhoods. The spatial distribution of climate impacts partially reŤects current and past policy choices: 
low-income neighborhoods, including those historically affected by redlining or other discriminatory 

policies, can be as much as 12°F hotter during heatwaves than wealthier neighborhoods in the same city20 

and are at a substantially higher risk of Ťooding.21 

Climate change has other wide-ranging consequences for people’s health and well-being (KM 15.1) and 

the land and ocean ecosystems on which we depend (Chs. 8, 10). The 2021 Paciţc Northwest heatwave, 
which resulted in more than 1,400 heat-related fatalities, also led to widespread die-offs of shellţsh and 
other marine organisms (Box 10.1), tree and crop damage, and other impacts on the region’s ecosystems.15,22 

Western wildţres, made more severe by climate change (Focus on Western Wildţres), have destroyed 
towns and infrastructure and contributed to an increase in the frequency and persistence of high levels of 
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air pollution across the US West (Chs.14, 15).23 These extreme events occur against a changing backdrop as 

climate change pushes aspects of the Earth system into a “new normal.” 

Long-term warming trends are associated with shifts in other aspects of the climate system. For example, 

both drought in the western US24 and heavier precipitation and increased Ťood risk across much of the 
US25 are linked to rising temperatures (KM 3.5). Sea level rise threatens the coasts (Ch. 9; Figure A4.10) and 

makes storm surges higher. Scientists cannot rule out the possibility of still more dramatic shifts if certain 

tipping elements trigger rapid and irreversible changes. While immediate and aggressive reductions in 

greenhouse gas emissions can mitigate future warming (KM 32.2) and reduce the risk of exceeding tipping 

points, temperatures will continue to increase until emissions of carbon dioxide reach net zero. When or if 

warming stops, long-term responses to the temperature changes that have already occurred will continue 

to drive changes for decades. Put simply, communities across the country are built for a climate that no 

longer exists.

Key Message 2.1  

Climate Is Changing, and Scientists Understand Why

It is unequivocal that human activities have increased atmospheric levels of carbon dioxide 

and other greenhouse gases. It is also unequivocal that global average temperature has risen 

in response. Observed warming over the continental United States and Alaska is higher than 

the global average (virtually certain, very high conƼdence). Long-term changes have been 

observed in many other aspects of the climate system (very high conƼdence). The Earth 

system is complex and interconnected, which means changes in faraway regions are virtually 

certain to affect the United States (very high conƼdence).

Humans are increasing atmospheric concentrations of planet-warming gases, including the three main 

greenhouse gases produced by human activities: carbon dioxide (CO2), methane (CH4), and nitrous oxide 

(N2O; Table 2.1; Figure A4.3). Since 1850, carbon dioxide concentrations have increased by more than 47%, 

nitrous oxide by 23%, and methane by more than 156%.1 Methane is a more potent greenhouse gas than 

CO2 but is shorter-lived and present in lower concentrations than CO2. Nitrous oxide is both long-lived and 

more potent, but its concentrations are also lower than CO2. Strong reductions in emissions of both CO2 and 

non-CO2 greenhouse gases are required to limit human-induced global warming to speciţc levels.26
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Table 2.1. Concentrations of Greenhouse Gases That Cause Global Warming Are Increasing 

Human activities have increased atmospheric concentrations of the three main greenhouse gases: carbon dioxide (CO2), 
methane (CH4), and nitrous oxide (N2O). Shown below are the concentrations in 1850 and 2020 for all three gases, along with 
information on the atmospheric lifetimes, sources, and sinks (processes by which the gas is removed from the atmosphere).

Greenhouse Gas
1850  
Concentration

2020  
Concentration

Lifetime Sources Sinks

Carbon dioxide

(CO2)

280 parts per 
million (ppm)27 412 ppm28 See below*

Human activities: 
fossil fuel 
use, industrial 
processes, and 
changes in land use 
such as deforesta-
tion, land clearing 
for agriculture, and 
soil degradation. 
Natural sources: 
oceans, animal and 
plant respiration, 
decomposition, 
forest fires, 
volcanic eruptions. 

Uptake by the 
biosphere on land 
and ocean and 
formation of calcium 
carbonate and 
carbonate ion leading 
to ocean acidifica-
tion and land-based 
weathering

Methane

(CH4)

700 parts per 
billion (ppb)29 1,878 ppb30 9.1 ± 0.09 years

Human activities: 
agriculture, waste 
management, 
energy use, and 
biomass burning. 
Natural sources: 
geological, 
oceanic hydrates, 
permafrost, 
termites, wild 
animals.

Chemical reactions in 
the atmosphere and 
soil uptake

Nitrous oxide

(N2O)
270 ppb1 333 ppb31 116 ± 9 years32

Human activities: 
agriculture, fossil 
fuel combustion, 
biomass/ biofuel 
burning, and 
wastewater; 
atmospheric 
nitrogen deposition 
on ocean and land. 
Natural sources: 
rivers, estuaries and 
coastal zones, open 
oceans, soils under 
natural vegetation, 
atmospheric 
chemistry. 

Stratospheric 
destruction via 
photolysis or broken 
down by chemical 
reactions

* Carbon dioxide’s lifetime cannot be represented with a single value since CO2 moves among different reservoirs within the 
ocean–atmosphere–land system (see “Carbon Cycle,” App. 5). The rate at which this transfer of CO2 happens between reser-
voirs can vary from months to thousands of years, thus making it unrealistic to provide a single numerical value for the lifetime 
of CO2, unlike CH4 and N2O, which have speciƼc chemical loss mechanisms in the atmosphere. Also see https://www.epa.gov/
climate-indicators/greenhouse-gases.

https://www.epa.gov/climate-indicators/greenhouse-gases
https://www.epa.gov/climate-indicators/greenhouse-gases
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CO2 Emitted Long Ago Continues to Contribute to Climate Change Today

The carbon dioxide not removed from the atmosphere by natural sinks lingers for thousands of years. 

This means CO2 emitted long ago continues to contribute to climate change today. The long lifetime 

of atmospheric CO2 is one of the primary reasons why the COVID-19 pandemic–related reduction in 

greenhouse gas emissions—a decrease of 7% between 2019 and 202033,34,35—had no measurable impact on 

atmospheric CO2 concentrations and little effect on global temperatures (Focus on COVID-19 and Climate 

Change).36,37 Because of historical trends, cumulative CO2 emissions from fossil fuels and industry in the US 

are higher than from any other country (Figure 2.1b). 

Carbon dioxide, along with other greenhouse gases like methane and nitrous oxide, is well-mixed in 

the atmosphere. This means these gases warm the planet regardless of where they were emitted, and 

all countries that emit them contribute to the warming of the entire globe. For the ţrst half of the 20th 
century, the vast majority of greenhouse gas emissions came from the United States and Europe, but 

emissions from the rest of the world, particularly Asia, have been rising rapidly (Figure 2.1a). In 2021, for 

example, US emissions were 17% lower than 2005 levels and falling. Currently, the country that emits the 

most CO2 on an annual basis is China.

In order to understand the total contributions of past actions to observed climate change, additional 

warming from CO2 emissions from land use, land-use change, and forestry, as well as emissions of 

nitrous oxide and the shorter-lived greenhouse gas methane, should also be taken into account alongside 

cumulative fossil CO2 emissions. Accounting for all these factors and emissions from 1850–2021, US 

emissions are estimated to comprise approximately 17% of current global warming, China 12%, European 

Union 10%, and emissions from the 47 least-developed countries collectively 6%.38 The present is shaped by 

the past; future global warming depends on decisions made today (KM 2.3).

Greenhouse Gas Emissions from the US and Other Sources

China is now the largest single-country emitter of carbon dioxide on an annual basis. The United States and 
Europe have emitted the majority of cumulative carbon dioxide. 

Figure 2.1. Panel (a) shows the annual total carbon dioxide (CO2) emissions from fossil fuels and industry for se-
lected world regions. China is currently the world’s largest emitter of CO2. Emissions from the US and the Europe-
an Union and UK are large and falling; India, Africa, and South America emit less CO2 on an annual basis. Panel (b) 
shows the cumulative CO2 emissions of the same world regions. Some CO2 emitted decades ago remains in the 
atmosphere today, causing the climate changes now being experienced. Figure credit: Project Drawdown.
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Greenhouse Gases Are Not the Only Air Pollutants That Affect the Climate

Many of the human activities that produce greenhouse gases also produce small airborne particles known 

as aerosols. Aerosol emissions are an important constituent of air pollution, which is responsible for more 

excess deaths in the United States than murders and car accidents combined.39 Aerosols also have climate 

impacts: they can scatter or absorb sunlight, which have cooling and warming effects, respectively.

Aerosols also affect climate through their effects on clouds (Ch. 3). Increased global aerosol emissions 

have primarily cooled the planet, partially counteracting the warming caused by greenhouse gases, but 

compared to CO2 aerosols are more localized and shorter lived. Aerosol emissions in the US have dramati-

cally decreased since the passage of the Clean Air Act and subsequent pollution control legislation (Figure 

2.2), global aerosol emissions have fallen, and the location of peak aerosol emissions has shifted from North 

America and Europe to South and East Asia. COVID-19–related shutdowns (see Focus on COVID-19 and 

Climate Change) led to decreases in aerosol emissions, reducing their cooling effect. This led to a small and 

temporary global warming estimated at 0.05°F.40 Long-term reductions in aerosol emissions would further 

reduce the cooling effect of aerosols,41,42 which means that even stronger reductions in greenhouse gases 

would be required to limit warming to speciţc levels.
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Observed Trends in Aerosol Optical Depth from 2002 to 2021 

Trends in aerosol optical depth show decreases in aerosol pollution across the eastern United States.

Figure 2.2. Aerosol pollution over and downwind of the eastern US has decreased signiƼcantly in recent decades, 
resulting in both improved air quality and reduced cooling effects. Aerosols are tiny particles in the air that are 
associated with respiratory disease. Reduction of these particles means less impact on human health. These 
particles also reƽect sunlight back to space, thus cooling the Earth’s atmosphere. Reduction of these particles 
means less sunlight is reƽected resulting in reduced cooling effects. This Ƽgure shows the trend from July 2002 
to December 2021 in aerosol optical depth (AOD), a unitless measure of the total amount of aerosols in the atmo-
sphere, as derived from satellite observations. The trend is calculated from deseasonalized AOD anomaly and is 
shown as change per decade. The trend over and downwind of the eastern US is signiƼcant at the 95% conƼdence 
level. Figure credit: NASA Langley Research Center.
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Climate Change Is Already Here 

Global average temperatures over the past decade (2012–2021) were close to 2°F (1.1°C) warmer than the 

preindustrial period (1850–1899).2,3,4,5 This warming has been accompanied by several large-scale changes: 

loss of glaciers, ice sheet mass, and sea ice; ocean warming, acidiţcation, and deoxygenation; increases in 
ocean heat content and marine heatwaves; increases in atmospheric humidity; shifting rainfall patterns and 

more frequent heavy precipitation; seasonal shifts including shorter winters and earlier spring and summer 

seasons; and changes in the biosphere (such as land and ocean species shifting poleward). Global average 

sea levels over the past decade were also higher than in the preindustrial period by between 7 and 9.5 

inches, with more than half of this rise occurring since 1980.43,44,45 A subset of notable global climate trends is 

shown in Figure 2.3.

Evidence for Climate Change Across Multiple Variables

Changes across the Earth system reƽect the inƽuence of human activities on the climate.

Figure 2.3. Climate change is apparent in many different aspects of the Earth system between 1880 and 2021. 
Many of these changes are evidence for a human Ƽngerprint on the climate, reƽecting the current scientiƼc under-
standing of how the planet responds to external inƽuences (Ch. 3). Global changes between the start and end of 
each time series are shown as numerical values to the right of each chart and are calculated by Ƽtting each time 
series with a localized linear regression with a bandwidth of 30 years. Figure credit: Stripe Inc., NOAA NCEI, and 
CISESS NC.
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The Changes We Face Are Unprecedented in Human History

Bubbles of ancient air trapped in ice cores can be used to reconstruct atmospheric concentrations of 

greenhouse gases over the last 800,000 years. These concentrations rise and fall due to natural processes, 

but human activities have increased greenhouse gases in the atmosphere rapidly and to levels unprec-

edented in the history of human life on Earth. Other paleoclimatic evidence indicates that the last time 

atmospheric CO2 concentrations were as high as today was approximately 3.2 million years ago,46,47 a time 

when global average sea levels were 18–63 feet higher than today.48 Evidence from multiple proxy-based 

reconstructions of the past indicates that the rate of increase of global surface temperatures observed over 

the past several decades is unprecedented over the past 2,000 years.49 

The Climate in the United States Is Changing 

The US Is Warming Faster Than the Global Average
Temperatures in the contiguous United States (CONUS) have risen by 2.5°F and temperatures in Alaska by 

4.2°F since 1970, compared to a global temperature rise of around 1.7°F over the same period. This reŤects a 
broader global pattern in which land is warming faster than the ocean, higher latitudes are warming faster 

than lower latitudes, and the Arctic is warming fastest of all.50 There are substantial seasonal and regional 

variations in temperature trends across the US and its territories. Winter is warming nearly twice as fast as 

summer in many northern states (Figure 2.4). Annual average temperatures in some areas (including parts of 

the Southwest, upper Midwest, Alaska, and Northeast) are more than 2°F warmer than they were in the ţrst 
half of the 20th century, while parts of the Southeast have warmed less than 1°F. These regional differences 

are most pronounced in the summer: seasonal temperatures in some regions east of the Rockies have 

decreased. Studies have linked these regional trends to a combination of natural climate variability,51,52,53,54,55 

human-caused drivers such as irrigation and agricultural intensiţcation,56,57 and aerosol pollution (Figure 

2.4; Ch. 3).53,58 This decreasing trend has recently reversed in the southeastern US, possibly in response to 

decreasing aerosol amounts (Figure 2.2),59 a shift projected to increase climate change impacts in that  

region (Ch. 22).

The Characteristics of Precipitation Are Changing
Many eastern regions of the country are getting wetter (Figure 2.4). Average annual precipitation from 

2002–2021 was 5%–15% higher relative to the 1901–1960 average in the central and eastern US, a trend 

attributable to climate change.60 Hawai‘i (Ch. 30) and parts of the Southwest (Ch. 28) are getting drier (Figure 

2.4), recording average annual precipitation decreases between 10% and 15% over the same time period. 

The timing of precipitation is also changing. While the Northeast and Midwest have seen wetter conditions 

in all seasons, the Southeast has received more precipitation in the fall but drier conditions in spring and 

summer.61 Across most of the Southwest, precipitation was more than 15% below average during summer, 

fall, and spring and 10%–15% above average in the winter.62,63 The Paciţc Northwest also experienced drier 
summers and wetter winters. More precipitation is now falling as rain rather than snow, which is contribut-

ing to reductions in snowpack and maximum annual snow equivalent (Ch. 4; Figure A4.7).



Fifth National Climate Assessment

 2-12 | Climate Trends

Observed Changes in Annual, Winter, and Summer Temperature and Precipitation

Temperature has increased and precipitation has changed over much of the United States.

Figure 2.4. Changes shown are the difference between the annual average or seasonal temperatures (leŌ column) 
and precipitation totals (right column) for the present day (2002–2021) compared to the average for the Ƽrst half 
of the last century (1901–1960) for the contiguous United States (CONUS), Hawai‘i, and Puerto Rico; and 1925–
1960 for Alaska. Temperature and precipitation estimates for CONUS and Alaska are derived from the nClimGrid 
dataset.64,65 For Hawai‘i and Puerto Rico, temperature estimates are derived from NOAAGlobalTemp,5 and precipi-
tation estimates are derived from the Global Precipitation Climatology Center dataset.66 Figure credit: NOAA NCEI 
and CISESS NC. 



Fifth National Climate Assessment

 2-13 | Climate Trends

Sea Level Along the Continental US Coast Is Rising Faster Than the Global Average
Over the past century, average sea level along the continental US coastline has risen by about 11 inches, 

which is considerably more than the global average sea level rise of 7 inches.67 In just the last three decades 

(1993–2020), sea level has risen at a rate of 1.8 inches per decade in the continental US compared to 1.3 

inches per decade globally (Figure 2.5). Over the same period, the rate of sea level rise has accelerated 

both globally and in the continental US.68 Within the US, rates of relative sea level rise (i.e., changes in sea 

level relative to local land surface heights, including local changes in land elevation) vary spatially, with the 

highest rates between 1993 and 2020 observed along the Gulf and Mid-Atlantic Coasts (greater than 2.4 

inches per decade of sea level rise, as shown in Figure 2.5), the lowest rates in the Paciţc Northwest (0–1 
inches per decade of sea level rise, as shown in Figure 2.5), and relative sea level fall in Southeast Alaska. 

Many processes have contributed to these regional differences. Land subsidence has driven very high rates 

of relative sea level rise along the Gulf Coast. Variations in ocean circulation and land subsidence have 

driven higher rates of sea level rise along the Mid-Atlantic Coast over recent decades.69,70 On the Paciţc 
Coast, ocean-circulation variation related to the Paciţc Decadal Oscillation and local land uplift have caused 
lower rates of sea level rise and, in some places (such as Southeast Alaska), even sea level fall.71 Changes 

in average sea level have doubled the frequency of disruptive high tide Ťooding in the continental United 
States over the past few decades.72 In some cities, the increase in Ťood frequency has been even greater due 
to locally higher rates of sea level rise—for example, a fourfold increase in the frequency of disruptive high 

tide Ťooding events in Miami Beach, Florida, over the last 20 years.73
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Observed Sea Level Trends

Sea levels are rising across most US coastal areas. 

Figure 2.5. Satellite and tide gauge data show trends in sea level rise during 1993–2020 that are, on average, 
greater than global trends. Sea levels are not rising uniformly across US coastlines. The highest rates of sea level 
rise have occurred along the Gulf Coast and Atlantic Coast, with lower rates on the PaciƼc Coast and sea level fall 
along parts of the Alaska Coast. Rates of sea level rise in Hawai‘i and Puerto Rico are closer to the global average. 
Adapted from Sweet et al. 2022.67

Oceans Are Changing
The oceans are warming along all US coasts, but not all areas are warming at the same rate.74,75 Surface 

waters along the Alaska and Northeast coastlines are warming faster than in most other regions due 

to climate change impacts on weather and ocean circulation in those regions (KMs 21.2, 29.5).76 Oxygen 

minimum zones (areas of the deeper ocean where oxygen levels are low) have expanded in volume since 

1970, particularly in Alaska waters, with negative consequences for ţsheries (Ch. 10).77,78,79 Dead zones—areas 

in the coastal ocean where oxygen levels seasonally drop, sometimes causing massive die-offs of marine 

life—are happening in more places around the country, with climate change one of many factors contrib-

uting to their expansion.77,80 Acidiţcation, caused by rising levels of atmospheric CO2 being absorbed by 

the ocean (KM 3.4; Figure 3.9), has changed the carbonate chemistry of US offshore and coastal waters at 

variable rates, impacting marine life.81 Acidiţcation in offshore and open ocean waters tracks the global 
average trends,1 but changes in US coastal waters depend on regional upwelling conditions (Ch. 27) and 

acidifying contributions from land and nutrient and freshwater inputs.82,83 
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Sea and Lake Ice Is Decreasing
Sea ice has dramatically retreated from Alaska coastal seas over the last several decades at rates that exceed 

retreat in other parts of the Arctic Ocean (Ch. 29).79,84 In 2018, sea ice in the Bering Sea of Alaska reached 

a record low at less than half the average winter extent since 1979.85 Throughout North America and the 

Arctic, lake ice area and seasonal duration have also notably decreased during the satellite era (Ch. 24).86,87

Changes Outside National Borders Affect the United States 

Warming in the Tropics Affects the Entire United States 
Observed changes in atmospheric circulation are shifting the distribution of precipitation throughout the 

tropics and subtropics, resulting in greater precipitation variability for Caribbean and Paciţc islands (Chs. 
3, 23, 30).88 These shifts are also thought to extend tropical cyclone tracks farther into the midlatitudes,89 

especially in the West Paciţc basin. Tropical cyclone activity in the West Paciţc has also been linked to an 
intensifying effect on the El Niño–Southern Oscillation (ENSO).90,91,92 ENSO itself has tended toward more 

extreme events since the 1950s93 that strongly impact the US-Afţliated Paciţc Islands (Ch. 30) but also 
heavily inŤuence temperature and precipitation patterns in several continental US regions,94,95,96 as well as 

the development of tropical cyclones in the Paciţc and Atlantic basins.97 The tropics are also a key source of 

moisture for atmospheric rivers and tropical storms that bring precipitation to much of the country. As the 

tropics warm, the subsequent increase in moisture is intensifying the precipitation associated with these 

systems across the western and eastern United States.98,99 

Ice Sheet Changes in Greenland and Antarctica Contribute to US Sea Level Rise
The pattern of mass loss from glaciers and ice sheets outside the United States also has an important 

inŤuence on the spatial pattern of sea level rise along US coasts, as ice losses in Antarctica lead to more 
sea level increase along the US Atlantic Coast than equivalent ice losses in Greenland, due to gravitational 

changes associated with the redistribution of mass on the Earth’s surface.100,101 Improved estimates of sea 

level changes during warm periods in Earth’s prehistory are now directly being used to calibrate projections 

of the upper bound of future sea level rise.102,103 The closest analog for current rates of sea level rise, and 

those that may occur in the next century, are past warm periods when the Greenland and Antarctic ice 

sheets were considerably smaller than their present state and global average sea level was 10 or more 

feet higher.104

Arctic Changes Affect Weather in the Midlatitudes
The Arctic is warming faster than much of the world, and Arctic sea ice is declining rapidly as a 

consequence.49 There is emerging evidence from modeling studies and observations that these changes 

in the Arctic are affecting atmospheric circulation and extreme weather across the United States. In 

summer, the temperature contrast between the Arctic and the midlatitudes has decreased, weakening 

the midlatitude jet stream and making certain weather regimes more persistent.105 This has led to more 

persistent hot and dry extremes over parts of North America.105,106,107 However, the connection between 

Arctic warming and winter weather is still uncertain. In winter, the inŤuence of natural climate variability 
and the lack of consistency between observations and modeling-based studies make it difţcult to connect 
changes occurring in the Arctic and winter severe weather.108,109 However, some recent studies suggest that 

Arctic warming results in increasing disruptions of the stratospheric polar vortex that cause cold air from 

the Arctic to spill down over the United States, as seen in recent severe winter weather events such as the 

February 2021 cold snap that affected large parts of the country (Figure 26.7).110,111,112 Notably, this Arctic air, 

while still cold in absolute terms, is warmer than it used to be four decades ago.
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Key Message 2.2  

Extreme Events Are Becoming More Frequent and Severe

Observations show an increase in the severity, extent, and/or frequency of multiple types of 

extreme events. Heatwaves have become more common and severe in the West since the 

1980s (high conƼdence). Drought risk has been increasing in the Southwest over the past 

century (very high conƼdence), while at the same time rainfall has become more extreme in 

recent decades, especially east of the Rockies (very high conƼdence). Hurricanes have been 

intensifying more rapidly since the 1980s (high conƼdence) and causing heavier rainfall and 

higher storm surges (high conƼdence). More frequent and larger wildƼres have been burning 
in the West in the past few decades due to a combination of climate factors, societal changes, 

and policies (very high conƼdence). 

