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BACKGROUND: The Clean Air Act requires
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The EF was rooted in careful evaluation of
observed and projected effects of GHGs, with
assessments from the U.S. Global Change Research Program, the Intergovernmental Panel
on Climate Change, and the U.S. National Research Council providing primary evidence.
The EF was clear that, although many aspects
of climate change were still uncertain, the
evidence available in 2009 was strong. Since
the original EF, scientific information about
the causes, historical impacts, and future risks
of climate change has continued to accumulate. This Review assesses that new information in the context of the EF.
ADVANCES: The EF was structured around
knowledge related to public health and public welfare, with a primary focus on impacts
in the United States. The information on public welfare was grouped into sections on air
quality; food production and agriculture; forestry; water resources; sea level rise and coastal
areas; energy, infrastructure, and settlements;
and ecosystems and wildlife.
In this Review, we assess new evidence in
the impact areas addressed in the EF, as well
as emergent areas that were not addressed in
the EF but in which there have been important advances in understanding the risks of
climate change. For each area, we characterize
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OUTLOOK: The EPA Administrator found in
2009 that the EF for six long-lived GHGs was
“compellingly” supported by “strong and clear”
scientific evidence. Our review of evidence published since the EF shows that the case for endangerment, which was already overwhelming
in 2009, is even more strongly justified in 2018.
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New evidence relevant to the EF. New evidence strengthens the link with anthropogenic climate change (category 1); suggests more severe
observed and/or projected impacts (category 2); or identifies new types of risks beyond those considered in the EF (category 3). Examples discussed in
this Review include, for category 1, wildfire (left); for category 2, coastal flooding (center); and for category 3, ocean acidification (right).
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the Environmental Protection Agency (EPA)
to regulate air pollutants when the EPA Administrator finds that they “cause, or contribute to, air pollution which may reasonably be
anticipated to endanger public health or welfare.” In Massachusetts v. EPA, the U.S. Supreme
Court held that the EPA has the authority to
regulate greenhouse gases (GHGs) under the
Clean Air Act and that the EPA may not refuse to regulate once it has made a finding
of endangerment.
In December 2009, the EPA released its
“Endangerment and Cause or Contribute Findings for Greenhouse Gases under Section 202(a)
of the Clean Air Act,” known informally as the
Endangerment Finding (EF). The EF found
that six long-lived GHGs, in combination, should
be defined as “air pollution” under the Clean
Air Act and may reasonably be anticipated to
endanger the health and welfare of current and
future generations.
The EF is an essential element of the legal
basis for regulating GHG emissions under the
Clean Air Act. It provides foundational support
for important aspects of U.S. climate policy,
including vehicle mileage standards for cars
and light trucks and the emissions standards
for electricity generation known as the “Clean
Power Plan.”

changes since the EF in terms of the strength of
evidence for a link with anthropogenic climate
change, the severity of observed and projected
impacts, and the risk of additional categories of
impact beyond those considered in the EF.
For each of the areas addressed in the EF,
the amount, diversity, and sophistication of
the evidence has increased markedly, clearly
strengthening the case for endangerment (see
Fig. 1 in the full article). New evidence about
the extent, severity, and
ON OUR WEBSITE
interconnectedness of impacts detected to date and
Read the full article
projected for the future
at http://dx.doi.
org/10.1126/
reinforces the case that cliscience.aat5982
mate change endangers
..................................................
the health and welfare of
current and future generations. For the sectors
analyzed in the 2009 EF, new evidence expands the range of case studies, deepens the
understanding of mechanisms, and analyzes the
contribution of climate change to particular
types of extreme events. In many cases, new
evidence points to the risk of impacts that are
more severe or widespread than those anticipated in 2009. Further, several categories of
climate change impacts, including effects on
ocean acidification, violence, national security,
and economic well-being, are now supported by
such broad evidence that they warrant inclusion
in the framing of endangerment.
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T