Climate Change Is Not Just a Problem for Future Generations, It’s a 
Problem Today

The number and cost of weather-related disasters have increased dramatically over the past four decades, 

in part due to the increasing frequency and severity of extreme events and in part due to increases in 

exposure and vulnerability. In 2022 alone, the United States experienced 18 weather and climate disasters 

with damages exceeding $1 billion (Figures 2.6, A4.5). There is increasing conţdence that changes in some 
extreme events are driven by human-caused climate change (KM 3.5).
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Billion-Dollar Weather and Climate Disasters in 2022

The US experienced 18 billion-dollar weather and climate disasters in 2022.

Figure 2.6. In the 1980s, there was one weather/climate disaster event with losses exceeding $1 billion approx-
imately every four months. By the 2010s, there was one every three weeks or less. In 2022, there were 18 such 
events that affected the United States. These events included 1 drought event, 1 ƽooding event, 11 severe storm 
events (including tornadoes, hail storms, and straight-line winds), 3 tropical cyclone events, 1 wildƼre event, and 
1 winter storm event. Overall, these events resulted in the deaths of 474 people and had signiƼcant economic 
effects on the areas impacted. Source: NCEI 2022.15

The Risk of Temperature Extremes Is Changing
By some measures, the most extreme heatwaves on record in the United States occurred during the Dust 

Bowl era of the 1930s.113 This serves as a historical reminder of the societal consequences of extreme heat. 

Globally, such heatwaves are becoming more frequent, and in recent decades the western United States 

has been following those trends. Several major heatwaves have affected the US since 2018, including a 

record-shattering event in the Paciţc Northwest in 2021. The western US has been particularly affected 
by extreme heat since the 1980s (Figure 2.7), experiencing a larger increase in days over 95°F, as would be 

expected given the greater warming in that region relative to the eastern US.114 By contrast, the number of 

very hot days has actually decreased across the central and eastern regions due to summer cooling trends 

in the region (Figure 2.7; Ch. 22). This does not, however, mean the central and eastern US are not affected 

by heat. The impacts of extreme high temperatures are more severe if such conditions persist for several 

days, and overall, multiday heatwaves have become hotter, more frequent, larger, and longer lasting in 

recent decades.115,116,117 Across 50 large US cities, the US Global Change Research Program heatwave indicator 

(https://www.globalchange.gov/indicators/heat-waves) shows that the average number of heatwaves has 

doubled since the 1980s, and the length of the heatwave season has increased from about 40 days to about 

70 days.118 Even the ocean is experiencing extreme heat: marine heatwaves—prolonged periods of discrete 

(from days to several months) anomalously high sea surface temperatures—have now been documented in 

every US marine system (KMs 8.2, 10.1, 21.2, 27.2, 28.2, 30.4; Box 10.1; Figure 29.1).119 

https://www.globalchange.gov/indicators/heat-waves
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Observed Changes in Hot and Cold Extremes 

Hot days have increased in the West, hot nights have increased nearly everywhere, and cold days have  
decreased.

Figure 2.7. Over much of the country, the risk of warm nights has increased while the risk of cold days has de-
creased. The risk of hot days has also increased across the western US. This Ƽgure shows the observed change 
in the number of (a) hot days (days at or above 95°F), (b) cold days (days at or below 32°F), and (c) warm nights 
(nights at or above 70°F) over the period 2002–2021 relative to 1901–1960 (1951–1980 for Alaska and Hawai‘i 
and 1956–1980 for Puerto Rico). Data were not available for the US-Aƾliated PaciƼc Islands and the US Virgin 
Islands. Figure credit: Project Drawdown, Washington State University Vancouver, NOAA NCEI, and CISESS NC. 

The number of cold days (on which the temperature drops below freezing) has decreased across CONUS 

(except in the Southeast, where the number of days below freezing is small to begin with). Despite some 

recent damaging cold events, overall cold extremes are becoming less frequent and milder (Figure 2.7).120,121

Nighttime temperatures are rising faster than daytime temperatures, and the number of nights where the 

temperature never falls below 70°F is increasing everywhere in the US except the Northern Great Plains 

(Figure 2.7). The extent of CONUS experiencing hot summer nights is growing at a faster rate than the 

extent experiencing hot summer days.121,122 Temperatures are generally lower at night, allowing human (and 

animal) bodies, crops, and the built environment to cool down. For that reason, an increase in the frequency 

and intensity of warm nights can have a signiţcant impact on human health, crop yields, and more.

Rainfall Is Becoming More Extreme 
Since the 1950s, there has been an upward trend in heavy precipitation across the contiguous US (Figure 

2.8).25 This increase is driven largely by more frequent precipitation extremes, with relatively smaller 

changes in their intensity. The largest increase in the number of extreme precipitation days (deţned as the 
top 1% of heaviest precipitation events) has occurred over the Northeast (an increase of around 60%) and 

Midwest (around 45%), along with increases of more than 10% in their annual and 5-year maximum amount 

(Figure 2.8). These changes have contributed to increases in river and stream Ťooding in these regions.123,124 

The increase in frequency and intensity of precipitation extremes is evident across a broad range of event 

durations (from 1 to 30 days) and return intervals (1 to 20 years), particularly east of the Rocky Mountains.125 

There is robust evidence that human-caused warming has contributed to increases in the frequency and 

severity of the heaviest precipitation events across nearly 70% of the US.126,127 Paleoclimate records derived 

from tree-ring growth provide evidence that summer moisture has increased over the past century in parts 

of New England,128 the central-eastern US,129 and the northern Mississippi River valley.130
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Observed Changes in the Frequency and Severity of Heavy Precipitation Events

Heavy precipitation events are becoming more frequent and intense across much of the country. 

Figure 2.8. The frequency and intensity of heavy precipitation events have increased across much of the Unit-
ed States, particularly the eastern part of the continental US, with implications for ƽood risk and infrastructure 
planning. Maps show observed changes in three measures of extreme precipitation: (a) total precipitation falling 
on the heaviest 1% of days, (b) daily maximum precipitation in a 5-year period, and (c) the annual heaviest daily 
precipitation amount over 1958–2021. Numbers in black circles depict percent changes at the regional level. Data 
were not available for the US-Aƾliated PaciƼc Islands and the US Virgin Islands. Figure credits: (a) adapted from 
Easterling et al. 2017;131 (b, c) NOAA NCEI and CISESS NC.

Drought Risk Is Complex and Changing
Drought is such a complex phenomenon that it is a challenge to even deţne what it is: more than 150 
different deţnitions have appeared in the scientiţc literature.132 Broadly, drought results when there is a 

mismatch between moisture supply and demand. Meteorological drought happens when there is a severe 

or ongoing lack of precipitation. Hydrological drought results from deţcits in surface runoff and subsurface 
moisture supply. Drying soil moisture affects crop yields and can lead to agricultural droughts. The timing of 

droughts is also complex. Droughts can last for weeks or decades. They may develop slowly over months or 

come on rapidly. A drought may be immediately apparent or detectable only in retrospect. 

Despite this complexity, some robust regional trends are emerging. Colorado River streamŤow over the 
period 2000–2014 was 19% lower than the 20th-century average,133 largely due to a reduction in snowfall, 

less reŤected sunlight, and increased evaporation.134 The period 2000–2021 in the Southwest had the 

driest soil moisture of any period of the same length in at least the past 1,200 years.135 While this drought is 

partially linked to natural climate variability, there is evidence that climate change exacerbated it, because 

warmer temperatures increase atmospheric “thirst” and dry the soil.24,136,137,138 Droughts in the region are 

lasting longer139 and reŤect not a temporary extreme event but a long-term aridiţcation trend—a drier “new 
normal”140 occasionally punctuated by periods of extreme wetness consistent with expected increases in 

precipitation volatility in a warming world.141,142 

The Southwest is the only region in which the total area of unusually dry soil moisture is increasing.143 In the 

eastern regions of the country, hydrological droughts have become less frequent since the late 19th century 

due to increases in precipitation that compensate for warming-driven increases in evaporation (Figures 

2.4, A4.9).144 However, there is evidence that the likelihood of drought in the Northeast did not decrease as 

much as would be expected given these wetter conditions145 and that higher increases in evapotranspira-

tion make the Southeast more drought-prone than the Northeast (Ch. 22). Additionally, much of the US is 
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vulnerable to rapid-onset Ťash droughts that can materialize in a matter of days, driven by extreme high 
temperatures or wind speeds and a lack of rainfall.146,147 These events are difţcult to predict and prepare for, 
and can have outsized impacts.148 There is evidence that these events are drying out soil more quickly as the 

world warms.149

Storms Are Changing
Changes in some types of storms are also apparent. Over the past three decades, heavy snowfalls have been 

more frequent over the Northeast,111 a trend consistent with warming in the western Atlantic Ocean and 

increasingly frequent Arctic air outbreaks from polar vortex disruptions.110 Atmospheric rivers along the 

Paciţc Coast have become warmer over the past several decades150 and have transported larger amounts of 

moisture into the West because of increases in Paciţc Ocean temperatures.151 

There is no long-term trend in the frequency of landfalling hurricanes in the United States since the late 

19th century, but there has been an increase in basin-wide hurricane activity in the North Atlantic since 

the early 1970s.152,153 In addition to recent increases in storm frequency, evidence continues to build that 

hurricanes are changing in other dangerous ways. Tropical cyclones have been intensifying more rapidly 

since the early 1980s,154,155 leaving communities with less time to prepare. Hurricanes tend to lose energy as 

they move away from the ocean, but the rate of this hurricane decay has slowed since the 1960s, allowing 

storms to extend somewhat farther inland.156 There has been a 17% decrease in the speed of movement of 

storms in the North Atlantic basin since 1900,157 as well an increased tendency for storms along the North 

American coast to meander and stall since the 1950s.158 Slower-moving storms can result in more heavy 

rainfall, wind damage, storm surge, and coastal Ťooding; notably, after accounting for changes in the value 
of property and other assets placed in harm’s way, hurricane damage in the United States has generally 

increased since 1900.159 

Changes in smaller-scale, short-lived severe weather such as tornadoes and thunderstorms are more 

difţcult to assess, and direct observations of those events and the conditions associated with them are 
incomplete.160 While the average annual number of tornadoes appears to have remained relatively constant, 

there is evidence that tornado outbreaks have become more frequent,161 that tornado power has increased,162 

that tornado activity is increasing in the fall,163 and that “Tornado Alley” has shifted eastward.164 The 

complexes of thunderstorms that bring substantial precipitation to the central United States during the 

warm season have become more frequent and longer-lasting over the past two decades.165

Thunderstorms are associated with other important hazards, including hail and cloud-to-ground lightning. 

Direct observational records for these hazards are largely insufţcient for identifying trends due to factors 
including observer biases, limited length of the record, and changes in the observing systems.166,167 However, 

days with environmental conditions conducive to producing large hail (greater than 2 inches in diameter) 

have become more frequent over the central and eastern US and parts of the Paciţc Northwest.168 

A Combination of Factors Is Increasing Fire Risk
Much of the country is experiencing more intense and frequent wildţres associated with warming and 
drought16,169 and aggravated by the reduction in Indigenous land-use and ţre stewardship practices that 
have been critical for past management of ţres.170,171 Over the past 1,000 years, warm temperatures and 

droughts have tended to increase the area burned by wildţres in the West, including the Paciţc Northwest 
and Rockies.172 In the period 1979–2020, human-caused warming was responsible for nearly 68% of the 

observed increase in aridity in the West, creating the conditions that drove growth in the acreage burned 

by wildţres.173 In the Rockies, higher temperatures, changes in precipitation, and ţre stress have led to 
major ecological changes, including the disappearance of forests (Ch. 7).174 Fire history records derived from 

tree rings and ţre scars from forests in the Rocky Mountains show that for most of the past 2,000 years, 
cooler, wetter conditions, combined with Indigenous ţre stewardship practices, limited ţres.171 However, 
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greenhouse gas–induced warming and drying and the spread of invasive vegetation types (KM 8.2) have 

combined with forest management policy choices and the limitation of Indigenous sovereignty to contribute 

to new extreme ţre regimes and more frequent ţres. 

Lightning and human activities are both sources of wildţre ignitions in the US. Lightning is a dominant 
source across much of the western US and is associated with larger and more intense ţres, while humans 
are a dominant source across the eastern US and along the Southern California coastline.167,175,176 Both light-

ning-caused and human-caused ţres have increased between 1992 and 2012.175 While rising populations, 

development, and a growing wildland–urban interface contribute to the increase in human-caused ţres,177 

there is no clear evidence of changes in lightning activity.178,179 Changes in lightning activity are challenging 

to detect due to the lack of long-term satellite measurements and uncertainties in ground-based lightning 

detection networks.167 

Key Message 2.3  

How Much the Climate Changes Depends on the Choices Made Now

The more the planet warms, the greater the impacts—and the greater the risk of unforeseen 

consequences (very high conƼdence). The impacts of climate change increase with warming, 

and warming is virtually certain to continue if emissions of carbon dioxide do not reach net 

zero (very high conƼdence). Rapidly reducing emissions would very likely limit future warming 

(very high conƼdence) and the associated increases in many risks (high conƼdence). While 

there are still uncertainties about how the planet will react to rapid warming and catastrophic 

future scenarios that cannot be ruled out, the future is largely in human hands.

As the World Warms, the United States Warms More

Every increment of global warming leads to larger increases in temperature in many regions, including 

much of the United States (Figure 2.9). The Paris Agreement calls for limiting global warming to “well below 

2°C” relative to preindustrial temperatures, preferably to 1.5°C, and domestic and international emissions 

targets are generally expressed in these terms. To mirror this language, where possible, trends in this 

section are reported in terms of the global warming level (GWL): the global average temperature change 

in degrees Celsius relative to preindustrial temperatures. At a GWL of 2°C (3.6°F), the average temperature 

across the United States is very likely to increase between 4.4°F and 5.6°F (2.4°C and 3.1°C). For every 

additional 1°C of global warming, the average US temperature is projected to increase by around 2.5°F (1.4 

°C). The northern and western parts of the country are likely to experience proportionally greater warming 

(Figure 2.9). 
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Projected US Temperature Changes at 1.5°C, 2°C, 3°C, and 4°C of Global Warming

The United States is projected to warm faster than the global average.

Figure 2.9. As the world warms, the US warms more. Projected temperature rises are larger in the northern and 
western portions of the country and are most severe in the Arctic. These maps show projected changes in annual 
average temperature (°F) for various global warming levels (1.5°, 2.0°, 3.0°, and 4.0°C). Changes are relative to the 
period 1851–1900. Based on CMIP6. Data were not available for the US-Aƾliated PaciƼc Islands. Figure credit: 
NOAA NCEI and CISESS NC. 

Some Regions Will Get Wetter While Others Will Get Drier

Precipitation changes also scale with global warming, but these projections vary by location (Figure 2.10) and 

are less certain than temperature changes. As global temperatures increase, annual average precipitation is 

very likely to increase in the northern and eastern regions of CONUS and in Alaska, more likely than not to 

decrease in the Southwest and Texas, and likely to decrease in the Caribbean. Changes to the seasonal cycle 

of precipitation are also expected: in the Northwest, precipitation increases are very likely to occur during 

the winter wet season and decrease in the summer. In a warmer world, it is virtually certain that less pre-

cipitation will fall as snow, leading to large reductions in mountain snowpack and decreases in spring runoff 

in the mountain West (Chs. 4, 27, 28; Figure A4.7). 
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Projected US Precipitation Changes at 1.5°C, 2°C, 3°C, and 4°C of Global Warming

Precipitation changes are projected to be larger at higher levels of warming. 

Figure 2.10. These maps show projected changes in average annual precipitation (%) for various global warming 
levels (1.5°, 2.0°, 3.0°, and 4.0°C). Precipitation is projected to increase with warming in the North and East and to 
decrease in the Southwest and the Caribbean. Changes are relative to the period 1851–1900. Based on CMIP6. 
Data were not available for the US Aƾliated PaciƼc Islands. Hatching indicates areas where 80% or more of the 
models agree on the sign of the change. Figure credit: Project Drawdown, Stripe Inc., NOAA NCEI, and CISESS NC. 
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The Risk of Extreme Heat Increases with the Global Warming Level

Recent trends in extreme heat and precipitation foreshadow what is to come in a warmer world. The 

connection between warming and heatwaves is well understood: at the very basic level, as average tempera-

tures warm, the risk of extreme temperatures and record-breaking temperatures goes up (Ch. 3), and it is 

very likely that heatwaves will increase in frequency, severity, and duration as warming continues. Figure 

2.11a shows projected changes in the number of days at or above 95°F at a global warming level of 2°C. In 

addition to changes in the number of hot days, multiday heatwaves are very likely to last longer, affect a 

larger spatial extent, and become more severe, exposing more people and infrastructure simultaneously and 

for longer periods.180 By contrast, the number of cold days is projected to decrease (Figure 2.11b). Nighttime 

temperatures are very likely to increase faster than daytime temperatures, leading to an increase in extreme 

nighttime temperatures as the global warming level increases (Figure 2.11c). Such changes in extreme heat 

are very likely to have negative impacts on human health (Ch. 15) and agricultural productivity (Ch. 11).

Projected Changes to Hot and Cold Extremes at 2°C of Global Warming 

More hot days, even more warm nights, and fewer cold days are expected at a global warming level of 2°C.

Figure 2.11. These maps show changes in the (a) projected number of hot days with a maximum temperature at 
or above 95°F, (b) cold days (minimum temperature at or below 32°F), and (c) warm nights (minimum temperature 
at or above 70°F) at a global warming level of 2.0°C. Changes are relative to the period 1991–2020. Based on 
LOCA2/STAR. Values for Alaska, Hawai‘i, and Puerto Rico are averages from STAR downscaling of 44, 15, and 31 
stations, respectively. The Hawai‘i value for cold days is for Mauna Loa, the only network station where freezing 
temperatures occur. Areas of no change (shown in white) generally will not experience temperatures exceeding 
those thresholds. Data were not available for the US-Aƾliated PaciƼc Islands and the US Virgin Islands. Figure 
credit: NOAA NCEI and CISESS NC. 

The Frequency and Severity of Heavy Precipitation Increases with the Global 
Warming Level

Extreme precipitation–producing weather systems ranging from tropical cyclones to atmospheric rivers are 

very likely to produce heavier precipitation at higher global warming levels.127,181,182,183,184 Recent increases in 

the frequency, severity, and amount of extreme precipitation are expected to continue across the US even 

if global warming is limited to Paris Agreement targets.126,185 Figure 2.12 shows likely changes at a GWL of 

2°C. Changes in extreme precipitation events differ seasonally—they are very likely to increase in spring and 

winter across CONUS and Alaska and in eastern and northwestern states in the fall, while projected changes 

in the summer season are more uncertain.186
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Projected Changes to Precipitation Extremes at 2°C of Global Warming

Increases in the frequency and severity of heavy precipitation are expected at a global warming level of 2°C. 

Figure 2.12. The maps show projected changes in three measures of extreme precipitation at a global warming 
level of 2°C: (a) total precipitation falling on the heaviest 1% of days, (b) daily maximum precipitation in a 5-year 
period, and (c) the annual heaviest daily precipitation amount. Changes are relative to the period 1991–2020. 
Based on LOCA2/STAR. Values for Alaska, Hawaiʻi, and Puerto Rico are averages from STAR downscaling of 45, 
16, and 31 stations, respectively. Data were not available for the US-Aƾliated PaciƼc Islands and the US Virgin 
Islands. Figure credit: NOAA NCEI and CISESS NC. 

Warming-Driven Changes to the Water Balance Affect Drought Risk 

Even as downpours increase, the risk of drought is also projected to rise with the global temperature. The 

past may provide insight into what could happen as temperatures rise. Paleoclimate datasets show that the 

already-water-stressed Great Basin region, which includes Nevada, parts of Utah and Wyoming, and much 

of the Southwest, experienced severe drought throughout the mid-Holocene (approximately 5,000–9,000 

years ago), when the western Paciţc was warm, Arctic temperatures were high, and there was less sea 
ice—all global changes that are projected in a future warmer world.187 In the Southwest, multidecadal soil 

moisture droughts analogous to or drier than the 2000–2021 drought are projected to increase in the 

future, regardless of global warming level (Ch. 28).188 This is due to projected decreases in springtime pre-

cipitation and earlier snowmelt that, combined with warmer temperatures, push the region into a new 

and drier average state.140 However, the risk of single-year droughts analogous to the driest recent year 

(2002) depends strongly on the global warming level, increasing by 8% at a GWL of 2°C but by 24% at 4°C.188 

Limiting global warming would also reduce the severity of inevitable multidecadal droughts by reducing the 

magnitude of extreme single-year droughts during these events.