he Clean Air Act (CAA) requires the U.S.
Environmental Protection Agency (EPA)
to regulate air pollutants when the EPA
Administrator finds that they “cause, or
contribute to, air pollution which may reasonably be anticipated to endanger public health
or welfare” (1). In Massachusetts v. EPA, the U.S.
Supreme Court held that the EPA has the authority to regulate greenhouse gases (GHGs) under the CAA and that the EPA may not refuse to
regulate these pollutants once it has made a
finding of endangerment (2). In this decision,
the Supreme Court characterized an endangerment finding on GHGs as a “scientific judgment”
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about “whether greenhouse gas emissions contribute to climate change.”
The courts have long held that the CAA embraces a precautionary approach to findings of
endangerment. For example, the federal court
of appeals in Washington, DC, has held that
“evidence of potential harm as well as actual
harm” meets the endangerment threshold and
that the EPA’s degree of certitude may be lower
where the hazards are most grave (3). Moreover,
public health and welfare are broad concepts
under the act, encompassing not only human
morbidity and mortality but also effects on soils,
water, crops, vegetation, animals, wildlife, weather,
and climate (4).
In December 2009, the EPA released its “Endangerment and Cause or Contribute Findings
for Greenhouse Gases under Section 202(a) of
the Clean Air Act,” known informally as the Endangerment Finding (EF). The EF found that six
long-lived GHGs, in combination, should be defined as “air pollution” under the CAA and may
reasonably be anticipated to endanger the health
and welfare of current and future generations.
In addition, the EPA explained that “it is fully
reasonable and rational to expect that events
occurring outside our borders can affect the U.S.
population” (5).
The EF is an essential element of the legal basis
for regulating GHG emissions under the CAA. It
provides foundational support for important aspects of U.S. climate policy, including vehicle mileage standards for cars and light trucks and the
emissions standards for fossil fuel–fired electric
utility generating units (the “Clean Power Plan”).
As the DC Circuit held in affirming the EF,
the EPA may not decline to find endangerment
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We assess scientific evidence that has emerged since the U.S. Environmental Protection
Agency’s 2009 Endangerment Finding for six well-mixed greenhouse gases and find that
this new evidence lends increased support to the conclusion that these gases pose a
danger to public health and welfare. Newly available evidence about a wide range of
observed and projected impacts strengthens the association between the risk of some of
these impacts and anthropogenic climate change, indicates that some impacts or
combinations of impacts have the potential to be more severe than previously understood,
and identifies substantial risk of additional impacts through processes and pathways
not considered in the Endangerment Finding.

on the basis of the perceived effectiveness or
ineffectiveness of the regulations that may follow in the wake of an endangerment finding or
on the basis of predictions about the potential
for societal adaptation to climate change (6). The
DC Circuit held that arguments to the contrary
were “foreclosed by the language of the [Clean
Air Act] and the Supreme Court’s decision in
Massachusetts v. EPA.” The court also rejected
the argument that the EPA must find that the air
pollutants it regulates are the dominant source
of the harms it identifies, as the act provides that
the pollutants being regulated need only contribute to (or, under some provisions of the statute, “significantly” contribute to) (7) harmful air
pollution.
The EF was rooted in careful evaluation of
the observed and projected effects of GHGs, with
assessments from the U.S. Global Change Research Program, the Intergovernmental Panel on
Climate Change (IPCC), and the U.S. National
Research Council providing primary scientific
evidence. The EF was clear that, although many
aspects of climate change were still uncertain,
the evidence available in 2009 strongly supported
the finding. Since the original EF, scientific information about the causes, historical impacts,
and future risks of climate change has continued
to accumulate. This Review assesses that new
information in the context of the EF. We find that
the case for endangerment, which was already
overwhelming in 2009, is even stronger now.
The EF was structured around knowledge
related to public health and public welfare, with
a primary focus on effects in the United States.
The information on public welfare was grouped
into sections on air quality; food production and
agriculture; forestry; water resources; sea level
rise (SLR) and coastal areas; energy, infrastructure, and settlements; and ecosystems and wildlife.
We follow that organization here. In addition,
some of the most important advances in understanding the risks of climate change involve
sectors or impact types not highlighted in the
EF. We summarize the evidence for four of these
that are broadly important: ocean acidification,
violence and social instability, national security,
and economic well-being. We characterize changes
since the EF in terms of the strength of the
evidence for a link with anthropogenic climate
change, the potential severity of observed and
projected impacts, and the risks of additional
kinds of impacts beyond those considered in
the EF (Fig. 1).
Our focus is on the evidence for endangerment rather than the potential for adaptation.
Although evidence that a risk might be reduced
by some future action is certainly relevant for
developing an effective portfolio of responses,
the DC Circuit has affirmed that such evidence
does not change the core question of whether
long-lived GHGs endanger public health and
welfare (6). In addition, adaptation options are
often limited or impose economic costs that reduce adoption (8). Even ambitious adaptation
rarely eliminates risk. For 32 specific risks evaluated by the IPCC in its recent special report,
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Summary of New Evidence Since the Endangerment Finding
new evidence for impacts in areas included in and emergent beyond the EF
Impacts Areas Included in EF
Confidence in Impacts

Evidence of More Severe
or Pervasive Impacts

Emergent Impacts
Beyond the EF

Public Health
Air Quality
Food Production
and Agriculture
Forestry

Water Resources

Energy, Infrastructure
and Settlements
Ecosystems and Wildlife

Ocean Acidification

Violence

National Security
Economic Wellbeing

Fig. 1. New evidence since the EF. The columns summarize changes in the amount and
implications of new evidence since the EF for each of the impact areas discussed in the EF and
four additional impact areas where evidence of climate sensitivity has matured since the EF. An
upward-pointing arrow indicates increasing evidence of endangerment. A downward-pointing arrow
would indicate decreasing evidence of endangerment. A plain red arrow indicates that the new
evidence is abundant and robust. An outlined arrow indicates that the new evidence, in addition,
comes from multiple approaches, is derived from independent lines of information, or builds on a
new level of mechanistic understanding. The left column refers to confidence in the impacts
discussed in the EF. The middle column refers to impact areas that are discussed in the EF but where
new evidence points to specific impacts that are fundamentally more severe or pervasive than those
discussed in the EF. The right column refers to types of impacts not discussed in the EF.

the potential for adaptation was assessed as
low or very low for 25% of risks at a warming
of 1.5°C and 53% of risks at 2°C (9).
One area of scientific progress since the EF
is the attribution of extreme weather events (and
some of their consequences) to human-caused
climate change. This includes observed effects
on human health and security, agriculture, and
ecosystems (see below), as well as the probability
and/or intensity of specific extreme weather
events (10, 11). For extreme event attribution in
North America, this includes more than 70% of
recent record-setting hot, warm, and wet events
and ~50% of record-setting dry spells (12), along
Duffy et al., Science 363, eaat5982 (2019)

with the recent California drought (13, 14), the
storm-surge flooding during Superstorm Sandy
(15) and Hurricane Katrina (16), and heavy precipitation during Hurricane Harvey (17–19). Although the realization of risk is not required for
a finding of endangerment, cases where extreme
events can be confidently attributed to historical
emissions reinforce the understanding that we are
already seeing impacts and the risks they bring.
Public health
Since the EF, numerous scientific reports, reviews, and assessments have strengthened
our understanding of the global health threats
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Sea Level Rise
and Coastal Areas

posed by climate change [e.g., (20, 21)] (Fig. 1,
left column). New evidence validates and deepens
the understanding of threats, including increased
exposure to extreme heat, reduced air quality,
more frequent and/or intense natural hazards,
and increased exposure to infectious diseases
and aeroallergens. New evidence also highlights
additional health-related threats not discussed
in the EF, including reduced nutritional security, effects on mental health, and increased risk
of population displacement and conflict (Fig. 1,
right column).
Extreme heat is the most direct health impact
(Fig. 2). With future warming, >200 U.S. cities
face increased risk of aggregated premature mortality (22). In addition, extreme heat is linked to
rising incidence of sleep loss (23), kidney stones
(24), low birth weight (25), violence (26), and
suicide (27) (Fig. 1, middle column).
New studies also strengthen evidence for
health impacts via increased exposure to ozone
and other air pollutants (28), including smoke
from forest fires (29). Likewise, evidence for
links among climate change, extreme weather,
and climate-related disasters is growing rapidly
(30). These events often lead to physical trauma,
reduced air quality, infectious disease outbreaks,
interruption of health service delivery, undernutrition, and both acute and chronic mental
health effects (31).
Changes in temperature, precipitation, and
soil moisture are also altering habitats, life cycles,
and feeding behaviors of vectors for most vectorborne diseases (32), with recent research documenting changes in exposure to malaria (33),
dengue (34), West Nile virus (35), and Lyme
disease (36), among others. Recent work also reinforces the evidence that increased outbreaks
of waterborne (37) and foodborne (38) illnesses
are likely to follow increasing temperatures and
extreme precipitation. Likewise, recent research
reinforces the conclusion that rising temperatures and carbon dioxide (CO2) levels will
increase pollen production and lengthen the
pollen season for many allergenic plants (39, 40),
leading to increased allergic respiratory disease (41).
One area of new understanding not covered
in the EF is threats to global nutrition. Staple
crops grown at 550 parts of CO2 per million
have lower amounts of zinc, iron, and protein
than the same cultivars grown at ambient CO2
(42). These nutrient losses could push hundreds
of millions of people into deficiencies of zinc
(43), protein (44), and iron (45), in addition to
aggravating existing deficiencies in more than
one billion people. These effects on nutritional
quality exacerbate the impacts of climate change
on agricultural yield, discussed below. Together,
these effects underscore a substantial headwind
in assuring access to nutritious diets for the
global population (46).
Mental health impacts represent another
area of new understanding (47). In particular, increased exposure to climate and weather
disasters is associated with posttraumatic stress,
anxiety, depression, and suicide (27, 48).
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Lastly, climate change is increasingly understood to function as a threat magnifier, raising
the risk of population displacement and armed
conflict (discussed below), which can also amplify risks to human health.
Public welfare
Air quality
Evidence for the climate penalty on air quality
stressed in the EF has strengthened (Fig. 1, left
column). Mechanisms include extreme heat, leading to amplified production of surface ozone
(49, 50); strong temperature inversions, leading
to increased concentrations of particulate matter
(PM) (51, 52); and stagnant atmospheric conditions (53). The most persistent and extreme episodes of elevated temperature, ozone, and PM in
the United States have a high incidence of cooccurrence (54). Further global warming is likely
to cause air stagnation events to increase over
many midlatitude regions, including the western
United States (53).
Recent studies confirm the increased risk of
higher surface ozone concentrations as climate
changes [e.g., (55–57)]. By the 2050s, the United
States could experience more ozone episodes
(days with 8-hour maximum daily averaged
ozone concentrations greater than 75 parts per
billion), including three to nine more episodes
per year in the Northeast and California (58).
By the 2090s, increases could reach 10 episodes
per year across the Northeast (59). The U.S. ozone
season, typically confined to summer, could also
lengthen into spring and/or fall as climate warms
(60) (Fig. 1, middle column).
Modeling studies of changes in PM present
a mixed picture, arising from the complex responses of PM emissions and chemistry to
meteorology [e.g., (61, 62)]. However, as the
measurement record has lengthened, more
robust estimates have come from observationally based statistical models. By using this approach and assuming no change in emissions
Duffy et al., Science 363, eaat5982 (2019)