Other regions of the country are not projected to aridify to the same extent as the Southwest. However, 

projected changes in the amount, type, and timing of precipitation and evapotranspiration will affect the 

balance of water supply and demand, shaping drought risk in a warmer world. Springtime runoff from 

snowmelt is projected to decrease with warming in the northern and western regions of CONUS.189 In the 

southern and eastern regions of the country, projected increases in winter and spring precipitation will 

increase moisture availability at the time soils are wettest, leading to higher runoff and Ťooding risk.138 

Drying of surface soils is projected to occur nearly everywhere; drying increases with the GWL due to 

increases in evaporative demand with warming. Deeper soil moisture projections are more uncertain,190 

but it is likely that total column soil moisture in the Southwest and parts of the Southern Great Plains will 

become drier with warming.138
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As the Planet Warms, Storms Become More Dangerous

There is increasing evidence that a warming planet will alter the characteristics and impacts of several 

storm types. With every increment of global warming, projected sea level rise is very likely to lead to higher 

storm inundation levels when storms do occur (Ch. 9). Projected increases in atmospheric water vapor 

are very likely to lead to more extreme rainfall rates (Ch. 3). Projected increases in water temperatures 

are very likely to result in stronger tropical cyclones globally, with winds 5% faster (3% for the Atlantic 

basin) at a GWL of 2°C. It is likely that the overall global frequency of tropical cyclones will decrease, while 

the frequency of Category 4–5 hurricanes is likely to increase.183 Recent research points to continued 

uncertainty in the future frequency of Atlantic hurricanes (e.g., Sena et al. 2022;191 Knutson et al. 2022192), 

landfall behavior, (e.g., Zhang et al. 2020;193 Jing et al. 2021;194 Knutson et al. 2022192) and associated hazards 

(e.g., Gori et al. 2022195), as well as possible shifts to increased tropical cyclone activity in the Central Paciţc 
(Ch. 30).192 

Even in regions that experience an overall decrease in precipitation, atmospheric rivers are projected to 

become stronger and wider,184,196 increasing the risk of downpours and Ťoods across the western United 
States.181,184,197,198 In addition, the paleoclimate record shows that the locations along the Paciţc Coast where 
storms bring moisture may also shift with warming.199

It is likely that the frequency of weather environments that give rise to severe thunderstorms in the United 

States during spring and fall will increase under stronger warming scenarios.200,201 These changes are likely 

to lengthen the severe thunderstorm season as the world warms, especially in the Midwest and Southeast 

during cool-season months.202 

Warming Increases the Risk of Compound Extreme Events

The increasing risk of many individual extreme weather and climate events with warming also increases the 

risk that multiple extreme events may occur in quick succession in the same region. Warming also increases 

the risk of multiple extremes occurring simultaneously across multiple regions that are interconnected or 

interdependent (Focus on Compound Events). Co-occurring hot and dry conditions are projected to become 

more frequent with warming.156,203,204 These conditions increase the risk of extreme wildţres, as well as 
affecting agriculture, water resources, and freshwater and marine ecosystems. 

Co-occurring hot and moist conditions are also projected to increase with warming, and the risk of single 

and multiday humid-heat heatwaves across the densely populated Northeast, Southeast, and parts of the 

Southwest are projected to increase.205 Higher temperatures combined with rising humidity due to the 

increased atmospheric moisture content are contributing to increases in humid-heat extremes—conditions 

that limit the ability of the human body to naturally cool down that are associated with reduced labor pro-

ductivity and compounding heat-related health impacts.206,207

The combination of increasing drought risk and extreme precipitation are likely to increase the risk of 

extreme wildţre seasons that are followed shortly thereafter by heavy precipitation across the West,208 

which could increase the risk of postţre hazards such as debris Ťows, landslides, and Ťash Ťoods similar to 
those that have affected parts of the region in recent decades (Ch. 4; Figure 3.13). The largest increases are 

expected in the Paciţc Northwest, where this risk has historically been low.208 Increases in hydroclimate 

volatility may also affect the Caribbean, Hawai‘i, and some Paciţc Islands (Chs. 23, 30). As global tempera-

tures increase, the Atlantic and Gulf Coasts are projected to experience increases in compound Ťooding 
from rising sea levels that cause higher storm surge from stronger storms and heavier precipitation that 

result in runoff and Ťooding, impacting people, ecosystems, and infrastructure along the coastlines (Ch. 
9).195,209 The scientiţc understanding of such events continues to evolve (Focus on Compound Events).
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Warming Causes Long-Term Sea Level Rise

The most substantial differences in projected sea level rise for the United States for different global 

warming levels begin to arise at the end of this century, due to uncertainty in how much and how quickly 

ice will be lost from the Antarctic ice sheet.210,211 A GWL of 2°C would lead to a likely sea level rise in CONUS 

of 2–3 feet in 2100 and 2.5–5 feet in 2150, relative to 2000 sea levels. Every additional degree Celsius of 

global warming is likely to cause at least 4 inches of additional sea level rise in CONUS in 2100 and at least 7 

inches of additional sea level rise in 2150 (see Ch. 9 and Figure 9.2 for sea level projections in terms of global 

warming levels).67 At a 2°C GWL, sea level rise in CONUS is not expected to exceed 4 feet in 2100 and 7 feet 

in 2150, although it is not considered impossible. At higher GWLs, such extreme sea level rise becomes more 

likely within the next 100–150 years. 

The total rise in sea level that will be realized beyond 2150 can differ by many feet depending on global 

warming levels over the next 50–100 years due to the potential for rapid and irreversible loss of ice from 

Greenland and Antarctica starting next century.102,212,213 Such signiţcant changes at 2100 and beyond translate 
directly into substantially increased frequency of Ťooding events in coastal regions, making major Ťooding 
events in some regions as common in 2100 as minor Ťooding events are currently.67 However, there are also 

many processes that drive local variations in sea level rise that are not clearly related to global warming 

levels, such as vertical land motion. To aid in planning for uncertain future sea level rise, projections are 

also commonly used to construct sea level scenarios,67 which are discussed in more detail in Chapter 9 and 

Appendix 3.

Global Warming Changes the Oceans

Sea surface temperatures increase with the global warming level, but changes are not uniform across the 

globe: northern oceans are expected to warm faster than the tropics (Figure 2.13). Heat will continue to 

accumulate in the shallow and deep oceans: at a GWL of 4°C, ocean waters off the West Coast and Alaska 

could accumulate 3 billion joules per square meter, the Atlantic Coast 5 billion joules per square meter, and 

the Gulf of Mexico up to 6 billion joules per square meter—roughly the energy equivalent of two hundred 

pounds of TNT per square foot. As a result, the risk of marine heatwaves is projected to increase as the 

world warms. Projections indicate an increase of between 150 and 300 marine heatwave days per year if 

the GWL reaches 2.5°C. It is therefore possible that the coastal oceans of the United States could enter 

into near-permanent heatwave status, with signiţcant ramiţcations for marine life.214 The probability that 

September sea ice completely disappears from the Arctic Ocean, including Alaska coastal waters, rises from 

1% in 2100 under a GWL of 1.5°C to 10%–30% at a GWL of 2°C.79
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Projected Changes to Sea Surface Temperatures at 1.5°C, 2°C, 3°C, and 4°C  
of Global Warming 

At higher global warming levels, sea surface temperatures are projected to change around the US coasts and 
open ocean, with implications for marine resources in those waters.

Figure 2.13. These maps show projected changes in sea surface temperatures (°F) for various global warming 
levels (1.5°, 2.0°, 3.0°, and 4.0°C). Changes are relative to the period 1851–1900. Figure credit: NOAA, NOAA NCEI, 
and CISESS NC. 

Projected changes in ocean acidiţcation and oxygen loss in US waters vary with location. For higher 
levels of future CO2 emissions, the chemistry of waters in the Gulf of Maine will change in ways damaging 

to shell-building organisms, with the saturation level of aragonite—a form of calcium carbonate used by 

shell-building marine life—projected to fall below a crucial shell-building threshold for most of the year.215 

Ocean oxygen loss in the upper and middle depths will be most pronounced for the United States in the 

North Paciţc, including off the coasts of Alaska and the Paciţc Coast, which will squeeze the habitats of 
marine life moving away from warming waters at the surface.216,217

When or If We Reach a Particular Global Warming Threshold Depends  
on Future Emissions 

Projections of future global average surface temperature primarily depend on two things: 1) future emissions 

(Ch. 32) and 2) how sensitive the climate system is to these emissions (KM 3.2). In a very high scenario, 

the world is very likely to exceed a global warming level of 2°C between 2033 and 2054, depending on the 

climate sensitivity to greenhouse gas emissions (Ch. 3). In a low scenario, by contrast, the world is very 

likely not to cross this threshold at all (Figure 2.14). In addition to warming more, in high and very high 

scenarios, the Earth warms faster. The occurrence of some record-shattering extremes is dependent on 

this rate of warming.218 Faster climate change also increases the challenge of adaptation for both human and 

natural systems.
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Projected Global Surface Temperature Change

Future emissions of greenhouse gases determine whether and how quickly we reach 2°C of global warming. 

Figure 2.14. When (or if) the world reaches 2°C of global warming depends on future greenhouse gas emissions 
and the sensitivity of the climate system to those emissions. Shown are the IPCC AR6 assessed warming pro-
jections for four future scenarios, with projected years at which the 2°C (3.6°F) global warming level would be 
reached. For example, under a very high scenario (SSP5-8.5), models project reaching 2°C between 2033 and 
2054, with an average estimate of 2042. Under a low scenario (SSP1-2.6), the 5% CI (conƼdence interval) range 
begins at 2041, but the average projection shows that warming would actually stay below 2°C. Figure credit: Proj-
ect Drawdown, Stripe Inc., NOAA NCEI, and CISESS NC.

Over the past few years, a number of analyses have narrowed the plausible range of current emissions 

outcomes based on policies in place today (see existing US mitigation policies by state, Figure 32.20), 

putting the world on track for a central warming estimate of around 2.6°C (ranging from 2°–3.7°C) by 

2100.219,220,221,222,223,224 Existing climate pledges, if implemented, would increase the likelihood of limiting 

temperature change to well below 2°C.225 To achieve more ambitious targets, stronger action would be 

needed. Emissions from existing and currently planned fossil fuel infrastructure globally would put the 
planet on a trajectory to exceed 1.5°C in the coming decades.226 However, current policy projections 

represent neither a ceiling nor a Ťoor on future climate outcomes. Our choices matter: global surface 
temperatures will continue to rise until CO2 emissions reach net zero, and surface temperatures are not 

expected to fall for centuries in the absence of net-negative emissions. At the same time, Earth system 

models suggest that only a small amount of additional surface temperature change is expected over the next 

few centuries if CO2 emissions reach net zero and there are deep reductions in other greenhouse gases, at 

least under scenarios where global warming is limited to 2°C or below by 2100.227 In other words, additional 

warming over the next few centuries is not necessarily “locked in” after net CO2 emissions fall to zero. 
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Some Impacts Are Inevitable Because of Past Choices 

While most models project that the Earth will stop warming if CO2 emissions reach net zero, an end to 

warming does not imply an end to climate change. Because the CO2 not removed by sinks on land and in the 

ocean remains in the atmosphere for thousands of years, the accumulation of past emissions already makes 

some impacts inevitable, regardless of future mitigation actions. Certain slow-moving aspects of the climate 

system such as ice sheets and the deep ocean take decades or centuries to respond to changes. This means 

that even in a low scenario where global warming slows or stops, some climate changes will continue as the 

Earth continues to adjust.

Some Ocean Changes Are Locked In Even Under Aggressive Mitigation Scenarios
Past emissions will continue to affect the ocean for thousands of years. Regardless of future emissions, the 

surface ocean will continue to take up heat from the atmosphere, accumulating 2–4 times as much heat as 

has been taken up since 1970, even under low or very low scenarios.79 This heat will have cascading effects 

on marine ecosystems, increasing the probability of marine heatwaves and causing sea level rise due to the 

expansion of warm water. Even after the world reaches net-zero emissions, oceans will continue to acidify 

as they gradually absorb the atmospheric CO2 produced by past human activities. 

Sea Level Will Continue to Rise
Sea level along US coastlines is expected to continue rising regardless of global warming levels for the 

foreseeable future (at least for hundreds of years). Under a range of potential global warming levels, average 

sea level along US coastlines is likely to be between 12 and 20 inches above 2000 sea levels in 2050 (Figure 

9.2).67,88 At these short timescales, regional variations in projected sea level rise are large, with 4–12 inches 

of sea level rise likely in the Paciţc Northwest and 20–27 inches of sea level rise likely in the western Gulf of 

Mexico. On timescales relevant to infrastructure planning (the design life of infrastructure ranges from 10 

to more than 100 years), rates of sea level rise are also expected to continue accelerating under all but the 

lowest potential global warming levels (greater than 2°C).67 Future projected changes in sea level will likely 

lead to an increased frequency of coastal Ťooding events in the continental United States over the next 30 
years, with a greater-than-tenfold increase in typically damaging Ťooding events (e.g., storm surge currently 
recurring every few years) and a ţvefold increase in destructive Ťooding events (e.g., major storm surge 
events currently recurring once in many decades) over this time period.67 The onset of enhanced Ťooding 
frequency in coastal areas depends not only on the local trend in sea level but also low-frequency tidal 

cycles228 and remote modes of natural climatic variability (e.g., ENSO, the Paciţc Decadal Oscillation, and the 
North Atlantic Oscillation).229

Adaptation to a Changing Climate Will Be Necessary
It is not possible to prevent climate change: the current global warming level is already over 1.1°C. The US, 

across all levels of government, business, and civil society, must both adapt to this reality of a changing 

climate and prepare for at least some level of additional warming. Inertia in the world’s infrastructure230 and 

economic and political systems231 means that the near-term trend in risk over the next few decades is largely 

independent of the choice of emissions scenario,224 and the climate beneţts of aggressive action to reduce 
greenhouse gas emissions are unlikely to be realized in the near term. The faster and more extensive the 

warming, the greater the risk of climate impacts overtaking the speed of adaptation (KM 4.3), as there are 

both barriers and limits to adaptation (Ch. 31; KM 31.2). This means the US will need to adapt to a changing 

climate regardless of future emissions.
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We Cannot Rule Out Catastrophic Outcomes 

Climate Sensitivities Exceeding 4°C Are Unlikely but Not Impossible
There is no known precedent for a species changing its own climate as quickly as humans are changing 

ours, and there are many uncertainties associated with a rapidly warming world. Low-probability and 

potentially catastrophic outcomes are not impossible, and these risks persist even under current policies. 

While recent assessments (KM 3.2)232 put the likely range of equilibrium climate sensitivity—the long-term 

warming the world will experience if atmospheric CO2 concentrations are doubled—between 2.5°C and 

4.0°C, higher values are not deţnitively ruled out, and feedback loops such as changes to cloud cover may 
lead to more warming in the future. Similarly, we cannot rule out a GWL of 4°C or more this century, par-

ticularly if climate change strongly reduces the ability of the biosphere or ocean to remove carbon from the 

atmosphere (Ch. 3). 

Changes to the Carbon Cycle May Increase the Amount of CO2 Remaining in the Atmosphere
Our emerging understanding of land, ocean, coastal, and freshwater systems suggests the possibility of a 

decline in future carbon uptake capacity among both land and ocean ecosystems.233,234,235 The balance of 

carbon uptake and release across terrestrial ecosystems depends on the relative balance of photosynthesis, 

respiration, and decomposition, which in turn strongly depends on temperature and moisture availability. 

Changes in either can alter the balance of carbon uptake and release across terrestrial ecosystems (Ch. 7). 

Similarly, the rate and extent to which atmospheric CO2 is exchanged with ocean and freshwater systems is 

controlled by a combination of temperature, salinity, pressure, upwelling, and biological consumption and 

release of CO2. 

Although net land and ocean carbon sinks have increased in response to increased carbon emissions over 

the past six decades,33,233 climate models project that the fraction of emissions taken up by land and oceans 

will decline, albeit with signiţcant differences in regional responses and underlying mechanisms driving 
those responses.1,236 For example, land reservoirs, such as tropical forests or the Arctic–boreal ecosystems, 

could switch from a net sink to a net source of carbon to the atmosphere (e.g., Huntzinger et al. 2018234). 

The Arctic–boreal region (Ch. 29) is particularly vulnerable to future climate change and rising tempera-

tures, which could lead to the release of vast amounts of carbon from thawing permafrost, along with 

changes in vegetation productivity and disturbances such as wildţres and insect outbreaks. There is 
estimated to be about 4.8–5.9 trillion tons of carbon237 frozen down to 20 meters in Arctic permafrost. This 

is roughly double the amount currently in the atmosphere and more than three times what already has 

been emitted to the atmosphere from fossil fuel use since preindustrial times. With rising temperatures 

and thawing soils, some of these carbon deposits may be mobilized to the atmosphere, primarily as CO2. 

More than one hundred billion tons of CO2 are likely to be released by thawing permafrost over the next 

century, with higher-end estimates of around 400 billion tons.238 The total carbon emissions from thawing 

permafrost are expected to exceed the carbon captured by increases in vegetation productivity.238 A smaller 

fraction of permafrost carbon will be emitted as the more powerful greenhouse gas methane. Methane 

emissions are projected to cause 40%–70% of total permafrost-affected radiative forcing in this century.239 

Tipping Elements Could Lead to Regional Rapid Changes
Tipping elements, or tipping points as they are colloquially known, are components of the Earth system that 

may respond to human-caused climate change by transitioning toward substantially different long-term 

states upon passing key thresholds.240 In some cases, such changes could produce additional greenhouse gas 

emissions that could compound global warming.241,242,243 



Fifth National Climate Assessment

 2-32 | Climate Trends

Systems that have been identiţed as possible tipping elements include the slowdown of the Atlantic 
Meridional Overturning Circulation, Arctic permafrost thaw, loss of the Greenland and West Antarctic ice 

sheets, Arctic sea ice loss, boreal forest shifts, disruption of tropical seasonal monsoons, Amazon rainforest 

dieback, tropical coral reef loss, and the disappearance of clouds that currently reŤect sunlight cooling the 
Earth (Figure 2.15).91 While some of these tipping elements are represented in modern Earth system models, 

many are still not, and the precise response of these systems to rapid climate change remains poorly 

understood. It is not possible to say that exceeding a particular GWL will trigger these tipping elements, 

nor are scientists certain that staying below a particular GWL will prevent them. However, the risk of these 

nonlinear changes increases with every increment of global warming.

Possible Regional Tipping Elements

Continued warming could push some aspects of the Earth system past tipping points. 

Figure 2.15. The Ƽgure shows 10 potential tipping elements in the climate system. These include changes to 
tropical and boreal forests and coral reefs, the loss of Greenland or West Antarctic ice sheets, and changes to the 
circulation of the oceans and the monsoons. The spatial area affected by each tipping element is shown; colors 
are used for visual clarity. Adapted with permission from Figure 1 in Wang et al. 2023,240 which was adapted from 
McSweeney 2020.244

Extreme Sea Level Rise Cannot Be Ruled Out
Increases in sea level along the continental US coast of 3–6 feet by 2100 and 5–12 feet by 2150, depending 

on human emissions, are distinct possibilities that cannot be ruled out (i.e., they have at least 1% chance of 

occurrence with global warming levels of 1.5°–4°C).67,102,210 Beyond 2100, there is still substantial uncertainty 

in projected sea level rise under the most extreme scenarios of future warming and ice sheet mass loss.210 

This long-term uncertainty is primarily related to persistent gaps in our understanding of how glacier ice 

Ťows and fractures,245,246,247 how snowfall changes under warming,248 and how melt water behaves on the ice 

sheet surface.249,250 Recent progress in better quantifying the uncertainties in the ice sheet contribution to 

future sea level projections212,251 and ensuring that models accurately capture past ice sheet behavior103,252 

indicate that ice sheet models are quickly becoming better suited to produce usable and credible sea level 

projections. Continued model development can reduce uncertainty in the likelihood of extreme sea level rise 
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scenarios. In particular, there is strong incentive to continue reducing uncertainty surrounding the tail risks 

associated with potential low-likelihood but high-impact sea level rise projections past 2100, as planning for 

catastrophic outcomes makes adaptation much more costly.253,254

The Biggest Uncertainty Is What We Will Do 
Despite uncertainties in how land, ocean, atmosphere, and ice will respond to warming, and despite internal 

variability in the climate system, the largest source of uncertainty is the trajectory of our greenhouse gas 

emissions (KM 3.3). This is within human control and depends on our collective policy, economic, and 

social choices (Ch. 32). Although we probably will not be able to detect climate beneţts from even the most 
aggressive possible emission reductions before the middle of the century, given the magnitude of internal 

climate variability, there are numerous co-beneţts to mitigation in the near term, including improvements 
to air quality and health, reductions in mortality, and beneţts to agriculture, the economy, and the labor 
market (KM 32.4).14 

Human efforts to achieve rapid reductions in emissions can still limit global temperature changes to well 

below 2°C.222 Global temperatures can be limited to 1.5°C above preindustrial levels by 2100 in scenarios 

where global CO2 emissions reach net zero in the middle of this century alongside deep cuts to methane 

(KM 32.2) and other short-lived climate pollutants, with modest deployments of net-negative emissions 

thereafter.255 Most of these scenarios have at least some midcentury temperature overshoot, however, 

which could result in irreversible consequences to global ecosystems (Ch. 8).256 Still, the degree to which 

climate change will continue to worsen is in large part up to humans. The drastic emissions cuts required 

to stabilize global climate are possible (KM 32.1) and can be achieved in ways that are sustainable, healthy, 

and fair (KM 32.4). If emissions do not fall rapidly, the risks of extreme weather, compound events, and other 

climate impacts will continue to grow. How much more the world warms depends on the choices societies 

make today. The future is in human hands.
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Process Description

Most team members were selected from the pool of nominations received via the public call for authors; 

others were identiţed through extended networks to ensure diverse representation across multiple axes. 
The following areas of expertise were identiţed as crucial for Chapter 2: 

•	 Paleoclimate and long-term context for climate trends 

•	 Carbon cycle observations and greenhouse gases 

•	 Infrastructure and resilience scenarios and projections in the CMIP6 (Coupled Model Intercomparison 

Project, Phase 6) models

•	 Regional trends

•	 Hurricanes, tropical cyclones, and midlatitude storms 

•	 Ocean trends 

•	 Cryosphere and sea level rise 

•	 Climate extremes

•	 Diverse leadership in science

•	 Observations of climate trends 

Author meetings were held virtually biweekly. Consensus was built by referring to the literature and 

leveraging the speciţc expertise of chapter authors. Engagement with other chapters occurred through 
formal presentations at the April 2022 chapter leadership meeting and one-on-one meetings between 

chapter lead authors.

Key Message 2.1  

Climate Is Changing, and Scientists Understand Why

Description of Evidence Base
The evidence base for human-caused increases in greenhouse gases (GHGs) is extensive and includes 

satellite and ground-based observations, solid theoretical understanding, and coherent measurements 

across multiple systems. Evidence for changes in aerosols includes long-term satellite and ground-based 

observations. Evidence for warming and other long-term climate changes has been extensively documented 

across multiple variables. Observations at smaller scales are noisier and regional signals more difţcult to 
separate from natural internal climate variability.

Observational surface temperature records are available from a wide variety of scientiţc groups (e.g., 
Hansen et al. 2010;2 Vose et al. 2021;5 Morice et al. 2021;3 Rohde and Hausfather 20204). These temperature 

records combine land surface temperature data from weather stations with ocean sea surface temperature 

records from sources including ships and buoys. These records are corrected for inhomogeneities 



Fifth National Climate Assessment

 2-35 | Climate Trends

introduced by changes in measurement techniques over time and use various different interpolation 

techniques to estimate temperature anomalies between measurement locations. 