of anthropogenic PM sources, one study projected that the annual mean PM2.5 (the concentration of particles ≤2.5 mm in diameter) could
increase by 0.4 to 1.4 mg m−3 in the eastern
United States by the 2050s, with small decreases
in the West (58). However, summertime mean
PM2.5 was projected to increase as much as 2 to
3 mg m−3 in the East because of faster oxidation
and greater biogenic emissions.
Warmer and drier conditions in the West
and Southwest [e.g., (63)] have implications for
wildfire smoke and dust storms, as discussed
below. By the 2050s, increased wildfire activity
could elevate the concentrations of organic particles across the West by 46 to 70%, depending
on the ecoregion (64), and the frequency of
smoke episodes could double in California (65)
(Fig. 1, right column). Future projections of the
frequency of dust storms are mixed [e.g., (66)].
However, seasonal means of fine dust particles
are projected to increase 26 to 46% by the 2050s
in the Southwest under a scenario of very high
GHG emissions (67).
Taken together, these studies imply that the
health impacts of changing air quality due to
changing climate will vary across the United
States, with greater effects from anthropogenic
PM2.5 in the East and greater effects from dust
and wildfire smoke in the West. The effect of
changing ozone on health is projected to be
greatest in the Northeast and California. Even
seasonal exacerbation in pollutants, though relatively short term, would likely have negative
consequences for health (68). The projected
degradation of air quality could be mitigated
to some extent by more stringent restrictions
on the anthropogenic emissions of pollution
precursors [e.g., (57)].
Food production and agriculture
Research since the EF has confirmed the EF’s
conclusion that “the body of evidence points
towards increasing risk of net adverse impacts
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Fig. 2. The frequency of years from 2080 to 2099 of the RCP8.5 scenario in which the
June-July-August (JJA) seasonal temperature equals or exceeds the warmest JJA value in the
period from 1986 to 2005. [Adapted from (282)]

on U.S. food production and agriculture over
time, with the potential for significant disruptions and crop failure in the future” (Fig. 1, left
column). There is still an expectation that certain aspects of increasing CO2 and temperature
will be beneficial in the next few decades for
some crops and locations within the United
States but that these positive effects are likely
to be outweighed by negative impacts, especially
in the long term.
There is substantial new evidence quantifying and explaining the mechanisms behind crop
yield losses that result from short periods of
exposure to high growing-season temperatures
(e.g., greater than 30°C, or 86°F) (69, 70) (Fig. 1,
middle column). Likewise, warmer winter nights
will also negatively affect perennial crops, such
as apples and cherries, that require a certain
amount of winter chill for high yields (71), an
impact not included in the 2009 EF (Fig. 1, right
column).
New understanding of weed and pest responses to climate and CO2 highlights the risks
from these biotic stresses [e.g., (72, 73)]. For example, weeds typically respond more quickly than
crops to higher CO2, which “will contribute to increased risk of crop loss due to weed pressure” (70).
Understanding of agricultural vulnerability
has also extended beyond the main commodity
crops (Fig. 1, right column). For example, national aggregate agricultural total factor productivity (TFP) exhibits strong sensitivity to weather
in regions having high-value crops or livestock
production or specializing in commodity crops
(74). Sensitivity was highest in recent time periods, and projected warming could reduce
TFP at a rate faster than that of technological
improvement.
Measurements since the EF enable more
thorough characterization of ongoing impacts
and adaptation responses. Climate changes since
1980 have had net negative impacts on yields
of maize and wheat in most major producing
regions globally, with less substantial impacts
for rice and soybeans (69). Warming trends in
the United States have been more muted than
those in other regions, resulting in smaller impacts to date. Studies have also assessed the
ability of farmers to adapt to ongoing changes,
for example, by comparing regions with different rates of warming or by evaluating sensitivity
to spatial gradients in temperature at different
points in time. These studies generally indicate
a limited ability of farmers to simultaneously
raise yields and reduce yield sensitivity to warming (75, 76), which is consistent with the increased aggregate sensitivity of TFP. Other
adaptations such as switching crops or adding
irrigation have been less rigorously tested.
Overall, the conclusion of the 2014 National
Climate Assessment was that “although agriculture has a long history of successful adaptation to climate variability, the accelerating
pace of climate change and the intensity of
projected climate change represent new and
unprecedented challenges to the sustainability
of U.S. agriculture” (Fig. 1, middle column) (70).
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Fig. 3. Western U.S. forest-fire area for 1984 to 2017. (Top) Map of forest-fire areas. (Bottom)
Annual forest-fire area according to the U.S. Forest Service Monitoring Trends in Burn Severity
(MTBS) project for 1984 to 2016 (90) and the MODIS version 6 burned-area product for 2017 (91).
The MODIS burned-area record was linearly calibrated to the MTBS record during overlapping
years of 2001 to 2016. The linear trend is derived from least-squares regression.

absence of wildfire or insects, as more intense
droughts can damage the water transporting
xylem and reduce carbon reserves (111, 112).
Quaking aspens in the Rocky Mountains have
experienced particularly severe drought-driven
mortality since 2002, with the risk of repeated
events projected to rise throughout the century
(113). Some of the impacts of drought intensification may be moderated by adaptation or
enhanced capacity for postdrought injury repair
(114, 115), but understanding of that potential
is limited.
Climate change impacts on eastern forests
have been more ambiguous because of the
legacy effects of land management, complex
competition dynamics, and in some locations,
muted warming and/or increased precipitation.
Nonetheless, eastern U.S. forests are vulnerable
to extreme heat and drought (116, 117). Warming is implicated in the northward expansion
of eastern forest pests, including the southern
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pine beetle (108) and nonnative hemlock woolly
adelgid (118). Recent drought-driven fires in the
Southeast may portend warming-exacerbated
fire activity in that region (119).
The current distributions and assemblages
of vegetation species are not in equilibrium
with future climate and CO2 levels. Research
over the past decade suggests that the velocity
of climate change could exceed the rate of migration of some forest species (120, 121), enhancing the evidence in the EF that rapid 21st-century
climate change will profoundly disrupt U.S. forest
ecosystems (78) (Fig. 1, middle column).
Water resources
Climate change impacts on snow hydrology and
water scarcity are especially pronounced in the
western United States. Observed trends toward
warming-induced reductions in snowpack were
first widely reported by Mote et al. (122). Likewise, up to 60% of climate-related trends in
4 of 12
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Forestry
Evidence available at the time of the EF indicated that anthropogenic climate change would
likely bring more harm than benefits for U.S.
forests during the 21st century. Research since
the EF broadly confirms that forest ecosystems
are not in equilibrium with ongoing and projected
trends in extreme heat and drought, making large
ecological shifts in U.S. forests likely (77–81) (Fig. 1,
left column).
Anthropogenic warming has reduced snowpack across the majority of the montane western
United States (82, 83), and Earth system models
project reduced summer soil moisture across
most of the United States (63, 84). Warming also
elevates plant respiration rates and atmospheric
evaporative demand, aggravating drought stress
and the risk of tree mortality. Further, projected
increases in precipitation variability (85) are likely
to promote increasingly severe droughts even in
regions of increased mean precipitation (13, 86).
Whereas CO2 fertilization, warming-induced
lengthening of the growing season, and nitrogen deposition pose potential benefits to trees,
models substantially overestimate CO2-driven
increases in global vegetation productivity over
recent decades (87).
A large body of new evidence points to increasing risks of tree mortality or forest loss in
the western United States from wildfire, insect
outbreaks, and physiological failure due to drought
stress (88) (Fig. 1, middle column). Although
such disturbances occur naturally, increases in
disturbance size, frequency, and severity can have
long-term impacts on forest ecosystems (78, 89).
Annual western U.S. forest-fire area increased
by ~1000% from 1984 to 2017 (90, 91) (Fig. 3).
Studies consistently attribute a substantial fraction of this trend to warming-induced fuel drying (92–94) and suggest continued increases in
western U.S. forest-fire activity (95, 96) and resultant tree mortality (97) until fuels become
limiting (98).
Land management has amplified the effects
of warming on western U.S. forest-fire activity
(Fig. 1, left column). A century of fire suppression caused fuels to accumulate, creating fire
deficits in many forested areas (99). Accumulated fuels and warming combine to aggravate
the risk of large, high-intensity wildfires (100–102).
This risk may be further exacerbated where CO2
fertilization or precipitation trends enhance
biomass (103) or where humans add to natural
ignitions (104).
Recent bark beetle outbreaks in western North
America appear to be more massive than those
in previous centuries (105), with new research
since the EF documenting millions of hectares of
tree mortality (106, 107) (Fig. 1, middle column).
Warming may intensify bark beetle outbreaks by
decreasing cold-season beetle mortality, accelerating the beetle life cycle, and weakening tree
defenses (108). However, the full range of effects
of climate change on bark beetle outbreaks remains unconstrained (109, 110).
Heat- and drought-driven tree mortality in
western forests may be increasing even in the
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Sea level rise and coastal areas
Understanding of the present rates of global
and regional SLR, the role of contributing processes, the range of future rates, and the observed and projected impacts has improved since
the EF (147). Evidence of the role of SLR in exacerbating impacts of recent hurricanes (15, 17, 19)
further highlights the risks (Fig. 1, left column).
Duffy et al., Science 363, eaat5982 (2019)