Long-term changes have been observed in many other aspects of the climate system. Seasonal average 

and extreme precipitation changes are widely documented using observations, and changes are consistent 

with our physical understanding. The evidence base for ocean changes includes long-term surface and 

subsurface ocean observations of temperature, salinity, oxygen, and pH in the coastal and open ocean and 

satellite data.

Paleoclimate evidence includes multiple proxy-based reconstructions and modeling.

Sea level rise over the industrial era has been measured with local tide gauges and satellite altimetry (since 

the 1970s). Changes in the processes contributing to sea level rise (ocean thermal expansion, glacier and 

ice sheet melt, and terrestrial freshwater discharges) have been independently measured using in situ 

techniques in the ocean (e.g., Ťoats, ship-based measurements) and on ice sheets, as well as remotely (e.g., 
satellite gravimetry and interferometry). Changes in sea ice and lake ice over the past several decades 

at the poles have been extensively documented from satellites, including visible imagery, altimetry, and 

microwave backscatter.

Drought has many deţnitions including meteorological drought, agricultural drought, snow drought, and 
soil moisture drought; soil moisture projections depend on depth, with surface layers more responsive 

to short-term temperature changes, while deeper root-zone moisture changes on longer timescales. 

Moreover, drought can be deţned on timescales ranging from several weeks to multidecadal megadroughts. 
The level of uncertainty in drought changes in several regions depends on the deţnitions and metrics used 
and the sources of measurements. Surface-based measurements of soil moisture are limited, and reliable 

satellite-based measurements of soil moisture are less than a decade long. 

Major Uncertainties and Research Gaps 

Uncertainty in Global Surface Temperature Reconstructions

In recent years, different groups producing global surface temperature records have somewhat converged 

in methodological approach, drawing on a larger set of collected weather station data257,258 and using more 

granular interpolation approaches rather than simple latitude/longitude grid-cell averaging.5 Published 

global surface temperature uncertainties on an annual basis range from ±0.13°C to ±0.2°C in the 1850s when 

records are more sparse to ±0.03°C to ±0.09°C at present across different surface temperature datasets, 

with differences between datasets driven by the number of measurements included, the spatial interpola-

tion approach, and the method of uncertainty calculation.4

Uncertainty in GHG Emissions Estimates from Inventories and Models

GHG emissions estimates are typically derived using either a “bottom-up” or a “top-down” approach.259,260 

The bottom-up approach uses a combination of activity data and emissions factors alongside empirical 

or process-based models to estimate the Ťux exchange between the different compartments of the land–
ocean–atmosphere system. A primary advantage of the bottom-up approach is that it allows for explicit 

characterization of emissions and removals into speciţc sectors identiţed in the 2006 Intergovernmen-

tal Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories.79,261 However, 

bottom-up emissions estimates can have signiţcant uncertainty when the activity data or emissions factors 
are not well quantiţed or when process-based models are not well characterized due to missing processes 
or uncertain parameterization. On the other hand, the top-down approach aims to utilize the information 

from atmospheric greenhouse gas observations and atmospheric transport model to infer information about 

the distribution of emissions and removals at the surface of the Earth. For example, recent advancements 

in atmospheric CO2 observations from satellites and top-down modeling approaches have allowed insights 
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into CO2 emissions and removals at the national scale.262 However, uncertainties in the modeling framework, 

spatial and temporal observational gaps, and uncertainties in the data may result in large uncertainties in 

the emissions estimates derived from the top-down approaches. Within the larger carbon cycle science 

community, various efforts are underway (e.g., REgional Carbon Cycle Assessment and Processes, Phase 2) 

to increase the level of agreement between estimates from these two approaches, thereby yielding more 

robust knowledge of GHG emissions.263 

Uncertainty in Arctic Connections to Midlatitude Weather Extremes

Uncertainties in the inŤuence of the Arctic on midlatitude weather extremes remain due to lack of 
consistency in model responses and observations, particularly for the winter season. Several advances in 

the physical understanding of how Arctic processes could inŤuence midlatitude extremes in various seasons 
have been made since the publication of the Fourth National Climate Assessment,264 yet the mechanisms 

continue to be a subject of debate in the scientiţc community. 

Uncertainty in Drought Projections and DeƼnitions
Drought projections are complicated by deţnitional ambiguity and the use of many standard metrics. 
For example, there is ambiguity in the deţnition of “Ťash drought,” with more than 20 unique deţnitions 
present in the literature.265 Moreover, agricultural drought depends not just on precipitation and 

temperature but also on evaporation and transpiration from the land surface—processes that are projected 

to change in a warmer world (Ch. 3). Metrics such as the standardized precipitation index or the Palmer 

Drought Severity Index that rely on meteorological values may yield different projections than indices that 

take into account land changes (such as precipitation minus evaporation).266

Description of ConƼdence and Likelihood
It is unequivocal that global temperatures are increasing, and scientists are virtually certain that the planet 

has warmed between 1.1° and 1.2°C since the beginning of the industrial revolution, based on multiple 

observational datasets. There is very high conťdence that this warming is driven by human-caused GHG 

emissions, which have increased by over 47% since 1850 based on modeling studies and theoretical under-

standing. There is very high conťdence that changes outside the boundaries of the United States affect 

the Nation’s climate because scientists understand the mechanisms by which melting in Antarctica and 

Greenland affect sea level in the US.67 The links between tropical warming and atmospheric river intensity 

are due to well-understood atmospheric thermodynamics.98,99 A wide range of detection and attribution 

studies (discussed in Ch. 3 and summarized in Eyring et al. 2021267) establish that long-term changes due to 

climate change have been observed in many aspects of the climate system.
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Key Message 2.2  

Extreme Events Are Becoming More Frequent and Severe 

Description of Evidence Base
Extreme events are rare by deţnition, but multiple datasets125,268 indicate they are increasing. The authors 

have a solid theoretical understanding of how some events (heatwaves, downpours) should increase 

in a warming world (Ch. 3). Others (e.g., agricultural drought) depend on multiple interacting physical 

processes.190,269 Event attribution now allows us to assign a quantiţable fraction of attributable risk to 
climate change (Ch. 3). 

A wide variety of observational evidence exists for the occurrence of different storm types. Trained weather 

observers and storm spotters create storm reports across the country for severe hail, winds, and tornadoes. 

The National Weather Service (NWS) WSR-88D radar network maintains nationwide surveillance observa-

tions of precipitation, winds, and storm occurrence. The NWS additionally conducts storm damage surveys 

for high-impact events. NOAA and Air Force Hurricane Hunters conduct surveillance Ťights into tropical 
cyclones expected to impact US interests. NOAA geostationary satellite observations maintain a record of 

cloud properties and lightning occurrence. However, the length and representativeness of each data source 

are variable; storm reporting relates to population density and exposure, and the availability of trained 

observers impacts record quality, especially for transient phenomena such as hail.

Major Uncertainties and Research Gaps 
There is growing evidence that the impacts of climate change are, and will be, distributed unequally across 

US populations due to differences in both exposure and vulnerability. However, there are gaps in under-

standing the community-level impacts of projected changes in extreme events. Vulnerability at this level is 

in part a function of our investments (capital, operations, and management) in the built environment and 

natural resource functionality that serve to buffer these impacts (e.g., stormwater conveyance and levees 

to reduce Ťooding, water storage to relieve water shortages during drought). There is a lack of systematic 
assessment of these assets and other facets of vulnerability across the United States. 

New literature has emerged documenting changes in certain types of compounding extremes such as 

heat and drought, but the limited observed record hinders quantifying long-term trends in several other 

compound extremes. Several frameworks for studying various compound extremes have emerged as well, 

and the physical understanding of certain compound extreme events such as heat/drought, heat/humidity, 

and coastal wind/precipitation/Ťooding has been documented, yet the understanding of the physical 
drivers of many other compound extremes is still emerging. Therefore, there are gaps in methodologi-

cal advances, advances in understanding of their physical drivers, and studies quantifying projections in 

compound extreme risks. 

The lack of homogenized daily and hourly temperature datasets limits our ability to reliably assess the 

evolution of extreme heat events over century-scale periods, although the availability of modern reanalysis 

products has increased agreement in changes in extreme heat events over the past 50 years.

There is limited research on changes in lightning activity due to lack of a long-term observational record. 

Satellite-based records and lightning detection networks are not sufţciently long to allow for detecting 
trends. Lightning can pose major hazards to society including direct casualties, igniting wildţres, and 
damaging energy infrastructure.167 
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Description of ConƼdence and Likelihood
There is very high conťdence that heatwaves globally are becoming more frequent and severe, based on 

multiple observational datasets. In the United States, there is high conťdence that heatwaves in the West 

are becoming more common and severe based on observational records since 1901 (Figure 2.7). There is 

also very high conťdence that climate change is and will continue to make rainfall extremes more intense. 

Basic physical understanding and climate models both provide robust explanations for the links between 

climate change and observed changes in these extremes: this is why the authors also have high conťdence 
that storms are delivering more rainfall and high conťdence that storm surges are becoming higher. There 

is very high conťdence that the Southwest is experiencing more severe drought: a recent paper found the 

2002–2022 multidecadal soil moisture drought was the worst in the past 1,200 years.135 The eastern region 

is experiencing reduced drought risk; studies suggest a transition toward more frequent extremes141 and 

indicate that warming may partially counteract the effects of increased precipitation. Other extremes 

involve more complex interactions between human and natural systems: the occurrence and impacts of 

wildţres depend on ţre ignition and suppression practices. However, while ţre risk is not solely determined 
by climate factors, the authors have very high conťdence that the hot and dry weather conditions that 

elevate ţre risk are becoming more common.

Key Message 2.3  

How Much the Climate Changes Depends on the Choices Made Now 

Description of Evidence Base
The Shared Socioeconomic Pathways (SSPs) were made available to the broader research community, 

replacing the old Representative Concentration Pathways (RCPs) and providing a more detailed assessment 

of the range of possible emissions pathways, as well as mitigation and adaptation challenges across different 

sets of socioeconomic assumptions.270 A subset of the SSPs served as the basis for CMIP6 scenarios used in 

this Assessment and the Sixth Assessment Report (AR6) of the IPCC.88 

CMIP6 provides a large set of model runs to use in evaluating different future emissions pathways and global 

warming levels. In addition, recent work assessing multiple lines of evidence from observational data, paleo-

climate evidence, and physical process modeling has helped narrow the range of climate sensitivity.232 The 

IPCC AR6 produced a new set of assessed warming projections based on these climate sensitivity estimates 

and CMIP6 models that were weighted based on their performance in reproducing historical temperatures.

The IPCC AR6 Working Group III256 report explored a wider range of “overshoot” scenarios, where global 

temperatures temporarily exceed 1.5°C before being reduced through the large-scale use of negative-emis-

sions technologies. Additionally, AR6 Working Group I provided a thorough exploration of the zero-emis-

sions commitment associated with the cessation of carbon dioxide (CO2) and other GHG emissions, building 

off the work of the Zero Emissions Commitment Model Intercomparison Project (ZECMIP).227

Recent literature summarized in IPCC AR6 Working Group III256 and in Hausfather and Moore (2022)219 

provides a clearer sense of expected global average surface temperature outcomes under scenarios 

including only current policy, near-term 2030 commitments, and long-term net-zero commitments.

Major Uncertainties and Research Gaps
Major uncertainties remain surrounding the emissions trajectories implied by current policies and the 

plausibility of worse-than-current-policy emissions outcomes. While most current policy scenarios in the 

literature project relatively Ťat global emissions over the next few decades, there are some (e.g., in the IPCC 
AR6 Working Group III scenario database) in which emissions continue to increase. Similarly, large uncer-
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tainties remain when translating near-term and long-term mitigation commitments to global emissions 

pathways, particularly for non-CO2 GHGs and other climate forcings like aerosols.

The translation from emissions scenarios to warming outcomes is complicated by uncertainties in both 

the sensitivity of the climate to emissions (both the transient climate response and the equilibrium climate 

sensitivity) and carbon cycle feedbacks that may affect the portion of emissions that accumulate in the 

atmosphere. Speciţcally for carbon cycle feedbacks, it will be the balance between the response of land 
and ocean systems to future climate that will determine the strength and extent of carbon uptake by these 

systems, whether they may become a net source of CO2 to the atmosphere, and, consequently, the trajectory 

of future GHG forcings. 

While recent work232 has meaningfully narrowed the potential range of climate sensitivity, there are still 

tail risks of outcomes where equilibrium climate sensitivity exceeds 5°C or is below 2°C per doubling of 

atmospheric CO2. There is also disagreement between a subset of high-sensitivity CMIP6 models and other 

lines of evidence supporting a narrower range of climate sensitivity.271

On timescales of less than 50 years, the most signiţcant uncertainties in future sea level are due to regional 
and local variations in sea level rise and the interannual sea level variability intrinsic to the coastal ocean 

system. In Alaska and New England, the regional gravitational inŤuence of glaciers and ice sheets may cause 
lower sea level rise or even sea level fall in the future, although the extent of these gravitational effects 

is highly dependent on the spatial ţngerprint of glacier and ice sheet loss, which is uncertain.100 Internal 

variability and human-caused changes in ocean circulation appear to have a strong effect on year-to-year 

sea level, particularly in the US Mid-Atlantic Coast,272 but are not consistently simulated between models or 

included in the range of uncertainty in most sea level projections.67

On longer timescales (2100 and beyond), there are substantial uncertainties in projected sea level rise 

due to an incomplete understanding (and intermodel differences) of how the Greenland and Antarctic ice 

sheets will behave in a warmer climate. There is a consensus that past carbon emissions and even relatively 

moderate future global warming levels commit the planet to at least 3–6 feet of sea level rise over hundreds 

to thousands of years from the melting of the Greenland and Antarctic ice sheets.273 However, there are 

many feet of uncertainty remaining both in the already-committed sea level rise and the sea level rise that 

could be expected under a range of global warming levels.102,210,274,275 Ongoing research to understand how 

glaciers and ice sheets Ťow, fracture, and melt in response to climate change aims to narrow this wide range 
in sea level rise beyond 2100.

Projections of seasonal and extreme precipitation are widely studied and show more consistent and robust 

responses in extremes than average changes. The physical process link between higher temperatures and 

higher moisture availability in the atmosphere is well documented and understood. However, uncertain-

ties remain in our understanding of the response of precipitation-producing systems, particularly those 

governed by mesoscale processes such as mesoscale convective systems and thunderstorms, which are 

not directly simulated in global climate models. Uncertainties, especially around how other factors that 

inŤuence storm development (such as vertical wind shear and atmospheric instability) will change in future 
climates, link back to model uncertainty and bias at larger scales. 

Uncertainty in drought projections arises from these uncertainties in precipitation. Climate models 

generally project drying in the US Southwest in response to elevated global warming levels, but the precip-

itation response is highly uncertain. The response of land vegetation also complicates drought projections. 

Under elevated CO2 levels, certain types of plants may become more efţcient at using water due to a physi-
ological response. This is expected to be at least partially counteracted by greening in response to elevated 

CO2 levels. Additionally, the vegetation response to increased heat stress, extreme precipitation, and ţre risk 
is complex and not yet fully understood.
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Description of ConƼdence and Likelihood 
There is very high conťdence that many impacts—both changes to the average state and the risk of 

extreme events—will intensify as the temperature increases. This is based on physical understanding of the 

underlying drivers reŤected in climate models of varying complexity, including the state-of-the-art general 
circulation models participating in CMIP6.276 It is an unequivocal fact, backed by over 100 years of theory and 

observation, that warming increases with GHG emissions,277 and warming is virtually certain to continue at 

current levels of emissions. There is very high conťdence that warming will continue at least until emissions 

of carbon dioxide reach net zero. The cessation of warming at the point of (net) zero CO2 emissions (called 

the zero-emissions commitment, or ZEC) traces back to Matthews and Caldeira (2008),278 Solomon et al. 

(2009),279 and Matthews and Weaver (2010),280 who were among the ţrst to explore zero-emissions scenarios 
in emissions-driven climate model runs. The common conŤation of constant concentration scenarios with 
zero-emissions scenarios has led to the misconception that substantial future warming is inevitable. In the 

lead-up to AR6, there was a desire by the community to further explore the robustness of ZEC results. This 

led to the creation of ZECMIP, where 18 different Earth system models were used to examine ZEC under a 

variety of emissions-reduction pathways and cumulative emissions scenarios. ZECMIP broadly found that 

ZEC was 0ºC ± 0.3ºC across the Earth system models examined.227 Hence, rapidly reducing emissions would 

very likely limit future warming (very high conťdence). It is very likely that the eventual global warming in 

response to a doubling of atmospheric CO2 is between 2.3° and 4.7°C and likely that the warming would 

be between 2.6° and 3.9°C.232 There is high conťdence that catastrophic scenarios where warming exceeds 

4°C cannot be ruled out due to uncertainties in climate sensitivity, carbon cycle feedbacks,239,281 and 

emissions scenarios.282
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V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegría, M. Nicolai, A. Okem, J. Petzold, B. 
Rama, and N.M. Weyer, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 755 pp. https://
doi.org/10.1017/9781009157964

80.	 Committee on Environment and Natural Resources, 2010: Scientiţc Assessment of Hypoxia in U.S. Coastal Waters. 
Interagency Working Group on Harmful Algal Blooms, Hypoxia, and Human Health of the Joint Subcommittee on 
Ocean Science and Technology, Washington, DC, 154 pp. https://obamawhitehouse.archives.gov/sites/default/
ţles/microsites/ostp/hypoxia-report.pdf

81.	 Barton, A., G.G. Waldbusser, R.A. Feely, S.B. Weisberg, J.A. Newton, B. Hales, S. Cudd, B. Eudeline, C.J. Langdon, 
I. Jefferds, T. King, A. Suhrbier, and K. McLaughli, 2015: Impacts of coastal acidiţcation on the Paciţc Northwest 
shellţsh industry and adaptation strategies implemented in response. Oceanography, 28 (2), 146–159. https://doi.
org/10.5670/oceanog.2015.38

82.	 Gomez, F.A., R. Wanninkhof, L. Barbero, S.K. Lee, and F.J. Hernandez Jr, 2020: Seasonal patterns of surface inorganic 
carbon system variables in the Gulf of Mexico inferred from a regional high-resolution ocean biogeochemical 
model. Biogeosciences, 17 (6), 1685–1700. https://doi.org/10.5194/bg-17-1685-2020

83.	 Xu, Y.-Y., W.-J. Cai, R. Wanninkhof, J. Salisbury, J. Reimer, and B. Chen, 2020: Long-term changes of carbonate 
chemistry variables along the North American East Coast. Journal of Geophysical Research: Oceans, 125 (7), 
e2019JC015982. https://doi.org/10.1029/2019jc015982

https://doi.org/10.1029/2019jc015152
https://doi.org/10.1029/2010jc006759
https://doi.org/10.7289/v5/tr-nos-coops-086
https://doi.org/10.7289/v5/tr-nos-coops-086
https://doi.org/10.1016/j.ocecoaman.2016.03.002
https://doi.org/10.1016/j.ocecoaman.2016.03.002
https://doi.org/10.1126/science.aac9819
https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.7930/j0qv3jqb
https://doi.org/10.7930/j0qv3jqb
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1017/9781009325844.016
https://doi.org/10.1017/9781009157964
https://doi.org/10.1017/9781009157964
https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/hypoxia-report.pdf
https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/hypoxia-report.pdf
https://doi.org/10.5670/oceanog.2015.38
https://doi.org/10.5670/oceanog.2015.38
https://doi.org/10.5194/bg-17-1685-2020
https://doi.org/10.1029/2019jc015982


Fifth National Climate Assessment

 2-47 | Climate Trends

84.	 Mahoney, A.R., H. Eicken, A.G. Gaylord, and R. Gens, 2014: Landfast sea ice extent in the Chukchi and Beaufort Seas: 
The annual cycle and decadal variability. Cold Regions Science and Technology, 103, 41–56. https://doi.org/10.1016/j.
coldregions.2014.03.003

85.	 Thoman, R.L., U.S. Bhatt, P.A. Bieniek, B.R. Brettschneider, M. Brubaker, S.L. Danielson, Z. Labe, R. Lader, W.N. 
Meier, G. Shefţeld, and J.E. Walsh, 2020: The record low Bering Sea ice extent in 2018: Context, impacts, and an 
assessment of the role of anthropogenic climate change. Bulletin of the American Meteorological Society, 101 (1), 
S53–S58. https://doi.org/10.1175/bams-d-19-0175.1

86.	 Dauginis, A.A. and L.C. Brown, 2021: Recent changes in pan-Arctic sea ice, lake ice, and snow-on/off timing. The 
Cryosphere, 15 (10), 4781–4805. https://doi.org/10.5194/tc-15-4781-2021

87.	 Imrit, M.A. and S. Sharma, 2021: Climate change is contributing to faster rates of lake ice loss in lakes around 
the Northern Hemisphere. Journal of Geophysical Research: Biogeosciences, 126 (7), e2020JG006134. https://doi.
org/10.1029/2020jg006134

88.	 IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change. Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. 
Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. 
Matthews, T.K. Maycock, T. Waterţeld, O. Yelekçi, R. Yu, and B. Zhou, Eds. Cambridge University Press, Cambridge, 
UK and New York, NY, USA, 2391 pp. https://doi.org/10.1017/9781009157896

89.	 Sharmila, S. and K.J.E. Walsh, 2018: Recent poleward shift of tropical cyclone formation linked to Hadley cell 
expansion. Nature Climate Change, 8 (8), 730–736. https://doi.org/10.1038/s41558-018-0227-5

90.	 Lian, T., J. Ying, H.-L. Ren, C. Zhang, T. Liu, and X.-X. Tan, 2019: Effects of tropical cyclones on ENSO. Journal of 
Climate, 32 (19), 6423–6443. https://doi.org/10.1175/jcli-d-18-0821.1

91.	 Wang, Q. and J. Li, 2022: Feedback of tropical cyclones on El Niño diversity. Part I: Phenomenon. Climate Dynamics, 
59, 169–184. https://doi.org/10.1007/s00382-021-06122-y

92.	 Wang, Q., J. Li, F.-F. Jin, J.C.L. Chan, C. Wang, R. Ding, C. Sun, F. Zheng, J. Feng, F. Xie, Y. Li, F. Li, and Y. Xu, 2019: 
Tropical cyclones act to intensify El Niño. Nature Communications, 10 (1), 3793. https://doi.org/10.1038/s41467-
019-11720-w