Recent studies project SLR at greater than
7 mm year−1 after ~2050 (148). This is a global
average SLR rate unprecedented in the last
7000 years (149). Recent acceleration of SLR
in the U.S. Northeast and Gulf Coast adds to
the longer-term trend (150). Annual exceedances
of flood thresholds are increasing or accelerating
at locations along the U.S. coastline (151), with
the majority of tide gauge locations projected to
pass a tipping point for flooding (more than
30 days year−1 with water higher than 0.5 m
above mean high tide) in the next several decades
(152). With these rates of SLR, the stratigraphic
record and modern analogs that serve as our
traditional sources of insight are lacking, limiting
our ability to predict the form, magnitude, and
spatial extent of future changes to the coastal
landscape (153, 154).
Research since the EF documents increased
risks of SLR, especially for the higher levels of
SLR now within the range of projections (155)
(Fig. 1, middle column). SLR has and will increasingly expose coastal populations, economies,
and infrastructure to hazards such as flooding,
erosion, and extreme events. An SLR defined
by the National Oceanic and Atmospheric Administration (NOAA) as an “Intermediate Low
Scenario” of 0.5 m by 2100 results in tidally forced
flooding approximately every other day for much
of the East Coast and the Gulf of Mexico, whereas
the “Intermediate Scenario” (1.0 m by 2100) leads
to daily flooding in all U.S. coastal regions (156).
In the United States, projected population growth
approximately doubles the number of people at
risk of inundation by 2100, to 4.2 million for an
SLR of 0.9 m and 13.1 million for an SLR of 1.8 m
(157). By 2110, a high SLR scenario results in the
projected loss of more than 80% of West Coast
tidal wetlands (158).
Coastal erosion and flooding risk are already
affecting real estate values. For example, in
Miami-Dade County, property subject to hightide flooding is appreciating at a lower rate than
properties at higher elevations, causing displacement through “climate gentrification” (159) (Fig. 1,
left column). Furthermore, as older and less
resilient residential structures are damaged or
destroyed by coastal storms and chronic shoreline
retreat, they are typically replaced by more resilient but also more expensive structures (159, 160).
New evidence since the EF highlights interactions between the SLR and other sectors
(Fig. 1, middle column). The SLR and extreme
events threaten the movement of goods among
major port cities (161), which can lead to economic disruption (162), with cascading impacts
far from the coastal zone, as well as opportunity
costs associated with ensuring the viability of
ports and other coastal infrastructure. Likewise,
the domestic and international missions of the
U.S. military, including disaster relief and humanitarian assistance, are increasingly affected
by SLR, as discussed below.
Energy, infrastructure, and settlements
The EF found that “the evidence strongly supports the view that climate change presents risks
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of serious adverse impacts on public welfare
from the risk to energy production and distribution as well as risks to infrastructure and settlements.” This evidence has become stronger
and broader since the EF, especially on the basis
of increased understanding of the relationship
between human-caused climate change and extreme events (10, 11) (Fig. 1, left column).
On the basis of analysis by Wilbanks et al.
(163), Dell et al. reported that “changes in water
availability, both episodic and long-lasting, will
constrain different forms of energy production
[including those] from fossil fuels (coal, oil, and
natural gas), nuclear power, biofuels, hydropower,
and some solar power systems …” (164). Recent
studies indicate that warming water bodies and
the reduced availability of water for cooling
power plant operations and for hydropower
will continue to constrain power production at
existing facilities and permitting of new power
plants (163, 165). In some parts of the country,
electric utilities and energy companies compete
with farmers and ranchers, other industries,
and municipalities for water rights and availability (166).
Recent work documents an increase in energy demand for cooling buildings, with a shift
from predominantly heating to predominantly
cooling in some regions and a greater reliance
on electricity relative to other energy sources
(163, 167).
Given that a substantial fraction of America’s
energy and transportation infrastructure is located
in low-lying coastal and riverine areas, much of that
infrastructure is vulnerable to flooding from extreme weather events (168). Likewise, adverse
effects on U.S. military infrastructure and surrounding communities have resulted most notably
from drought and flooding, as discussed below.
The Third U.S. National Climate Assessment
concluded that “in parts of Alaska, Louisiana,
the Pacific Islands, and other coastal locations,
climate change impacts … are so severe that
some communities are already relocating from
historical homelands to which their traditions
and cultural identities are tied” (169, 170, 171). In
particular, “physical isolation, limited economic
diversity, and higher poverty rates, combined
with an aging population, increase the vulnerability of rural communities” (172).
The effects of rising temperatures are perhaps
most severe in the Arctic, which is warming