93.	 Cai, W., A. Santoso, M. Collins, B. Dewitte, C. Karamperidou, J.-S. Kug, M. Lengaigne, M.J. McPhaden, M.F. Stuecker, 
A.S. Taschetto, A. Timmermann, L. Wu, S.-W. Yeh, G. Wang, B. Ng, F. Jia, Y. Yang, J. Ying, X.-T. Zheng, T. Bayr, J.R. 
Brown, A. Capotondi, K.M. Cobb, B. Gan, T. Geng, Y.-G. Ham, F.-F. Jin, H.-S. Jo, X. Li, X. Lin, S. McGregor, J.-H. Park, 
K. Stein, K. Yang, L. Zhang, and W. Zhong, 2021: Changing El Niño–Southern Oscillation in a warming climate. 
Nature Reviews Earth & Environment, 2 (9), 628–644. https://doi.org/10.1038/s43017-021-00199-z

94.	 Cook, B.I., A.P. Williams, J.S. Mankin, R. Seager, J.E. Smerdon, and D. Singh, 2018: Revisiting the leading drivers of 
Paciţc coastal drought variability in the contiguous United States. Journal of Climate, 31 (1), 25–43. https://doi.
org/10.1175/jcli-d-17-0172.1

95.	 Jong, B.-T., M. Ting, and R. Seager, 2021: Assessing ENSO summer teleconnections, impacts, and predictability in 
North America. Journal of Climate, 34 (9), 3629–3643. https://doi.org/10.1175/jcli-d-20-0761.1

96.	 Murphy, B.F., S.B. Power, and S. McGree, 2014: The varied impacts of El Niño–Southern Oscillation on Paciţc island 
climates. Journal of Climate, 27 (11), 4015–4036. https://doi.org/10.1175/jcli-d-13-00130.1

97.	 Lin, I.-I., S.J. Camargo, C.M. Patricola, J. Boucharel, S. Chand, P. Klotzbach, J.C.L. Chan, B. Wang, P. Chang, 
T. Li, and F.-F. Jin, 2020: Ch. 17. ENSO and tropical cyclones. In: El Niño Southern Oscillation in a Changing 
Climate. McPhaden, M.J., A. Santoso, and W. Cai, Eds. American Geophysical Union, 377–408. https://doi.
org/10.1002/9781119548164.ch17

98.	 Algarra, I., R. Nieto, A.M. Ramos, J. Eiras-Barca, R.M. Trigo, and L. Gimeno, 2020: Signiţcant increase of global 
anomalous moisture uptake feeding landfalling atmospheric rivers. Nature Communications, 11 (1), 5082. https://
doi.org/10.1038/s41467-020-18876-w

99.	 Hu, H. and F. Dominguez, 2019: Understanding the role of tropical moisture in atmospheric rivers. Journal of 
Geophysical Research: Atmospheres, 124 (24), 13826–13842. https://doi.org/10.1029/2019jd030867

100.	 Larour, E., E.R. Ivins, and S. Adhikari, 2017: Should coastal planners have concern over where land ice is melting? 
Science Advances, 3 (11), e1700537. https://doi.org/10.1126/sciadv.1700537

https://doi.org/10.1016/j.coldregions.2014.03.003
https://doi.org/10.1016/j.coldregions.2014.03.003
https://doi.org/10.1175/bams-d-19-0175.1
https://doi.org/10.5194/tc-15-4781-2021
https://doi.org/10.1029/2020jg006134
https://doi.org/10.1029/2020jg006134
https://doi.org/10.1017/9781009157896
https://doi.org/10.1038/s41558-018-0227-5
https://doi.org/10.1175/jcli-d-18-0821.1
https://doi.org/10.1007/s00382-021-06122-y
https://doi.org/10.1038/s41467-019-11720-w
https://doi.org/10.1038/s41467-019-11720-w
https://doi.org/10.1038/s43017-021-00199-z
https://doi.org/10.1175/jcli-d-17-0172.1
https://doi.org/10.1175/jcli-d-17-0172.1
https://doi.org/10.1175/jcli-d-20-0761.1
https://doi.org/10.1175/jcli-d-13-00130.1
https://doi.org/10.1002/9781119548164.ch17
https://doi.org/10.1002/9781119548164.ch17
https://doi.org/10.1038/s41467-020-18876-w
https://doi.org/10.1038/s41467-020-18876-w
https://doi.org/10.1029/2019jd030867
https://doi.org/10.1126/sciadv.1700537


Fifth National Climate Assessment

 2-48 | Climate Trends

101.	 Mitrovica, J.X., C.C. Hay, R.E. Kopp, C. Harig, and K. Latychev, 2018: Quantifying the sensitivity of sea level change 
in coastal localities to the geometry of polar ice mass Ťux. Journal of Climate, 31 (9), 3701–3709. https://doi.
org/10.1175/jcli-d-17-0465.1

102.	 DeConto, R.M., D. Pollard, R.B. Alley, I. Velicogna, E. Gasson, N. Gomez, S. Sadai, A. Condron, D.M. Gilford, E.L. 
Ashe, R.E. Kopp, D. Li, and A. Dutton, 2021: The Paris Climate Agreement and future sea-level rise from Antarctica. 
Nature, 593 (7857), 83–89. https://doi.org/10.1038/s41586-021-03427-0

103.	 Gilford, D.M., E.L. Ashe, R.M. DeConto, R.E. Kopp, D. Pollard, and A. Rovere, 2020: Could the last interglacial 
constrain projections of future Antarctic ice mass loss and sea-level rise? Journal of Geophysical Research: Earth 
Surface, 125 (10), e2019JF005418. https://doi.org/10.1029/2019jf005418

104.	 Dutton, A., A.E. Carlson, A.J. Long, G.A. Milne, P.U. Clark, R. DeConto, B.P. Horton, S. Rahmstorf, and M.E. Raymo, 
2015: Sea-level rise due to polar ice-sheet mass loss during past warm periods. Science, 349 (6244), 4019. https://
doi.org/10.1126/science.aaa4019

105.	 Coumou, D., G. Di Capua, S. Vavrus, L. Wang, and S. Wang, 2018: The inŤuence of Arctic ampliţcation on mid-
latitude summer circulation. Nature Communications, 9 (1), 2959. https://doi.org/10.1038/s41467-018-05256-8

106.	 Francis, J.A., N. Skiţc, and S.J. Vavrus, 2018: North American weather regimes are becoming more 
persistent: Is Arctic ampliţcation a factor? Geophysical Research Letters, 45 (20), 11414–11422. https://doi.
org/10.1029/2018gl080252

107.	 Kornhuber, K. and T. Tamarin-Brodsky, 2021: Future changes in Northern Hemisphere summer weather 
persistence linked to projected Arctic warming. Geophysical Research Letters, 48 (4), e2020GL091603. https://doi.
org/10.1029/2020gl091603

108.	 Blackport, R., J.A. Screen, K. van der Wiel, and R. Bintanja, 2019: Minimal inŤuence of reduced Arctic sea ice 
on coincident cold winters in mid-latitudes. Nature Climate Change, 9 (9), 697–704. https://doi.org/10.1038/
s41558-019-0551-4

109.	 Cohen, J., X. Zhang, J. Francis, T. Jung, R. Kwok, J. Overland, T.J. Ballinger, U.S. Bhatt, H.W. Chen, D. Coumou, 
S. Feldstein, H. Gu, D. Handorf, G. Henderson, M. Ionita, M. Kretschmer, F. Laliberte, S. Lee, H.W. Linderholm, 
W. Maslowski, Y. Peings, K. Pfeiffer, I. Rigor, T. Semmler, J. Stroeve, P.C. Taylor, S. Vavrus, T. Vihma, S. Wang, M. 
Wendisch, Y. Wu, and J. Yoon, 2020: Divergent consensuses on Arctic ampliţcation inŤuence on midlatitude severe 
winter weather. Nature Climate Change, 10 (1), 20–29. https://doi.org/10.1038/s41558-019-0662-y

110.	 Cohen, J., L. Agel, M. Barlow, C.I. Garţnkel, and I. White, 2021: Linking Arctic variability and change with extreme 
winter weather in the United States. Science, 373 (6559), 1116–1121. https://doi.org/10.1126/science.abi9167

111.	 Cohen, J., K. Pfeiffer, and J.A. Francis, 2018: Warm Arctic episodes linked with increased frequency of extreme 
winter weather in the United States. Nature Communications, 9 (1), 869. https://doi.org/10.1038/s41467-
018-02992-9

112.	 Overland, J.E., T.J. Ballinger, J. Cohen, J.A. Francis, E. Hanna, R. Jaiser, B.M. Kim, S.J. Kim, J. Ukita, T. Vihma, M. 
Wang, and X. Zhang, 2021: How do intermittency and simultaneous processes obfuscate the Arctic inŤuence 
on midlatitude winter extreme weather events? Environmental Research Letters, 16 (4), 043002. https://doi.
org/10.1088/1748-9326/abdb5d

113.	 Vose, R.S., D.R. Easterling, K.E. Kunkel, A.N. LeGrande, and M.F. Wehner, 2017: Ch. 6. Temperature changes in the 
United States. In: Climate Science Special Report: Fourth National Climate Assessment, Volume I. Wuebbles, D.J., 
D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K. Maycock, Eds. U.S. Global Change Research Program, 
Washington, DC, USA, 185–206. https://doi.org/10.7930/j0n29v45

114.	 Rogers, C.D.W., M. Ting, C. Li, K. Kornhuber, E.D. Coffel, R.M. Horton, C. Raymond, and D. Singh, 2021: Recent 
increases in exposure to extreme humid-heat events disproportionately affect populated regions. Geophysical 
Research Letters, 48 (19), e2021GL094183. https://doi.org/10.1029/2021gl094183

115.	 Keellings, D. and H. Moradkhani, 2020: Spatiotemporal evolution of heat wave severity and coverage across the 
United States. Geophysical Research Letters, 47 (9), e2020GL087097. https://doi.org/10.1029/2020gl087097

116.	 Lyon, B. and A.G. Barnston, 2017: Diverse characteristics of U.S. summer heat waves. Journal of Climate, 30 (19), 
7827–7845. https://doi.org/10.1175/jcli-d-17-0098.1

https://doi.org/10.1175/jcli-d-17-0465.1
https://doi.org/10.1175/jcli-d-17-0465.1
https://doi.org/10.1038/s41586-021-03427-0
https://doi.org/10.1029/2019jf005418
https://doi.org/10.1126/science.aaa4019
https://doi.org/10.1126/science.aaa4019
https://doi.org/10.1038/s41467-018-05256-8
https://doi.org/10.1029/2018gl080252
https://doi.org/10.1029/2018gl080252
https://doi.org/10.1029/2020gl091603
https://doi.org/10.1029/2020gl091603
https://doi.org/10.1038/s41558-019-0551-4
https://doi.org/10.1038/s41558-019-0551-4
https://doi.org/10.1038/s41558-019-0662-y
https://doi.org/10.1126/science.abi9167
https://doi.org/10.1038/s41467-018-02992-9
https://doi.org/10.1038/s41467-018-02992-9
https://doi.org/10.1088/1748-9326/abdb5d
https://doi.org/10.1088/1748-9326/abdb5d
https://doi.org/10.7930/j0n29v45
https://doi.org/10.1029/2021gl094183
https://doi.org/10.1029/2020gl087097
https://doi.org/10.1175/jcli-d-17-0098.1


Fifth National Climate Assessment

 2-49 | Climate Trends

117.	 Rogers, C.D.W., K. Kornhuber, S.E. Perkins-Kirkpatrick, P.C. Loikith, and D. Singh, 2022: Sixfold increase in historical 
Northern Hemisphere concurrent large heatwaves driven by warming and changing atmospheric circulations. 
Journal of Climate, 35 (3), 1063–1078. https://doi.org/10.1175/jcli-d-21-0200.1

118.	 USGCRP, 2023: USGCRP Indicators Platform: Heat Waves. U.S. Global Change Research Program. https://www.
globalchange.gov/indicators/heat-waves

119.	 Cooley, S., D. Schoeman, L. Bopp, P. Boyd, S. Donner, D.Y. Ghebrehiwet, S.-I. Ito, W. Kiessling, P. Martinetto, E. 
Ojea, M.-F. Racault, B. Rost, and M. Skern-Mauritzen, 2022: Ch. 3. Oceans and coastal ecosystems and their 
services. In: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to 
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Pörtner, H.-O., D.C. Roberts, 
M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem, 
and B. Rama, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 379–550. https://doi.
org/10.1017/9781009325844.005

120.	 Smith, E.T. and S.C. Sheridan, 2020: Where do cold air outbreaks occur, and how have they changed over time? 
Geophysical Research Letters, 47 (13), e2020GL086983. https://doi.org/10.1029/2020gl086983

121.	 van Oldenborgh, G.J., E. Mitchell-Larson, G.A. Vecchi, H. de Vries, R. Vautard, and F. Otto, 2019: Cold waves 
are getting milder in the northern midlatitudes. Environmental Research Letters, 14 (11), 114004. https://doi.
org/10.1088/1748-9326/ab4867

122.	 Tuholske, C., K. Caylor, C. Funk, A. Verdin, S. Sweeney, K. Grace, P. Peterson, and T. Evans, 2021: Global urban 
population exposure to extreme heat. Proceedings of the National Academy of Sciences of the United States of 
America, 118 (41), e2024792118. https://doi.org/10.1073/pnas.2024792118

123.	 Davenport, F.V., M. Burke, and N.S. Diffenbaugh, 2021: Contribution of historical precipitation change to US Ťood 
damages. Proceedings of the National Academy of Sciences of the United States of America, 118 (4), e2017524118. 
https://doi.org/10.1073/pnas.2017524118

124.	 Mallakpour, I. and G. Villarini, 2015: The changing nature of Ťooding across the central United States. Nature 
Climate Change, 5 (3), 250–254. https://doi.org/10.1038/nclimate2516

125.	 Dunn, R.J.H., L.V. Alexander, M.G. Donat, X. Zhang, M. Bador, N. Herold, T. Lippmann, R. Allan, E. Aguilar, A.A. Barry, 
M. Brunet, J. Caesar, G. Chagnaud, V. Cheng, T. Cinco, I. Durre, R. de Guzman, T.M. Htay, W.M. Wan Ibadullah, M.K.I. 
Bin Ibrahim, M. Khoshkam, A. Kruger, H. Kubota, T.W. Leng, G. Lim, L. Li-Sha, J. Marengo, S. Mbatha, S. McGree, M. 
Menne, M. de los Milagros Skansi, S. Ngwenya, F. Nkrumah, C. Oonariya, J.D. Pabon-Caicedo, G. Panthou, C. Pham, 
F. Rahimzadeh, A. Ramos, E. Salgado, J. Salinger, Y. Sané, A. Sopaheluwakan, A. Srivastava, Y. Sun, B. Timbal, N. 
Trachow, B. Trewin, G. van der Schrier, J. Vazquez-Aguirre, R. Vasquez, C. Villarroel, L. Vincent, T. Vischel, R. Vose, 
and M.N.A. Bin Hj Yussof, 2020: Development of an updated global land in situ-based data set of temperature and 
precipitation extremes: HadEX3. Journal of Geophysical Research: Atmospheres, 125 (16), e2019JD032263. https://doi.
org/10.1029/2019jd032263

126.	 Diffenbaugh, N.S., D. Singh, and J.S. Mankin, 2018: Unprecedented climate events: Historical changes, aspirational 
targets, and national commitments. Science Advances, 4 (2), 3354. https://doi.org/10.1126/sciadv.aao3354

127.	 Kirchmeier-Young, M.C. and X. Zhang, 2020: Human inŤuence has intensiţed extreme precipitation in North 
America. Proceedings of the National Academy of Sciences of the United States of America, 117 (24), 13308–13313. 
https://doi.org/10.1073/pnas.1921628117

128.	 Pederson, N., A.R. Bell, E.R. Cook, U. Lall, N. Devineni, R. Seager, K. Eggleston, and K.P. Vranes, 2013: Is an epic 
pluvial masking the water insecurity of the Greater New York City region? Journal of Climate, 26 (4), 1339–1354. 
https://doi.org/10.1175/jcli-d-11-00723.1

129.	 McEwan, R.W., J.M. Dyer, and N. Pederson, 2011: Multiple interacting ecosystem drivers: Toward an encompassing 
hypothesis of oak forest dynamics across eastern North America. Ecography, 34 (2), 244–256. https://doi.
org/10.1111/j.1600-0587.2010.06390.x

130.	 Pederson, N., A.W. D’Amato, J.M. Dyer, D.R. Foster, D. Goldblum, J.L. Hart, A.E. Hessl, L.R. Iverson, S.T. Jackson, D. 
Martin-Benito, B.C. McCarthy, R.W. McEwan, D.J. Mladenoff, A.J. Parker, B. Shuman, and J.W. Williams, 2015: Climate 
remains an important driver of post-European vegetation change in the eastern United States. Global Change 
Biology, 21 (6), 2105–2110. https://doi.org/10.1111/gcb.12779

https://doi.org/10.1175/jcli-d-21-0200.1
https://www.globalchange.gov/indicators/heat-waves
https://www.globalchange.gov/indicators/heat-waves
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.1029/2020gl086983
https://doi.org/10.1088/1748-9326/ab4867
https://doi.org/10.1088/1748-9326/ab4867
https://doi.org/10.1073/pnas.2024792118
https://doi.org/10.1073/pnas.2017524118
https://doi.org/10.1038/nclimate2516
https://doi.org/10.1029/2019jd032263
https://doi.org/10.1029/2019jd032263
https://doi.org/10.1126/sciadv.aao3354
https://doi.org/10.1073/pnas.1921628117
https://doi.org/10.1175/jcli-d-11-00723.1
https://doi.org/10.1111/j.1600-0587.2010.06390.x
https://doi.org/10.1111/j.1600-0587.2010.06390.x
https://doi.org/10.1111/gcb.12779


Fifth National Climate Assessment

 2-50 | Climate Trends

131.	 Easterling, D.R., K.E. Kunkel, J.R. Arnold, T. Knutson, A.N. LeGrande, L.R. Leung, R.S. Vose, D.E. Waliser, and M.F. 
Wehner, 2017: Precipitation change in the United States. In: Climate Science Special Report: Fourth National Climate 
Assessment, Volume I. Wuebbles, D.J., D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K. Maycock, Eds. 
U.S. Global Change Research Program, Washington, DC, USA, 207–230. https://doi.org/10.7930/J0H993CC

132.	 Wilhite, D.A. and M.H. Glantz, 1985: Understanding: The drought phenomenon: The role of deţnitions. Water 
International, 10 (3), 111–120. https://doi.org/10.1080/02508068508686328

133.	 Udall, B. and J. Overpeck, 2017: The twenty-ţrst century Colorado River hot drought and implications for the 
future. Water Resources Research, 53 (3), 2404–2418. https://doi.org/10.1002/2016wr019638

134.	 Milly, P.C.D. and K.A. Dunne, 2020: Colorado River Ťow dwindles as warming-driven loss of reŤective snow 
energizes evaporation. Science, 367 (6483), 1252–1255. https://doi.org/10.1126/science.aay9187

135.	 Williams, A.P., B.I. Cook, and J.E. Smerdon, 2022: Rapid intensiţcation of the emerging southwestern North 
American megadrought in 2020–2021. Nature Climate Change, 12 (3), 232–234. https://doi.org/10.1038/s41558-
022-01290-z

136.	 Albano, C.M., J.T. Abatzoglou, D.J. McEvoy, J.L. Huntington, C.G. Morton, M.D. Dettinger, and T.J. Ott, 2022: A 
Multidataset assessment of climatic drivers and uncertainties of recent trends in evaporative demand across the 
continental United States. Journal of Hydrometeorology, 23 (4), 505–519. https://doi.org/10.1175/jhm-d-21-0163.1

137.	 Diffenbaugh, N.S., D.L. Swain, and D. Touma, 2015: Anthropogenic warming has increased drought risk in California. 
Proceedings of the National Academy of Sciences of the United States of America, 112 (13), 3931–3936. https://doi.
org/10.1073/pnas.1422385112

138.	 Marvel, K., B.I. Cook, C. Bonţls, J.E. Smerdon, A.P. Williams, and H. Liu, 2021: Projected changes to 
hydroclimate seasonality in the continental United States. Earth’s Future, 9 (9), e2021EF002019. https://doi.
org/10.1029/2021ef002019

139.	 Andreadis, K.M. and D.P. Lettenmaier, 2006: Trends in 20th century drought over the continental United States. 
Geophysical Research Letters, 33 (10), L10403. https://doi.org/10.1029/2006gl025711

140.	 Overpeck, J.T. and B. Udall, 2020: Climate change and the aridiţcation of North America. Proceedings of the National 
Academy of Sciences of the United States of America, 117 (22), 11856–11858. https://doi.org/10.1073/pnas.2006323117

141.	 Stevenson, S., S. Coats, D. Touma, J. Cole, F. Lehner, J. Fasullo, and B. Otto-Bliesner, 2022: Twenty-ţrst century 
hydroclimate: A continually changing baseline, with more frequent extremes. Proceedings of the National Academy 
of Sciences of the United States of America, 119 (12), e2108124119. https://doi.org/10.1073/pnas.2108124119

142.	 Swain, D.L., B. Langenbrunner, J.D. Neelin, and A. Hall, 2018: Increasing precipitation volatility in twenty-ţrst-
century California. Nature Climate Change, 8 (5), 427–433. https://doi.org/10.1038/s41558-018-0140-y

143.	 Su, L., Q. Cao, M. Xiao, D.M. Mocko, M. Barlage, D. Li, C.D. Peters-Lidard, and D.P. Lettenmaier, 2021: Drought 
variability over the conterminous United States for the past century. Journal of Hydrometeorology, 22 (5), 1153–1168. 
https://doi.org/10.1175/jhm-d-20-0158.1

144.	 McCabe, G.J., D.M. Wolock, and S.H. Austin, 2017: Variability of runoff-based drought conditions in 
the conterminous United States. International Journal of Climatology, 37 (2), 1014–1021. https://doi.
org/10.1002/joc.4756

145.	 Krakauer, N.Y., T. Lakhankar, and D. Hudson, 2019: Trends in drought over the northeast United States. Water, 11 
(9), 1834. https://doi.org/10.3390/w11091834

146.	 Otkin, J.A., M. Svoboda, E.D. Hunt, T.W. Ford, M.C. Anderson, C. Hain, and J.B. Basara, 2018: Flash droughts: A review 
and assessment of the challenges imposed by rapid-onset droughts in the United States. Bulletin of the American 
Meteorological Society, 99 (5), 911–919. https://doi.org/10.1175/bams-d-17-0149.1