more than twice as fast as the global average
(173) (Fig. 1, left column). Communities across
the Arctic are experiencing impacts, including
effects from the loss of sea ice, SLR, erosion, and
permafrost thaw. These changes have been under way for decades, but much of the documentation has occurred since the EF. Arctic warming
is endangering human health, destroying public
infrastructure, and threatening water resources,
cultural resources, and access to subsistence resources and traditional food storage (174, 175).
The risk and severity of climate impacts are
particularly high for coastal communities in
Alaska, where loss of land-fast sea ice is increasing storm impacts and permafrost thaw is
5 of 12
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earlier river flow, warmer winter air temperature, and lower snowpack from 1950 to 1999
are attributed to human activities (82).
Since the EF, there has been substantial progress in quantifying trends in snowpack and associated impacts on water availability (Fig. 1,
left column). Springtime warming over the past
half century has resulted in a higher proportion
of precipitation falling as rain versus snow in
the western United States (123), earlier snowmelt onset by 1 to 2 weeks in the western United
States (124), reductions in stream flow during
the driest part of the year in the Pacific Northwest (125), earlier-in-the-year stream flow in
snow-fed rivers in North America (126), and
reductions in snow cover and snowpack over
the Northern Hemisphere (127).
Climate models project accelerated changes
in snow hydrology, both in the western United
States and globally. Decreases in midlatitude
snowfall (128, 129) are projected to reduce snow
cover and depth (127, 128), accelerating hydroclimatic change in snow-dominated regions of
the western United States (130), including losses
in annual maximum water stored in snowpack
of up to 60% in the next 30 years (131, 132). Losses
of snow cover and water equivalent depth would
fundamentally change the sources and timing
of runoff in many midlatitude and mountainous regions (133), including the western (134),
midwestern, and northeastern parts of the United
States (135) (Fig. 1, middle column).
New research highlights risks from snowpack
droughts (133, 136). These periods of very low
snowpack negatively affect the water supply and
other aspects of the Earth system, including rare
and endangered species (e.g., salmon, trout, and
wolverine) (137, 138) (Fig. 1, right column).
Research since the EF has highlighted the
southwestern United States as a region of particular concern. On the Colorado River, elevated
temperatures were an important contributor to
the drought of 2000 to 2014, and continued
warming is projected to drive greater reductions
in river flows (139, 140) (Fig. 1, middle column).
On the Rio Grande, warming temperatures are
contributing to reductions in the fraction of
precipitation that becomes river flow (141, 142).
Global urban freshwater availability is threatened by climate forcing and water management
practices (143, 144), leading to a projected increase
in the number of people living under absolute
water scarcity (144, 145) (Fig. 1, right column). In
addition, new evidence suggests that further global warming is likely to erode water quality in the
United States by increasing nutrient loading and
eutrophication, particularly in the Midwest and
Northeast (146) (Fig. 1, right column).
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Ecosystems and wildlife
The first global meta-analyses of climate change
impacts on wild species, mostly from terrestrial
ecosystems, estimated that about half had responded by shifting their ranges poleward and
upward and about two-thirds had responded by
advancing their timing of spring events such
as tree budburst and bird nesting (180). New
studies since the EF have clarified and extended
these findings, expanded documentation for
marine systems, and illuminated responses at
all levels of biological organization (181) (Fig. 1,
left column). This new evidence makes clear
that prior global estimates underestimated the
impacts of anthropogenic climate change on
ecosystems and wildlife.
Research since 2009 illuminates new range
boundary dynamics that are more complex than
simple northward or poleward shifts (182). For
example, terrestrial range limits are shifting
faster where local warming is stronger (183).
Likewise, lower elevation limits set by precipitation can expand downward in response
to increased rainfall, despite regional warming
(184). Changes in behavior, the timing of activities, or the use of habitat can complement
range shifts as a means of matching activity to
the range of preferred temperatures (185).
By contrast, marine limits are typically set
by physiological thermal tolerances and thus
respond more strongly and predictably than
equivalent terrestrial limits (186). The mean
rate of movement in marine systems (187) reflects the faster poleward movement of isotherms
in the oceans than on land (188, 189). The rapid
range shift of marine organisms covers many
taxa, including phytoplankton (470 km per decade), bony fish (278 km per decade), and invertebrate zooplankton (142 km per decade)
(189). Taxa on the move also include important
disease organisms, such as Vibrio bacteria, which
have recently caused unprecedented outbreaks
of food poisoning and infection of wounds [reviewed in (190)].
Duffy et al., Science 363, eaat5982 (2019)