147.	 Otkin, J.A., M. Woloszyn, H. Wang, M. Svoboda, M. Skumanich, R. Pulwarty, J. Lisonbee, A. Hoell, M. Hobbins, T. 
Haigh, and A.E. Cravens, 2022: Getting ahead of Ťash drought: From early warning to early action. Bulletin of the 
American Meteorological Society, 103 (10), E2188–E2202. https://doi.org/10.1175/bams-d-21-0288.1

https://doi.org/10.7930/J0H993CC
https://doi.org/10.1080/02508068508686328
https://doi.org/10.1002/2016wr019638
https://doi.org/10.1126/science.aay9187
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1175/jhm-d-21-0163.1
https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1029/2021ef002019
https://doi.org/10.1029/2021ef002019
https://doi.org/10.1029/2006gl025711
https://doi.org/10.1073/pnas.2006323117
https://doi.org/10.1073/pnas.2108124119
https://doi.org/10.1038/s41558-018-0140-y
https://doi.org/10.1175/jhm-d-20-0158.1
https://doi.org/10.1002/joc.4756
https://doi.org/10.1002/joc.4756
https://doi.org/10.3390/w11091834
https://doi.org/10.1175/bams-d-17-0149.1
https://doi.org/10.1175/bams-d-21-0288.1


Fifth National Climate Assessment

 2-51 | Climate Trends

148.	 Pendergrass, A.G., G.A. Meehl, R. Pulwarty, M. Hobbins, A. Hoell, A. AghaKouchak, C.J.W. Bonţls, A.J.E. Gallant, 
M. Hoerling, D. Hoffmann, L. Kaatz, F. Lehner, D. Llewellyn, P. Mote, R.B. Neale, J.T. Overpeck, A. Shefţeld, 
K. Stahl, M. Svoboda, M.C. Wheeler, A.W. Wood, and C.A. Woodhouse, 2020: Flash droughts present a new 
challenge for subseasonal-to-seasonal prediction. Nature Climate Change, 10, 191–199. https://doi.org/10.1038/
s41558-020-0709-0

149.	 Qing, Y., S. Wang, B.C. Ancell, and Z.-L. Yang, 2022: Accelerating Ťash droughts induced by the joint inŤuence of 
soil moisture depletion and atmospheric aridity. Nature Communications, 13 (1), 1139. https://doi.org/10.1038/
s41467-022-28752-4

150.	 Gonzales, K.R., D.L. Swain, K.M. Nardi, E.A. Barnes, and N.S. Diffenbaugh, 2019: Recent warming of landfalling 
atmospheric rivers along the West Coast of the United States. Journal of Geophysical Research: Atmospheres, 124 
(13), 6810–6826. https://doi.org/10.1029/2018jd029860

151.	 Gershunov, A., T. Shulgina, F.M. Ralph, D.A. Lavers, and J.J. Rutz, 2017: Assessing the climate-scale variability of 
atmospheric rivers affecting western North America. Geophysical Research Letters, 44 (15), 7900–7908. https://doi.
org/10.1002/2017gl074175

152.	 Knutson, T., S.J. Camargo, J.C.L. Chan, K. Emanuel, C.-H. Ho, J. Kossin, M. Mohapatra, M. Satoh, M. Sugi, K. Walsh, 
and L. Wu, 2019: Tropical cyclones and climate change assessment: Part I: Detection and attribution. Bulletin of the 
American Meteorological Society, 100 (10), 1987–2007. https://doi.org/10.1175/bams-d-18-0189.1

153.	 Vecchi, G.A., C. Landsea, W. Zhang, G. Villarini, and T. Knutson, 2021: Changes in Atlantic major hurricane frequency 
since the late-19th century. Nature Communications, 12 (1), 4054. https://doi.org/10.1038/s41467-021-24268-5

154.	 Bhatia, K.T., G.A. Vecchi, T.R. Knutson, H. Murakami, J. Kossin, K.W. Dixon, and C.E. Whitlock, 2019: Recent 
increases in tropical cyclone intensiţcation rates. Nature Communications, 10 (1), 635. https://doi.org/10.1038/
s41467-019-08471-z

155.	 Kishtawal, C.M., N. Jaiswal, R. Singh, and D. Niyogi, 2012: Tropical cyclone intensiţcation trends during satellite era 
(1986–2010). Geophysical Research Letters, 39 (10). https://doi.org/10.1029/2012gl051700

156.	 Li, L. and P. Chakraborty, 2020: Slower decay of landfalling hurricanes in a warming world. Nature, 587 (7833), 
230–234. https://doi.org/10.1038/s41586-020-2867-7

157.	 Kossin, J.P., 2019: Reply to: Moon, I.-J. et al.; Lanzante, J. R. Nature, 570 (7759), E16–E22. https://doi.org/10.1038/
s41586-019-1224-1

158.	 Hall, T.M. and J.P. Kossin, 2019: Hurricane stalling along the North American coast and implications for rainfall. npj 
Climate and Atmospheric Science, 2 (1), 1–9. https://doi.org/10.1038/s41612-019-0074-8

159.	 Grinsted, A., P. Ditlevsen, and J.H. Christensen, 2019: Normalized US hurricane damage estimates using area of total 
destruction, 1900−2018. Proceedings of the National Academy of Sciences of the United States of America, 116 (48), 
23942–23946. https://doi.org/10.1073/pnas.1912277116

160.	 Taszarek, M., J.T. Allen, H.E. Brooks, N. Pilguj, and B. Czernecki, 2021: Differing trends in United States and 
European severe thunderstorm environments in a warming climate. Bulletin of the American Meteorological Society, 
102 (2), E296–E322. https://doi.org/10.1175/bams-d-20-0004.1

161.	 Tippett, M.K., C. Lepore, and J.E. Cohen, 2016: More tornadoes in the most extreme U.S. tornado outbreaks. 
Science, 354 (6318), 1419–1423. https://doi.org/10.1126/science.aah7393

162.	 Elsner, J.B., T. Fricker, and Z. Schroder, 2019: Increasingly powerful tornadoes in the United States. Geophysical 
Research Letters, 46 (1), 392–398. https://doi.org/10.1029/2018gl080819

163.	 Moore, T.W., 2018: Annual and seasonal tornado trends in the contiguous United States and its regions. 
International Journal of Climatology, 38 (3), 1582–1594. https://doi.org/10.1002/joc.5285

164.	 Gensini, V.A. and H.E. Brooks, 2018: Spatial trends in United States tornado frequency. npj Climate and Atmospheric 
Science, 1 (1), 38. https://doi.org/10.1038/s41612-018-0048-2

165.	 Hu, H., L.R. Leung, and Z. Feng, 2020: Observed warm-season characteristics of MCS and Non-MCS rainfall and 
their recent changes in the central United States. Geophysical Research Letters, 47 (6), e2019GL086783. https://doi.
org/10.1029/2019gl086783

https://doi.org/10.1038/s41558-020-0709-0
https://doi.org/10.1038/s41558-020-0709-0
https://doi.org/10.1038/s41467-022-28752-4
https://doi.org/10.1038/s41467-022-28752-4
https://doi.org/10.1029/2018jd029860
https://doi.org/10.1002/2017gl074175
https://doi.org/10.1002/2017gl074175
https://doi.org/10.1175/bams-d-18-0189.1
https://doi.org/10.1038/s41467-021-24268-5
https://doi.org/10.1038/s41467-019-08471-z
https://doi.org/10.1038/s41467-019-08471-z
https://doi.org/10.1029/2012gl051700
https://doi.org/10.1038/s41586-020-2867-7
https://doi.org/10.1038/s41586-019-1224-1
https://doi.org/10.1038/s41586-019-1224-1
https://doi.org/10.1038/s41612-019-0074-8
https://doi.org/10.1073/pnas.1912277116
https://doi.org/10.1175/bams-d-20-0004.1
https://doi.org/10.1126/science.aah7393
https://doi.org/10.1029/2018gl080819
https://doi.org/10.1002/joc.5285
https://doi.org/10.1038/s41612-018-0048-2
https://doi.org/10.1029/2019gl086783
https://doi.org/10.1029/2019gl086783


Fifth National Climate Assessment

 2-52 | Climate Trends

166.	 Allen, J.T. and M.K. Tippett, 2015: The characteristics of United States hail reports: 1955–2014. E-Journal of Severe 
Storms Meteorology, 10 (3). https://doi.org/10.55599/ejssm.v10i3.60

167.	 Füllekrug, M., E. Williams, C. Price, S. Goodman, R. Holzworth, K. Virts, and D. Buechler, 2022: Sidebar 2.1: 
Lightning [in State of the Climate 2021]. Bulletin of the American Meteorological Society, 103 (8). https://doi.
org/10.1175/2022bamsstateoftheclimate.1

168.	 Tang, B.H., V.A. Gensini, and C.R. Homeyer, 2019: Trends in United States large hail environments and observations. 
Climate and Atmospheric Science, 2 (1), 1–7. https://doi.org/10.1038/s41612-019-0103-7

169.	 Higuera, P.E. and J.T. Abatzoglou, 2021: Record-setting climate enabled the extraordinary 2020 ţre season in the 
western United States. Global Change Biology, 27 (1), 1–2. https://doi.org/10.1111/gcb.15388

170.	 Carter, V.A., A. Brunelle, M.J. Power, R.J. DeRose, M.F. Bekker, I. Hart, S. Brewer, J. Spangler, E. Robinson, M. Abbott, 
S.Y. Maezumi, and B.F. Codding, 2021: Legacies of Indigenous land use shaped past wildţre regimes in the Basin-
Plateau Region, USA. Communications Earth & Environment, 2 (1), 72. https://doi.org/10.1038/s43247-021-00137-3

171.	 Higuera, P.E., B.N. Shuman, and K.D. Wolf, 2021: Rocky Mountain subalpine forests now burning more than any 
time in recent millennia. Proceedings of the National Academy of Sciences of the United States of America, 118 (25), 
e2103135118. https://doi.org/10.1073/pnas.2103135118

172.	 Hessburg, P.F., C.L. Miller, S.A. Parks, N.A. Povak, A.H. Taylor, P.E. Higuera, S.J. Prichard, M.P. North, B.M. Collins, 
M.D. Hurteau, A.J. Larson, C.D. Allen, S.L. Stephens, H. Rivera-Huerta, C.S. Stevens-Rumann, L.D. Daniels, Z.e. 
Gedalof, R.W. Gray, V.R. Kane, D.J. Churchill, R.K. Hagmann, T.A. Spies, C.A. Cansler, R.T. Belote, T.T. Veblen, M.A. 
Battaglia, C. Hoffman, C.N. Skinner, H.D. Safford, and R.B. Salter, 2019: Climate, environment, and disturbance 
history govern resilience of western North American forests. Frontiers in Ecology and Evolution, 7, 239. https://doi.
org/10.3389/fevo.2019.00239

173.	 Zhuang, Y., R. Fu, B.D. Santer, R.E. Dickinson, and A. Hall, 2021: Quantifying contributions of natural variability and 
anthropogenic forcings on increased ţre weather risk over the western United States. Proceedings of the National 
Academy of Sciences of the United States of America, 118 (45), e2111875118. https://doi.org/10.1073/pnas.2111875118

174.	 Calder, W.J. and B. Shuman, 2017: Extensive wildţres, climate change, and an abrupt state change in subalpine 
ribbon forests, Colorado. Ecology, 98 (10), 2585–2600. https://doi.org/10.1002/ecy.1959

175.	 Balch, J.K., B.A. Bradley, J.T. Abatzoglou, R.C. Nagy, E.J. Fusco, and A.L. Mahood, 2017: Human-started wildţres 
expand the ţre niche across the United States. Proceedings of the National Academy of Sciences of the United States 
of America, 114 (11), 2946–2951. https://doi.org/10.1073/pnas.1617394114

176.	 Cattau, M.E., C. Wessman, A. Mahood, and J.K. Balch, 2020: Anthropogenic and lightning-started ţres are becoming 
larger and more frequent over a longer season length in the U.S.A. Global Ecology and Biogeography, 29 (4), 668–681. 
https://doi.org/10.1111/geb.13058

177.	 Radeloff, V.C., D.P. Helmers, H.A. Kramer, M.H. Mockrin, P.M. Alexandre, A. Bar-Massada, V. Butsic, T.J. Hawbaker, 
S. Martinuzzi, A.D. Syphard, and S.I. Stewart, 2018: Rapid growth of the US wildland-urban interface raises wildţre 
risk. Proceedings of the National Academy of Sciences of the United States of America, 115 (13), 3314–3319. https://doi.
org/10.1073/pnas.1718850115

178.	 Kalashnikov, D.A., J.T. Abatzoglou, N.J. Nauslar, D.L. Swain, D. Touma, and D. Singh, 2022: Meteorological and 
geographical factors associated with dry lightning in central and northern California. Environmental Research: 
Climate, 1 (2), 025001. https://doi.org/10.1088/2752-5295/ac84a0

179.	 Villarini, G. and J.A. Smith, 2013: Spatial and temporal variability of cloud-to-ground lightning over the continental 
U.S. during the period 1995–2010. Atmospheric Research, 124, 137–148. https://doi.org/10.1016/j.atmosres.2012.12.017

180.	 Lyon, B., A.G. Barnston, E. Coffel, and R.M. Horton, 2019: Projected increase in the spatial extent of contiguous 
US summer heat waves and associated attributes. Environmental Research Letters, 14 (11), 114029. https://doi.
org/10.1088/1748-9326/ab4b41

181.	 Baek, S.H. and J.M. Lora, 2021: Counterbalancing inŤuences of aerosols and greenhouse gases on atmospheric 
rivers. Nature Climate Change, 11 (11), 958–965. https://doi.org/10.1038/s41558-021-01166-8

182.	 Huang, X., D.L. Swain, and A.D. Hall, 2020: Future precipitation increase from very high resolution ensemble 
downscaling of extreme atmospheric river storms in California. Science Advances, 6 (29), 1323. https://doi.
org/10.1126/sciadv.aba1323

https://doi.org/10.55599/ejssm.v10i3.60
https://doi.org/10.1175/2022bamsstateoftheclimate.1
https://doi.org/10.1175/2022bamsstateoftheclimate.1
https://doi.org/10.1038/s41612-019-0103-7
https://doi.org/10.1111/gcb.15388
https://doi.org/10.1038/s43247-021-00137-3
https://doi.org/10.1073/pnas.2103135118
https://doi.org/10.3389/fevo.2019.00239
https://doi.org/10.3389/fevo.2019.00239
https://doi.org/10.1073/pnas.2111875118
https://doi.org/10.1002/ecy.1959
https://doi.org/10.1073/pnas.1617394114
https://doi.org/10.1111/geb.13058
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1073/pnas.1718850115
https://doi.org/10.1088/2752-5295/ac84a0
https://doi.org/10.1016/j.atmosres.2012.12.017
https://doi.org/10.1088/1748-9326/ab4b41
https://doi.org/10.1088/1748-9326/ab4b41
https://doi.org/10.1038/s41558-021-01166-8
https://doi.org/10.1126/sciadv.aba1323
https://doi.org/10.1126/sciadv.aba1323


Fifth National Climate Assessment

 2-53 | Climate Trends

183.	 Knutson, T., S.J. Camargo, J.C.L. Chan, K. Emanuel, C.H. Ho, J. Kossin, M. Mohapatra, M. Satoh, M. Sugi, K. Walsh, 
and L. Wu, 2020: Tropical cyclones and climate change assessment: Part II: Projected response to anthropogenic 
warming. Bulletin of the American Meteorological Society, 101 (3), 303–322. https://doi.org/10.1175/bams-
d-18-0194.1

184.	 Payne, A.E., M.-E. Demory, L.R. Leung, A.M. Ramos, C.A. Shields, J.J. Rutz, N. Siler, G. Villarini, A. Hall, and F.M. Ralph, 
2020: Responses and impacts of atmospheric rivers to climate change. Nature Reviews Earth & Environment, 1 (3), 
143–157. https://doi.org/10.1038/s43017-020-0030-5

185.	 Swain, D.L., O.E.J. Wing, P.D. Bates, J.M. Done, K.A. Johnson, and D.R. Cameron, 2020: Increased Ťood exposure due 
to climate change and population growth in the United States. Earth’s Future, 8 (11), e2020EF001778. https://doi.
org/10.1029/2020ef001778

186.	 Akinsanola, A.A., G.J. Kooperman, K.A. Reed, A.G. Pendergrass, and W.M. Hannah, 2020: Projected changes in 
seasonal precipitation extremes over the United States in CMIP6 simulations. Environmental Research Letters, 15 
(10), 104078. https://doi.org/10.1088/1748-9326/abb397

187.	 Lachniet, M.S., Y. Asmerom, V. Polyak, and R. Denniston, 2020: Great Basin paleoclimate and aridity linked to 
Arctic warming and tropical Paciţc sea surface temperatures. Paleoceanography and Paleoclimatology, 35 (7), 
e2019PA003785. https://doi.org/10.1029/2019pa003785

188.	 Cook, B.I., J.S. Mankin, A.P. Williams, K.D. Marvel, J.E. Smerdon, and H. Liu, 2021: Uncertainties, limits, and beneţts 
of climate change mitigation for soil moisture drought in southwestern North America. Earth’s Future, 9 (9), 
e2021EF002014. https://doi.org/10.1029/2021ef002014

189.	 Lehner, F., A.W. Wood, J.A. Vano, D.M. Lawrence, M.P. Clark, and J.S. Mankin, 2019: The potential to reduce 
uncertainty in regional runoff projections from climate models. Nature Climate Change, 9 (12), 926–933. https://
doi.org/10.1038/s41558-019-0639-x

190.	 Cook, B.I., T.R. Ault, and J.E. Smerdon, 2015: Unprecedented 21st century drought risk in the American Southwest 
and Central Plains. Science Advances, 1 (1), e1400082. https://doi.org/10.1126/sciadv.1400082

191.	 Sena, A.C.T., C.M. Patricola, and B. Loring, 2022: Future changes in active and inactive Atlantic hurricane seasons 
in the energy exascale Earth system model. Geophysical Research Letters, 49 (21), e2022GL100267. https://doi.
org/10.1029/2022gl100267

192.	 Knutson, T.R., J.J. Sirutis, M.A. Bender, R.E. Tuleya, and B.A. Schenkel, 2022: Dynamical downscaling projections of 
late twenty-ţrst-century U.S. landfalling hurricane activity. Climatic Change, 171 (3), 28. https://doi.org/10.1007/
s10584-022-03346-7

193.	 Zhang, G., H. Murakami, T.R. Knutson, R. Mizuta, and K. Yoshida, 2020: Tropical cyclone motion in a changing 
climate. Science Advances, 6 (17), 7610. https://doi.org/10.1126/sciadv.aaz7610

194.	 Jing, R., N. Lin, K. Emanuel, G. Vecchi, and T.R. Knutson, 2021: A comparison of tropical cyclone projections in a 
high-resolution global climate model and from downscaling by statistical and statistical-deterministic methods. 
Journal of Climate, 34 (23), 9349–9364. https://doi.org/10.1175/jcli-d-21-0071.1

195.	 Gori, A., N. Lin, D. Xi, and K. Emanuel, 2022: Tropical cyclone climatology change greatly exacerbates US extreme 
rainfall–surge hazard. Nature Climate Change, 12 (2), 171–178. https://doi.org/10.1038/s41558-021-01272-7

196.	 Espinoza, V., D.E. Waliser, B. Guan, D.A. Lavers, and F.M. Ralph, 2018: Global analysis of climate change 
projection effects on atmospheric rivers. Geophysical Research Letters, 45 (9), 4299–4308. https://doi.
org/10.1029/2017gl076968

197.	 Gershunov, A., T. Shulgina, R.E.S. Clemesha, K. Guirguis, D.W. Pierce, M.D. Dettinger, D.A. Lavers, D.R. Cayan, 
S.D. Polade, J. Kalansky, and F.M. Ralph, 2019: Precipitation regime change in western North America: The role of 
atmospheric rivers. Scientiťc Reports, 9 (1), 9944. https://doi.org/10.1038/s41598-019-46169-w

198.	 Rhoades, A.M., M.D. Risser, D.A. Stone, M.F. Wehner, and A.D. Jones, 2021: Implications of warming on western 
United States landfalling atmospheric rivers and their Ťood damages. Weather and Climate Extremes, 32, 100326. 
https://doi.org/10.1016/j.wace.2021.100326

199.	 Lora, J.M., J.L. Mitchell, C. Risi, and A.E. Tripati, 2017: North Paciţc atmospheric rivers and their inŤuence on 
western North America at the Last Glacial Maximum. Geophysical Research Letters, 44 (2), 1051–1059. https://doi.
org/10.1002/2016gl071541

https://doi.org/10.1175/bams-d-18-0194.1
https://doi.org/10.1175/bams-d-18-0194.1
https://doi.org/10.1038/s43017-020-0030-5
https://doi.org/10.1029/2020ef001778
https://doi.org/10.1029/2020ef001778
https://doi.org/10.1088/1748-9326/abb397
https://doi.org/10.1029/2019pa003785
https://doi.org/10.1029/2021ef002014
https://doi.org/10.1038/s41558-019-0639-x
https://doi.org/10.1038/s41558-019-0639-x
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1029/2022gl100267
https://doi.org/10.1029/2022gl100267
https://doi.org/10.1007/s10584-022-03346-7
https://doi.org/10.1007/s10584-022-03346-7
https://doi.org/10.1126/sciadv.aaz7610
https://doi.org/10.1175/jcli-d-21-0071.1
https://doi.org/10.1038/s41558-021-01272-7
https://doi.org/10.1029/2017gl076968
https://doi.org/10.1029/2017gl076968
https://doi.org/10.1038/s41598-019-46169-w
https://doi.org/10.1016/j.wace.2021.100326
https://doi.org/10.1002/2016gl071541
https://doi.org/10.1002/2016gl071541


Fifth National Climate Assessment

 2-54 | Climate Trends

200.	 Allen, J.T., 2018: Climate change and severe thunderstorms. In: Oxford Research Encyclopedia of Climate Science. 
Von Storch, H., Ed. Oxford University Press. https://doi.org/10.1093/acrefore/9780190228620.013.62

201.	 Trapp, R.J., K.A. Hoogewind, and S. Lasher-Trapp, 2019: Future changes in hail occurrence in the United States 
determined through convection-permitting dynamical downscaling. Journal of Climate, 32 (17), 5493–5509. https://
doi.org/10.1175/jcli-d-18-0740.1

202.	 Haberlie, A.M., W.S. Ashley, C.M. Battisto, and V.A. Gensini, 2022: Thunderstorm activity under intermediate 
and extreme climate change scenarios. Geophysical Research Letters, 49 (14), e2022GL098779. https://doi.
org/10.1029/2022gl098779

203.	 Alizadeh, M.R., J. Adamowski, M.R. Nikoo, A. AghaKouchak, P. Dennison, and M. Sadegh, 2020: A century of 
observations reveals increasing likelihood of continental-scale compound dry-hot extremes. Science Advances, 6 
(39), 4571. https://doi.org/10.1126/sciadv.aaz4571

204.	 Ridder, N.N., A.M. Ukkola, A.J. Pitman, and S.E. Perkins-Kirkpatrick, 2022: Increased occurrence of high impact 
compound events under climate change. npj Climate and Atmospheric Science, 5 (1), 3. https://doi.org/10.1038/
s41612-021-00224-4

205.	 Mukherjee, S., A.K. Mishra, M.E. Mann, and C. Raymond, 2021: Anthropogenic warming and population 
growth may double US heat stress by the late 21st century. Earth’s Future, 9 (5), e2020EF001886. https://doi.
org/10.1029/2020ef001886

206.	 Coffel, E.D., R.M. Horton, and A. Sherbinin, 2018: Temperature and humidity based projections of a rapid rise in 
global heat stress exposure during the 21st century. Environmental Research Letters, 13 (1), 014001. https://doi.
org/10.1088/1748-9326/aaa00e

207.	 Speizer, S., C. Raymond, C. Ivanovich, and R.M. Horton, 2022: Concentrated and intensifying humid heat extremes 
in the IPCC AR6 regions. Geophysical Research Letters, 49 (5), e2021GL097261. https://doi.org/10.1029/2021gl097261

208.	 Touma, D., S. Stevenson, D.L. Swain, D. Singh, D.A. Kalashnikov, and X. Huang, 2022: Climate change increases 
risk of extreme rainfall following wildţre in the western United States. Science Advances, 8 (13), 0320. https://doi.
org/10.1126/sciadv.abm0320

209.	 Wahl, T., S. Jain, J. Bender, S.D. Meyers, and M.E. Luther, 2015: Increasing risk of compound Ťooding from 
storm surge and rainfall for major US cities. Nature Climate Change, 5 (12), 1093–1097. https://doi.org/10.1038/
nclimate2736

210.	 Edwards, T.L., S. Nowicki, B. Marzeion, R. Hock, H. Goelzer, H. Seroussi, N.C. Jourdain, D.A. Slater, F.E. Turner, C.J. 
Smith, C.M. McKenna, E. Simon, A. Abe-Ouchi, J.M. Gregory, E. Larour, W.H. Lipscomb, A.J. Payne, A. Shepherd, 
C. Agosta, P. Alexander, T. Albrecht, B. Anderson, X. Asay-Davis, A. Aschwanden, A. Barthel, A. Bliss, R. Calov, 
C. Chambers, N. Champollion, Y. Choi, R. Cullather, J. Cuzzone, C. Dumas, D. Felikson, X. Fettweis, K. Fujita, 
B.K. Galton-Fenzi, R. Gladstone, N.R. Golledge, R. Greve, T. Hattermann, M.J. Hoffman, A. Humbert, M. Huss, P. 
Huybrechts, W. Immerzeel, T. Kleiner, P. Kraaijenbrink, S. Le clec’h, V. Lee, G.R. Leguy, C.M. Little, D.P. Lowry, J.-H. 
Malles, D.F. Martin, F. Maussion, M. Morlighem, J.F. O’Neill, I. Nias, F. Pattyn, T. Pelle, S.F. Price, A. Quiquet, V. Radić, 
R. Reese, D.R. Rounce, M. Rückamp, A. Sakai, C. Shafer, N.-J. Schlegel, S. Shannon, R.S. Smith, F. Straneo, S. Sun, 
L. Tarasov, L.D. Trusel, J. Van Breedam, R. van de Wal, M. van den Broeke, R. Winkelmann, H. Zekollari, C. Zhao, T. 
Zhang, and T. Zwinger, 2021: Projected land ice contributions to twenty-ţrst-century sea level rise. Nature, 593 
(7857), 74–82. https://doi.org/10.1038/s41586-021-03302-y

211.	 Robel, A.A., H. Seroussi, and G.H. Roe, 2019: Marine ice sheet instability ampliţes and skews uncertainty in 
projections of future sea-level rise. Proceedings of the National Academy of Sciences of the United States of America, 
116 (30), 14887–14892. https://doi.org/10.1073/pnas.1904822116

212.	 Aschwanden, A., M.A. Fahnestock, M. Truffer, D.J. Brinkerhoff, R. Hock, C. Khroulev, R. Mottram, and S.A. Khan, 
2019: Contribution of the Greenland ice sheet to sea level over the next millennium. Science Advances, 5 (6), 9396. 
https://doi.org/10.1126/sciadv.aav9396

213.	 Lowry, D.P., M. Krapp, N.R. Golledge, and A. Alevropoulos-Borrill, 2021: The inŤuence of emissions scenarios 
on future Antarctic ice loss is unlikely to emerge this century. Communications Earth & Environment, 2 (1), 221. 
https://doi.org/10.1038/s43247-021-00289-2

https://doi.org/10.1093/acrefore/9780190228620.013.62
https://doi.org/10.1175/jcli-d-18-0740.1
https://doi.org/10.1175/jcli-d-18-0740.1
https://doi.org/10.1029/2022gl098779
https://doi.org/10.1029/2022gl098779
https://doi.org/10.1126/sciadv.aaz4571
https://doi.org/10.1038/s41612-021-00224-4
https://doi.org/10.1038/s41612-021-00224-4
https://doi.org/10.1029/2020ef001886
https://doi.org/10.1029/2020ef001886
https://doi.org/10.1088/1748-9326/aaa00e
https://doi.org/10.1088/1748-9326/aaa00e
https://doi.org/10.1029/2021gl097261
https://doi.org/10.1126/sciadv.abm0320
https://doi.org/10.1126/sciadv.abm0320
https://doi.org/10.1038/nclimate2736
https://doi.org/10.1038/nclimate2736
https://doi.org/10.1038/s41586-021-03302-y
https://doi.org/10.1073/pnas.1904822116
https://doi.org/10.1126/sciadv.aav9396
https://doi.org/10.1038/s43247-021-00289-2


Fifth National Climate Assessment

 2-55 | Climate Trends

214.	 Jones, T., J.K. Parrish, W.T. Peterson, E.P. Bjorkstedt, N.A. Bond, L.T. Ballance, V. Bowes, J.M. Hipfner, H.K. Burgess, 
J.E. Dolliver, K. Lindquist, J. Lindsey, H.M. Nevins, R.R. Robertson, J. Roletto, L. Wilson, T. Joyce, and J. Harvey, 2018: 
Massive mortality of a planktivorous seabird in response to a marine heatwave. Geophysical Research Letters, 45 (7), 
3193–3202. https://doi.org/10.1002/2017gl076164

215.	 Siedlecki, S.A., J. Salisbury, D.K. Gledhill, C. Bastidas, S. Meseck, K. McGarry, C.W. Hunt, M. Alexander, D. Lavoie, 
Z.A. Wang, J. Scott, D.C. Brady, I. Mlsna, K. Azetsu-Scott, C.M. Liberti, D.C. Melrose, M.M. White, A. Pershing, D. 
Vandemark, D.W. Townsend, C. Chen, W. Mook, and R. Morrison, 2021: Projecting ocean acidiţcation impacts for 
the Gulf of Maine to 2050: New tools and expectations. Elementa: Science of the Anthropocene, 9 (1), 00062. https://
doi.org/10.1525/elementa.2020.00062

216.	 Gong, H., C. Li, and Y. Zhou, 2021: Emerging global ocean deoxygenation across the 21st century. Geophysical 
Research Letters, 48 (23), e2021GL095370. https://doi.org/10.1029/2021gl095370

217.	 Kwiatkowski, L., O. Torres, L. Bopp, O. Aumont, M. Chamberlain, J.R. Christian, J.P. Dunne, M. Gehlen, T. Ilyina, 
J.G. John, A. Lenton, H. Li, N.S. Lovenduski, J.C. Orr, J. Palmieri, Y. Santana-Falcón, J. Schwinger, R. Séférian, C.A. 
Stock, A. Tagliabue, Y. Takano, J. Tjiputra, K. Toyama, H. Tsujino, M. Watanabe, A. Yamamoto, A. Yool, and T. Ziehn, 
2020: Twenty-ţrst century ocean warming, acidiţcation, deoxygenation, and upper-ocean nutrient and primary 
production decline from CMIP6 model projections. Biogeosciences, 17 (13), 3439–3470. https://doi.org/10.5194/
bg-17-3439-2020

218.	 Fischer, E.M., S. Sippel, and R. Knutti, 2021: Increasing probability of record-shattering climate extremes. Nature 
Climate Change, 11 (8), 689–695. https://doi.org/10.1038/s41558-021-01092-9

219.	 Hausfather, Z. and F.C. Moore, 2022: Net-zero commitments could limit warming to below 2 °C. Nature, 604 (7905), 
247–248. https://doi.org/10.1038/d41586-022-00874-1

220.	 Hausfather, Z. and G.P. Peters, 2020: Emissions—The ‘business as usual’ story is misleading. Nature, 577 (7792), 
618–620. https://doi.org/10.1038/d41586-020-00177-3

221.	 IEA, 2021: World Energy Outlook 2021. International Energy Agency, Paris, France. https://www.iea.org/reports/
world-energy-outlook-2021

222.	 Meinshausen, M., J. Lewis, C. McGlade, J. Gütschow, Z. Nicholls, R. Burdon, L. Cozzi, and B. Hackmann, 2022: 
Realization of Paris Agreement pledges may limit warming just below 2 °C. Nature, 604 (7905), 304–309. https://doi.
org/10.1038/s41586-022-04553-z

223.	 Sognnaes, I., A. Gambhir, D.-J. van de Ven, A. Nikas, A. Anger-Kraavi, H. Bui, L. Campagnolo, E. Delpiazzo, H. Doukas, 
S. Giarola, N. Grant, A. Hawkes, A.C. Köberle, A. Kolpakov, S. Mittal, J. Moreno, S. Perdana, J. Rogelj, M. Vielle, and 
G.P. Peters, 2021: A multi-model analysis of long-term emissions and warming implications of current mitigation 
efforts. Nature Climate Change, 11 (12), 1055–1062. https://doi.org/10.1038/s41558-021-01206-3

224.	 UNEP, 2021: Emissions Gap Report 2021: The Heat Is On–A World of Climate Promises Not Yet Delivered. United 
Nations Environment Programme, Nairobi, Kenya. https://www.unep.org/emissions-gap-report-2021

225.	 Ou, Y., G. Iyer, L. Clarke, J. Edmonds, A.A. Fawcett, N. Hultman, J.R. McFarland, M. Binsted, R. Cui, C. Fyson, A. 
Geiges, S. Gonzales-Zuñiga, M.J. Gidden, N. Höhne, L. Jeffery, T. Kuramochi, J. Lewis, M. Meinshausen, Z. Nicholls, 
P. Patel, S. Ragnauth, J. Rogelj, S. Waldhoff, S. Yu, and H. McJeon, 2021: Can updated climate pledges limit warming 
well below 2°C? Science, 374 (6568), 693–695. https://doi.org/10.1126/science.abl8976

226.	 Tong, D., Q. Zhang, Y. Zheng, K. Caldeira, C. Shearer, C. Hong, Y. Qin, and S.J. Davis, 2019: Committed emissions 
from existing energy infrastructure jeopardize 1.5 °C climate target. Nature, 572 (7769), 373–377. https://doi.
org/10.1038/s41586-019-1364-3

227.	 MacDougall, A.H., T.L. Frölicher, C.D. Jones, J. Rogelj, H.D. Matthews, K. Zickfeld, V.K. Arora, N.J. Barrett, V. Brovkin, 
F.A. Burger, M. Eby, A.V. Eliseev, T. Hajima, P.B. Holden, A. Jeltsch-Thömmes, C. Koven, N. Mengis, L. Menviel, M. 
Michou, I.I. Mokhov, A. Oka, J. Schwinger, R. Séférian, G. Shaffer, A. Sokolov, K. Tachiiri, J. Tjiputra, A. Wiltshire, and 
T. Ziehn, 2020: Is there warming in the pipeline? A multi-model analysis of the Zero Emissions Commitment from 
CO2. Biogeosciences, 17 (11), 2987–3016. https://doi.org/10.5194/bg-17-2987-2020

228.	 Thompson, P.R., M.J. Widlansky, B.D. Hamlington, M.A. Merriţeld, J.J. Marra, G.T. Mitchum, and W. Sweet, 2021: 
Rapid increases and extreme months in projections of United States high-tide Ťooding. Nature Climate Change, 11 
(7), 584–590. https://doi.org/10.1038/s41558-021-01077-8

https://doi.org/10.1002/2017gl076164
https://doi.org/10.1525/elementa.2020.00062
https://doi.org/10.1525/elementa.2020.00062
https://doi.org/10.1029/2021gl095370
https://doi.org/10.5194/bg-17-3439-2020
https://doi.org/10.5194/bg-17-3439-2020
https://doi.org/10.1038/s41558-021-01092-9
https://doi.org/10.1038/d41586-022-00874-1
https://doi.org/10.1038/d41586-020-00177-3
https://www.iea.org/reports/world-energy-outlook-2021
https://www.iea.org/reports/world-energy-outlook-2021
https://doi.org/10.1038/s41586-022-04553-z
https://doi.org/10.1038/s41586-022-04553-z
https://doi.org/10.1038/s41558-021-01206-3
https://www.unep.org/emissions-gap-report-2021
https://doi.org/10.1126/science.abl8976
https://doi.org/10.1038/s41586-019-1364-3
https://doi.org/10.1038/s41586-019-1364-3
https://doi.org/10.5194/bg-17-2987-2020
https://doi.org/10.1038/s41558-021-01077-8


Fifth National Climate Assessment

 2-56 | Climate Trends

229.	 Hamlington, B.D., T. Frederikse, P.R. Thompson, J.K. Willis, R.S. Nerem, and J.T. Fasullo, 2021: Past, present, and 
future Paciţc sea-level change. Earth’s Future, 9 (4), e2020EF001839. https://doi.org/10.1029/2020ef001839

230.	 Fisch-Romito, V., C. Guivarch, F. Creutzig, J.C. Minx, and M.W. Callaghan, 2021: Systematic map of the literature 
on carbon lock-in induced by long-lived capital. Environmental Research Letters, 16 (5), 053004. https://doi.
org/10.1088/1748-9326/aba660

231.	 Roberts, C., F.W. Geels, M. Lockwood, P. Newell, H. Schmitz, B. Turnheim, and A. Jordan, 2018: The politics of 
accelerating low-carbon transitions: Towards a new research agenda. Energy Research & Social Science, 44, 304–311. 
https://doi.org/10.1016/j.erss.2018.06.001

232.	 Sherwood, S.C., M.J. Webb, J.D. Annan, K.C. Armour, P.M. Forster, J.C. Hargreaves, G. Hegerl, S.A. Klein, K.D. Marvel, 
E.J. Rohling, M. Watanabe, T. Andrews, P. Braconnot, C.S. Bretherton, G.L. Foster, Z. Hausfather, A.S. von der Heydt, 
R. Knutti, T. Mauritsen, J.R. Norris, C. Proistosescu, M. Rugenstein, G.A. Schmidt, K.B. Tokarska, and M.D. Zelinka, 
2020: An assessment of Earth’s climate sensitivity using multiple lines of evidence. Reviews of Geophysics, 58 (4), 
e2019RG000678. https://doi.org/10.1029/2019rg000678

233.	 Gruber, N., D.C.E. Bakker, T. DeVries, L. Gregor, J. Hauck, P. Landschützer, G.A. McKinley, and J.D. Müller, 2023: 
Trends and variability in the ocean carbon sink. Nature Reviews Earth & Environment, 4 (2), 119–134. https://doi.
org/10.1038/s43017-022-00381-x

234.	 Huntzinger, D.N., A. Chatterjee, D.J.P. Moore, S. Ohrel, T.O. West, B. Poulter, A.P. Walker, J. Dunne, S.R. Cooley, A.M. 
Michalak, M. Tzortziou, L. Bruhwiler, A. Rosenblatt, Y. Luo, P.J. Marcotullio, and J. Russell, 2018: Ch. 19. Future of the 
North American carbon cycle. In: Second State of the Carbon Cycle Report (SOCCR2): A Sustained Assessment Report. 
Cavallaro, N., G. Shrestha, R. Birdsey, M.A. Mayes, R.G. Najjar, S.C. Reed, P. Romero-Lankao, and Z. Zhu, Eds. U.S. 
Global Change Research Program, Washington, DC, USA, 760–809. https://doi.org/10.7930/SOCCR2.2018.Ch19

235.	 O’Sullivan, M., P. Friedlingstein, S. Sitch, P. Anthoni, A. Arneth, V.K. Arora, V. Bastrikov, C. Delire, D.S. Goll, A. Jain, 
E. Kato, D. Kennedy, J. Knauer, S. Lienert, D. Lombardozzi, P.C. McGuire, J.R. Melton, J.E.M.S. Nabel, J. Pongratz, 
B. Poulter, R. Séférian, H. Tian, N. Vuichard, A.P. Walker, W. Yuan, X. Yue, and S. Zaehle, 2022: Process-oriented 
analysis of dominant sources of uncertainty in the land carbon sink. Nature Communications, 13 (1), 4781. https://
doi.org/10.1038/s41467-022-32416-8

236.	 Cooley, S.R., D.J.P. Moore, S.R. Alin, D. Butman, D.W. Clow, N.H.F. French, R.A. Feely, Z.I. Johnson, G. Keppel-Aleks, 
S.E. Lohrenz, I.B. Ocko, E.H. Shadwick, A.J. Sutton, C.S. Potter, Y. Takatsuka, A.P. Walker, and R.M.S. Yu, 2018: Ch. 17. 
Biogeochemical effects of rising atmospheric carbon dioxide. In: Second State of the Carbon Cycle Report (SOCCR2): 
A Sustained Assessment Report. Cavallaro, N., G. Shrestha, R. Birdsey, M.A. Mayes, R.G. Najjar, S.C. Reed, P. Romero-
Lankao, and Z. Zhu, Eds. U.S. Global Change Research Program, Washington, DC, USA, 690–727. https://doi.
org/10.7930/SOCCR2.2018.Ch17

237.	 Hugelius, G., J. Strauss, S. Zubrzycki, J.W. Harden, E.A.G. Schuur, C.L. Ping, L. Schirrmeister, G. Grosse, G.J. 
Michaelson, C.D. Koven, J.A. O’Donnell, B. Elberling, U. Mishra, P. Camill, Z. Yu, J. Palmtag, and P. Kuhry, 2014: 
Estimated stocks of circumpolar permafrost carbon with quantiţed uncertainty ranges and identiţed data gaps. 
Biogeosciences, 11 (23), 6573–6593. https://doi.org/10.5194/bg-11-6573-2014

238.	 Schuur, E.A.G., R. Bracho, G. Celis, E.F. Belshe, C. Ebert, J. Ledman, M. Mauritz, E.F. Pegoraro, C. Plaza, H. 
Rodenhizer, V. Romanovsky, C. Schädel, D. Schirokauer, M. Taylor, J.G. Vogel, and E.E. Webb, 2021: Tundra underlain 
by thawing permafrost persistently emits carbon to the atmosphere over 15 years of measurements. Journal of 
Geophysical Research: Biogeosciences, 126 (6), e2020JG006044. https://doi.org/10.1029/2020jg006044

239.	 Schuur, E.A.G., B.W. Abbott, R. Commane, J. Ernakovich, E. Euskirchen, G. Hugelius, G. Grosse, M. Jones, C. Koven, 
V. Leshyk, D. Lawrence, M.M. Loranty, M. Mauritz, D. Olefeldt, S. Natali, H. Rodenhizer, V. Salmon, C. Schädel, 
J. Strauss, C. Treat, and M. Turetsky, 2022: Permafrost and climate change: Carbon cycle feedbacks from the 
warming Arctic. Annual Review of Environment and Resources, 47 (1), 343–371. https://doi.org/10.1146/annurev-
environ-012220-011847

240.	 Wang, S., A. Foster, E.A. Lenz, J.D. Kessler, J.C. Stroeve, L.O. Anderson, M. Turetsky, R. Betts, S. Zou, W. Liu, W.R. 
Boos, and Z. Hausfather, 2023: Mechanisms and impacts of Earth system tipping elements. Reviews of Geophysics, 
61 (1), e2021RG000757. https://doi.org/10.1029/2021rg000757

241.	 Armstrong McKay, D.I., A. Staal, J.F. Abrams, R. Winkelmann, B. Sakschewski, S. Loriani, I. Fetzer, S.E. Cornell, J. 
Rockström, and T.M. Lenton, 2022: Exceeding 1.5°C global warming could trigger multiple climate tipping points. 
Science, 377 (6611), 7950. https://doi.org/10.1126/science.abn7950

https://doi.org/10.1029/2020ef001839
https://doi.org/10.1088/1748-9326/aba660
https://doi.org/10.1088/1748-9326/aba660
https://doi.org/10.1016/j.erss.2018.06.001
https://doi.org/10.1029/2019rg000678
https://doi.org/10.1038/s43017-022-00381-x
https://doi.org/10.1038/s43017-022-00381-x
https://doi.org/10.7930/SOCCR2.2018.Ch19
https://doi.org/10.1038/s41467-022-32416-8
https://doi.org/10.1038/s41467-022-32416-8
https://doi.org/10.7930/SOCCR2.2018.Ch17
https://doi.org/10.7930/SOCCR2.2018.Ch17
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1029/2020jg006044
https://doi.org/10.1146/annurev-environ-012220-011847
https://doi.org/10.1146/annurev-environ-012220-011847
https://doi.org/10.1029/2021rg000757
https://doi.org/10.1126/science.abn7950


Fifth National Climate Assessment

 2-57 | Climate Trends

242.	 Kopp, R.E., R.L. Shwom, G. Wagner, and J. Yuan, 2016: Tipping elements and climate–economic shocks: Pathways 
toward integrated assessment. Earth’s Future, 4, 346–372. https://doi.org/10.1002/2016ef000362

243.	 Lenton, T.M., H. Held, E. Kriegler, J.W. Hall, W. Lucht, S. Rahmstorf, and H.J. Schellnhuber, 2008: Tipping elements 
in the Earth’s climate system. Proceedings of the National Academy of Sciences of the United States of America, 105 
(6), 1786–1793. https://doi.org/10.1073/pnas.0705414105

244.	 McSweeney, R., 2020: Explainer: Nine ‘Tipping Points’ that Could be Triggered by Climate Change. Carbon 
Brief, London, UK. https://www.carbonbrief.org/explainer-nine-tipping-points-that-could-be-triggered-by-
climate-change/

245.	 Bassis, J.N., B. Berg, A.J. Crawford, and D.I. Benn, 2021: Transition to marine ice cliff instability controlled by ice 
thickness gradients and velocity. Science, 372 (6548), 1342–1344. https://doi.org/10.1126/science.abf6271

246.	 Clerc, F., B.M. Minchew, and M.D. Behn, 2019: Marine ice cliff instability mitigated by slow removal of ice shelves. 
Geophysical Research Letters, 46 (21), 12108–12116. https://doi.org/10.1029/2019gl084183

247.	 Zeitz, M., A. Levermann, and R. Winkelmann, 2020: Sensitivity of ice loss to uncertainty in Ťow law parameters 
in an idealized one-dimensional geometry. The Cryosphere, 14 (10), 3537–3550. https://doi.org/10.5194/
tc-14-3537-2020

248.	 Mottram, R., N. Hansen, C. Kittel, J.M. van Wessem, C. Agosta, C. Amory, F. Boberg, W.J. van de Berg, X. Fettweis, A. 
Gossart, N.P.M. van Lipzig, E. van Meijgaard, A. Orr, T. Phillips, S. Webster, S.B. Simonsen, and N. Souverijns, 2021: 
What is the surface mass balance of Antarctica? An intercomparison of regional climate model estimates. The 
Cryosphere, 15 (8), 3751–3784. https://doi.org/10.5194/tc-15-3751-2021

249.	 Bell, R.E., W. Chu, J. Kingslake, I. Das, M. Tedesco, K.J. Tinto, C.J. Zappa, M. Frezzotti, A. Boghosian, and W.S. Lee, 
2017: Antarctic ice shelf potentially stabilized by export of meltwater in surface river. Nature, 544 (7650), 344–348. 
https://doi.org/10.1038/nature22048

250.	 MacFerrin, M., H. Machguth, D. van As, C. Charalampidis, C.M. Stevens, A. Heilig, B. Vandecrux, P.L. Langen, R. 
Mottram, X. Fettweis, M.R. van den Broeke, W.T. Pfeffer, M.S. Moussavi, and W. Abdalati, 2019: Rapid expansion of 
Greenland’s low-permeability ice slabs. Nature, 573 (7774), 403–407. https://doi.org/10.1038/s41586-019-1550-3

251.	 Schlegel, N.J., H. Seroussi, M.P. Schodlok, E.Y. Larour, C. Boening, D. Limonadi, M.M. Watkins, M. Morlighem, and 
M.R. van den Broeke, 2018: Exploration of Antarctic ice sheet 100-year contribution to sea level rise and associated 
model uncertainties using the ISSM framework. The Cryosphere, 12 (11), 3511–3534. https://doi.org/10.5194/
tc-12-3511-2018

252.	 Nias, I.J., S.L. Cornford, T.L. Edwards, N. Gourmelen, and A.J. Payne, 2019: Assessing uncertainty in the dynamical 
ice response to ocean warming in the Amundsen Sea Embayment, West Antarctica. Geophysical Research Letters, 
46 (20), 11253–11260. https://doi.org/10.1029/2019gl084941

253.	 Buchanan, M.K., R.E. Kopp, M. Oppenheimer, and C. Tebaldi, 2016: Allowances for evolving coastal Ťood risk under 
uncertain local sea-level rise. Climatic Change, 137 (3), 347–362. https://doi.org/10.1007/s10584-016-1664-7

254.	 Haasnoot, M., J. Kwadijk, J. van Alphen, D. Le Bars, B. van den Hurk, F. Diermanse, A. van der Spek, G.O. Essink, 
J. Delsman, and M. Mens, 2020: Adaptation to uncertain sea-level rise; how uncertainty in Antarctic mass-loss 
impacts the coastal adaptation strategy of the Netherlands. Environmental Research Letters, 15 (3), 034007. https://
doi.org/10.1088/1748-9326/ab666c

255.	 Rogelj, J., A. Popp, K.V. Calvin, G. Luderer, J. Emmerling, D. Gernaat, S. Fujimori, J. StreŤer, T. Hasegawa, G. 
Marangoni, V. Krey, E. Kriegler, K. Riahi, D.P. van Vuuren, J. Doelman, L. Drouet, J. Edmonds, O. Fricko, M. Harmsen, 
P. Havlík, F. Humpenöder, E. Stehfest, and M. Tavoni, 2018: Scenarios towards limiting global mean temperature 
increase below 1.5 °C. Nature Climate Change, 8 (4), 325–332. https://doi.org/10.1038/s41558-018-0091-3

256.	 O’Neill, B., M. van Aalst, Z. Zaiton Ibrahim, L. Berrang Ford, S. Bhadwal, H. Buhaug, D. Diaz, K. Frieler, M. 
Garschagen, A. Magnan, G. Midgley, A. Mirzabaev, A. Thomas, and R. Warren, 2022: Ch. 16. Key risks across sectors 
and regions. In: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II 
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Pörtner, H.-O., D.C. Roberts, 
M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem, 
and B. Rama, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 2411–2538. https://doi.
org/10.1017/9781009325844.025

https://doi.org/10.1002/2016ef000362
https://doi.org/10.1073/pnas.0705414105
https://www.carbonbrief.org/explainer-nine-tipping-points-that-could-be-triggered-by-climate-change/
https://www.carbonbrief.org/explainer-nine-tipping-points-that-could-be-triggered-by-climate-change/
https://doi.org/10.1126/science.abf6271
https://doi.org/10.1029/2019gl084183
https://doi.org/10.5194/tc-14-3537-2020
https://doi.org/10.5194/tc-14-3537-2020
https://doi.org/10.5194/tc-15-3751-2021
https://doi.org/10.1038/nature22048
https://doi.org/10.1038/s41586-019-1550-3
https://doi.org/10.5194/tc-12-3511-2018
https://doi.org/10.5194/tc-12-3511-2018
https://doi.org/10.1029/2019gl084941
https://doi.org/10.1007/s10584-016-1664-7
https://doi.org/10.1088/1748-9326/ab666c
https://doi.org/10.1088/1748-9326/ab666c
https://doi.org/10.1038/s41558-018-0091-3
https://doi.org/10.1017/9781009325844.025
https://doi.org/10.1017/9781009325844.025


Fifth National Climate Assessment

 2-58 | Climate Trends

257.	 Menne, M.J., C.N. Williams, B.E. Gleason, J.J. Rennie, and J.H. Lawrimore, 2018: The Global Historical Climatology 
Network monthly temperature dataset, version 4. Journal of Climate, 31 (24), 9835–9854. https://doi.org/10.1175/
jcli-d-18-0094.1

258.	 Rohde, R., R.A. Muller, R. Jacobsen, E. Muller, S. Perlmutter, A. Rosenfeld, J. Wurtele, D. Groom, and C. Wickham, 
2013: A new estimate of the average Earth surface land temperature spanning 1753 to 2011. Geoinformatics & 
Geostatistics: An Overview, 1 (1). https://doi.org/10.4172/2327-4581.1000101

259.	 Kondo, M., P.K. Patra, S. Sitch, P. Friedlingstein, B. Poulter, F. Chevallier, P. Ciais, J.G. Canadell, A. Bastos, R. 
Lauerwald, L. Calle, K. Ichii, P. Anthoni, A. Arneth, V. Haverd, A.K. Jain, E. Kato, M. Kautz, R.M. Law, S. Lienert, D. 
Lombardozzi, T. Maki, T. Nakamura, P. Peylin, C. Rödenbeck, R. Zhuravlev, T. Saeki, H. Tian, D. Zhu, and T. Ziehn, 
2020: State of the science in reconciling top-down and bottom-up approaches for terrestrial CO2 budget. Global 
Change Biology, 26 (3), 1068–1084. https://doi.org/10.1111/gcb.14917

260.	 Xu, R., H. Tian, N. Pan, R.L. Thompson, J.G. Canadell, E.A. Davidson, C. Nevison, W. Winiwarter, H. Shi, S. Pan, J. 
Chang, P. Ciais, S.R.S. Dangal, A. Ito, R.B. Jackson, F. Joos, R. Lauerwald, S. Lienert, T. Maavara, D.B. Millet, P.A. 
Raymond, P. Regnier, F.N. Tubiello, N. Vuichard, K.C. Wells, C. Wilson, J. Yang, Y. Yao, S. Zaehle, and F. Zhou, 
2021: Magnitude and uncertainty of nitrous oxide emissions from North America based on bottom-up and 
top-down approaches: Informing future research and national inventories. Geophysical Research Letters, 48 (23), 
e2021GL095264. https://doi.org/10.1029/2021gl095264

261.	 IPCC, 2006: 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Eggleston, S., L. Buendia, K. Miwa, T. 
Ngara, and K. Tanabe, Eds. Institute for Global Environmental Strategies, Hayama, Japan. https://www.ipcc.ch/
report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/

262.	 Byrne, B., D.F. Baker, S. Basu, M. Bertolacci, K.W. Bowman, D. Carroll, A. Chatterjee, F. Chevallier, P. Ciais, N. 
Cressie, D. Crisp, S. Crowell, F. Deng, Z. Deng, N.M. Deutscher, M.K. Dubey, S. Feng, O.E. García, D.W.T. Grifţth, 
B. Herkommer, L. Hu, A.R. Jacobson, R. Janardanan, S. Jeong, M.S. Johnson, D.B.A. Jones, R. Kivi, J. Liu, Z. Liu, S. 
Maksyutov, J.B. Miller, S.M. Miller, I. Morino, J. Notholt, T. Oda, C.W. O’Dell, Y.S. Oh, H. Ohyama, P.K. Patra, H. Peiro, 
C. Petri, S. Philip, D.F. Pollard, B. Poulter, M. Remaud, A. Schuh, M.K. Sha, K. Shiomi, K. Strong, C. Sweeney, Y. Té, 
H. Tian, V.A. Velazco, M. Vrekoussis, T. Warneke, J.R. Worden, D. Wunch, Y. Yao, J. Yun, A. Zammit-Mangion, and N. 
Zeng, 2023: National CO2 budgets (2015–2020) inferred from atmospheric CO2 observations in support of the global 
stocktake. Earth System Science Data, 15 (2), 963–1004. https://doi.org/10.5194/essd-15-963-2023

263.	 Ciais, P., A. Bastos, F. Chevallier, R. Lauerwald, B. Poulter, J.G. Canadell, G. Hugelius, R.B. Jackson, A. Jain, M. Jones, 
M. Kondo, I.T. Luijkx, P.K. Patra, W. Peters, J. Pongratz, A.M.R. Petrescu, S. Piao, C. Qiu, C. Von Randow, P. Regnier, 
M. Saunois, R. Scholes, A. Shvidenko, H. Tian, H. Yang, X. Wang, and B. Zheng, 2022: Deţnitions and methods to 
estimate regional land carbon Ťuxes for the second phase of the REgional Carbon Cycle Assessment and Processes 
Project (RECCAP-2). Geoscientiťc Model Development, 15 (3), 1289–1316. https://doi.org/10.5194/gmd-15-1289-2022

264.	 USGCRP, 2018: Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II. 
Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart, Eds. U.S. 
Global Change Research Program, Washington, DC, USA, 1515 pp. https://doi.org/10.7930/nca4.2018

265.	 Lisonbee, J., M. Woloszyn, and M. Skumanich, 2021: Making sense of Ťash drought: Deţnitions, indicators, and 
where we go from here. Journal of Applied and Service Climatology, 2021 (001), 1–19. https://doi.org/10.46275/
joasc.2021.02.001

266.	 Swann, A.L.S., F.M. Hoffman, C.D. Koven, and J.T. Randerson, 2016: Plant responses to increasing CO2 reduce 
estimates of climate impacts on drought severity. Proceedings of the National Academy of Sciences of the United 
States of America, 113 (36), 10019–10024. https://doi.org/10.1073/pnas.1604581113

267.	 Eyring, V., N.P. Gillett, K.M.A. Rao, R. Barimalala, M.B. Parrillo, N. Bellouin, C. Cassou, P.J. Durack, Y. Kosaka, S. 
McGregor, S. Min, O. Morgenstern, and Y. Sun, 2021: Ch. 3. Human inŤuence on the climate system. In: Climate 
Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. 
Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. 
Waterţeld, O. Yelekçi, R. Yu, and B. Zhou, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 
423–552. https://doi.org/10.1017/9781009157896.005

268.	 NCEI, n.d.: U.S. Climate Extremes Index (CEI). National Oceanic and Atmospheric Administration, National 
Environmental Satellite, Data, and Information Service, National Centers for Environmental Information, accessed 
April 7, 2023. https://www.ncei.noaa.gov/access/monitoring/cei/

https://doi.org/10.1175/jcli-d-18-0094.1
https://doi.org/10.1175/jcli-d-18-0094.1
https://doi.org/10.4172/2327-4581.1000101
https://doi.org/10.1111/gcb.14917
https://doi.org/10.1029/2021gl095264
https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://doi.org/10.5194/essd-15-963-2023
https://doi.org/10.5194/gmd-15-1289-2022
https://doi.org/10.7930/nca4.2018
https://doi.org/10.46275/joasc.2021.02.001
https://doi.org/10.46275/joasc.2021.02.001
https://doi.org/10.1073/pnas.1604581113
https://doi.org/10.1017/9781009157896.005
https://www.ncei.noaa.gov/access/monitoring/cei/


Fifth National Climate Assessment

 2-59 | Climate Trends

269.	 Cook, B.I., J.S. Mankin, K. Marvel, A.P. Williams, J.E. Smerdon, and K.J. Anchukaitis, 2020: Twenty-ţrst 
century drought projections in the CMIP6 forcing scenarios. Earth’s Future, 8 (6), e2019EF001461. https://doi.
org/10.1029/2019ef001461

270.	 Riahi, K., D.P. van Vuuren, E. Kriegler, J. Edmonds, B.C. O’Neill, S. Fujimori, N. Bauer, K. Calvin, R. Dellink, O. 
Fricko, W. Lutz, A. Popp, J.C. Cuaresma, S. Kc, M. Leimbach, L. Jiang, T. Kram, S. Rao, J. Emmerling, K. Ebi, T. 
Hasegawa, P. Havlik, F. Humpenöder, L.A. Da Silva, S. Smith, E. Stehfest, V. Bosetti, J. Eom, D. Gernaat, T. Masui, 
J. Rogelj, J. StreŤer, L. Drouet, V. Krey, G. Luderer, M. Harmsen, K. Takahashi, L. Baumstark, J.C. Doelman, M. 
Kainuma, Z. Klimont, G. Marangoni, H. Lotze-Campen, M. Obersteiner, A. Tabeau, and M. Tavoni, 2017: The Shared 
Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview. 
Global Environmental Change, 42, 153–168. https://doi.org/10.1016/j.gloenvcha.2016.05.009

271.	 Hausfather, Z., K. Marvel, G.A. Schmidt, J.W. Nielsen-Gammon, and M. Zelinka, 2022: Climate simulations: 
Recognize the ‘hot model’ problem. Nature, 605 (7908), 26–29. https://doi.org/10.1038/d41586-022-01192-2

272.	 Kopp, R.E., R.M. Horton, C.M. Little, J.X. Mitrovica, M. Oppenheimer, D.J. Rasmussen, B.H. Strauss, and C. Tebaldi, 
2014: Probabilistic 21st and 22nd century sea-level projections at a global network of tide-gauge sites. Earth’s 
Future, 2 (8), 383–406. https://doi.org/10.1002/2014ef000239

273.	 Levermann, A., P.U. Clark, B. Marzeion, G.A. Milne, D. Pollard, V. Radic, and A. Robinson, 2013: The multimillennial 
sea-level commitment of global warming. Proceedings of the National Academy of Sciences of the United States of 
America, 110 (34), 13745–13750. https://doi.org/10.1073/pnas.1219414110

274.	 Goelzer, H., S. Nowicki, A. Payne, E. Larour, H. Seroussi, W.H. Lipscomb, J. Gregory, A. Abe-Ouchi, A. Shepherd, E. 
Simon, C. Agosta, P. Alexander, A. Aschwanden, A. Barthel, R. Calov, C. Chambers, Y. Choi, J. Cuzzone, C. Dumas, 
T. Edwards, D. Felikson, X. Fettweis, N.R. Golledge, R. Greve, A. Humbert, P. Huybrechts, S. Le clec’h, V. Lee, G. 
Leguy, C. Little, D.P. Lowry, M. Morlighem, I. Nias, A. Quiquet, M. Rückamp, N.J. Schlegel, D.A. Slater, R.S. Smith, F. 
Straneo, L. Tarasov, R. van de Wal, and M. van den Broeke, 2020: The future sea-level contribution of the Greenland 
ice sheet: A multi-model ensemble study of ISMIP6. The Cryosphere, 14 (9), 3071–3096. https://doi.org/10.5194/
tc-14-3071-2020

275.	 Seroussi, H., S. Nowicki, A.J. Payne, H. Goelzer, W.H. Lipscomb, A. Abe-Ouchi, C. Agosta, T. Albrecht, X. Asay-Davis, 
A. Barthel, R. Calov, R. Cullather, C. Dumas, B.K. Galton-Fenzi, R. Gladstone, N.R. Golledge, J.M. Gregory, R. Greve, T. 
Hattermann, M.J. Hoffman, A. Humbert, P. Huybrechts, N.C. Jourdain, T. Kleiner, E. Larour, G.R. Leguy, D.P. Lowry, 
C.M. Little, M. Morlighem, F. Pattyn, T. Pelle, S.F. Price, A. Quiquet, R. Reese, N.J. Schlegel, A. Shepherd, E. Simon, 
R.S. Smith, F. Straneo, S. Sun, L.D. Trusel, J. Van Breedam, R.S.W. van de Wal, R. Winkelmann, C. Zhao, T. Zhang, and 
T. Zwinger, 2020: ISMIP6 Antarctica: A multi-model ensemble of the Antarctic ice sheet evolution over the 21st 
century. The Cryosphere, 14 (9), 3033–3070. https://doi.org/10.5194/tc-14-3033-2020

276.	 Eyring, V., S. Bony, G.A. Meehl, C.A. Senior, B. Stevens, R.J. Stouffer, and K.E. Taylor, 2016: Overview of the Coupled 
Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization. Geoscientiťc Model 
Development, 9 (5), 1937–1958. https://doi.org/10.5194/gmd-9-1937-2016

277.	 Archer, D. and R. Pierrehumbert, Eds., 2011: The Warming Papers: The Scientiťc Foundation 
for the Climate Change Forecast. Wiley-Blackwell, 432 pp. https://www.wiley.com/en-us/
the+warming+papers%3a+the+scientiţc+foundation+for+the+climate+change+forecast-p-9781405196161

278.	 Matthews, H.D. and K. Caldeira, 2008: Stabilizing climate requires near-zero emissions. Geophysical Research 
Letters, 35 (4). https://doi.org/10.1029/2007GL032388

279.	 Solomon, S., G.-K. Plattner, R. Knutti, and P. Friedlingstein, 2009: Irreversible climate change due to carbon dioxide 
emissions. Proceedings of the National Academy of Sciences of the United States of America, 106 (6), 1704–1709. 
https://doi.org/10.1073/pnas.0812721106

280.	 Matthews, H.D. and A.J. Weaver, 2010: Committed climate warming. Nature Geoscience, 3 (3), 142–143. https://doi.
org/10.1038/ngeo813

281.	 Friedlingstein, P., 2015: Carbon cycle feedbacks and future climate change. Philosophical Transactions of the 
Royal Society A: Mathematical, Physical and Engineering Sciences, 373 (2054), 20140421. https://doi.org/10.1098/
rsta.2014.0421

282.	 Lehner, F., C. Deser, N. Maher, J. Marotzke, E.M. Fischer, L. Brunner, R. Knutti, and E. Hawkins, 2020: Partitioning 
climate projection uncertainty with multiple large ensembles and CMIP5/6. Earth System Dynamics, 11 (2), 491–508. 
https://doi.org/10.5194/esd-11-491-2020

https://doi.org/10.1029/2019ef001461
https://doi.org/10.1029/2019ef001461
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1038/d41586-022-01192-2
https://doi.org/10.1002/2014ef000239
https://doi.org/10.1073/pnas.1219414110
https://doi.org/10.5194/tc-14-3071-2020
https://doi.org/10.5194/tc-14-3071-2020
https://doi.org/10.5194/tc-14-3033-2020
https://doi.org/10.5194/gmd-9-1937-2016
https://www.wiley.com/en-us/the+warming+papers%3a+the+scientific+foundation+for+the+climate+change+forecast-p-9781405196161
https://www.wiley.com/en-us/the+warming+papers%3a+the+scientific+foundation+for+the+climate+change+forecast-p-9781405196161
https://doi.org/10.1029/2007GL032388
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1038/ngeo813
https://doi.org/10.1038/ngeo813
https://doi.org/10.1098/rsta.2014.0421
https://doi.org/10.1098/rsta.2014.0421
https://doi.org/10.5194/esd-11-491-2020

	Introduction
	Key Message 2.1 
Climate Is Changing, and Scientists Understand Why
	CO2 Emitted Long Ago Continues to Contribute to Climate Change Today
	Greenhouse Gases Are Not the Only Air Pollutants That Affect the Climate
	Climate Change Is Already Here 
	The Changes We Face Are Unprecedented in Human History
	The Climate in the United States Is Changing 
	Changes Outside National Borders Affect the United States 

	Key Message 2.2 
Extreme Events Are Becoming More Frequent and Severe
	Climate Change Is Not Just a Problem for Future Generations, It’s a Problem Today

	Key Message 2.3 
How Much the Climate Changes Depends on the Choices Made Now
	As the World Warms, the United States Warms More
	Some Regions Will Get Wetter While Others Will Get Drier
	The Risk of Extreme Heat Increases with the Global Warming Level
	The Frequency and Severity of Heavy Precipitation Increases with the Global Warming Level
	Warming-Driven Changes to the Water Balance Affect Drought Risk 
	As the Planet Warms, Storms Become More Dangerous
	Warming Increases the Risk of Compound Extreme Events
	Warming Causes Long-Term Sea Level Rise
	Global Warming Changes the Oceans
	When or If We Reach a Particular Global Warming Threshold Depends 
on Future Emissions 
	Some Impacts Are Inevitable Because of Past Choices 
	We Cannot Rule Out Catastrophic Outcomes 

	Traceable Accounts
	Acknowledgments
	Process Description
	Key Message 2.1 
Climate Is Changing, and Scientists Understand Why
	Key Message 2.2 
Extreme Events Are Becoming More Frequent and Severe 
	Key Message 2.3 
How Much the Climate Changes Depends on the Choices Made Now 

	References