Research since 2009 on the timing of spring
events illuminates changes that defy simple expectations (Fig. 1, left column). In plants that
require chilling (“vernalization”) to determine
that winter is over, winter warming slows development whereas spring warming speeds development. Actual changes in timing reflect the
combination of these opposing effects, potentially resulting in development that is accelerated,
delayed, or unchanged (191).
Before the EF, it was predicted that biological responses would lag behind changes in
climate (192). Studies since 2009 have documented that this lag is already occurring. Across
Europe, species are responding more slowly
than climate is warming, causing bird and butterfly communities to suffer a “climate debt”
(193). Likewise, populations of yellow warbler
with detectable climate debts had the lowest
population growth rates across the United States
(194). By contrast, plants that have advanced
their timing most strongly have had more positive population growth rates (195).
Similarly, at the time of the EF, there was an
assumption that a sensitivity to warming would
be most important at the limits of species’
ranges. However, several newer studies demonstrate that life history trade-offs can cause
species to be constrained by the limits of their
climatic tolerances even in central areas of their
ranges (196, 197) (Fig. 1, left column).
Biological diversity and the services that ecosystems provide to humans face risks from climate change. The magnitude and timing of these
risks are influenced not only by direct effects of
climate on organisms but also by compounding
effects of other stresses (198, 199), especially land
use by humans, changes in disturbance regimes,
defaunation (200), and ocean acidification (see
below). Biotic interactions related to pollination,
food resources, competition, pests, diseases, and
predators can also amplify the risks (201). Since
the EF, new research has provided additional detail on many of these risks and on the groups of
species and ecosystem services that are most vulnerable (202) (Fig. 1, left column).
Extinction risk from climate change is broadly
distributed across taxonomic groups, with 21stcentury warming threatening about 15% of all
species in a world of continued high emissions
(202). Risks are especially great for species with
small ranges or in habitat types that are spatially
limited or rapidly shrinking, including Arctic seaice ecosystems (203) and mountaintops (198). Recent large-scale bleaching in warm-water coral
reefs (204) and forest mortality events (205) provide clear evidence of risk under current conditions. In the United States, national parks have
warmed at twice the national average rate, with
precipitation declines at four times the average,
highlighting risks to areas of high conservation
value (206). Research since the EF underscores
risks of climate change for diverse ecosystem
services, such as those associated with the role of
coral reefs in supporting fisheries (207) (Fig. 1,
middle column) and the contribution of forests
and soils in GHG balance (208).
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Ocean acidification
The removal of anthropogenic CO2 emissions
by air-sea gas exchange and chemical dissolution
into the ocean alters the acid-base chemistry of
the ocean. Since the EF, scientific understanding
of this process and of its possible negative effects
on marine life has improved (Fig. 1, right column).
Excess CO2 gas in the ocean reacts with water,
resulting in a series of chemical changes that
include reductions in pH, carbonate ion (CO32−)
concentrations, and the saturation state for carbonate minerals used by many organisms to construct shells and skeletons (209). Such chemical
changes are now well documented in the upper
ocean. Acidification in coastal waters can be exacerbated by local pollution sources (210). Over the
next several decades, trends in near-surface acidification are likely to closely track atmospheric
CO2 trends (211), with acidification hot spots in
coastal upwelling systems, the Arctic, and the
Southern Ocean (212, 213).
Evidence since the EF reveals a wide range
of biological responses to elevated CO2 and
ocean acidification (Fig. 1, right column). For
all marine species, the effects of current and
future ocean acidification must be framed in
the context of a rapidly changing ocean environment with multiple human-driven stressors,
particularly ocean warming (214). Warming is
reducing open-ocean oxygen levels and exacerbating coastal hypoxia driven by excess nutrients
(215), the same nutrient pollution that also
causes estuarine and coastal acidification.
Model and data syntheses indicate that acidification may shift reef systems to net dissolution
during the 21st century (216). Coral bleaching
from ocean warming is already having negative
consequences for biologically rich coral reef ecosystems that provide food, income, and other
valuable ecosystem services to >500 million
people around the world (217), and the combined effects of warming and acidification are
expected to worsen in the future (207).
Different kinds of organisms vary substantially in their responses to acidification, with
generally negative effects for many mollusks
and some plankton to neutral and even positive
effects for other species (218). Lower seawater
carbonate saturation states reduce calcification
and may restrict the geographic habitat for planktonic pteropods (219) that are prey for many fish,
marine mammals, and seabirds.
Many shellfish, and perhaps some kinds of
crustaceans, are vulnerable to acidification, especially in larval and juvenile stages, with possible
repercussions for valuable U.S. and international
fisheries (220, 221) (Fig. 1, right column). During
the mid-2000s, low-pH waters associated with
coastal upwelling led to reduced larval survival
of Pacific oysters in some U.S. Pacific Northwest
shellfish hatcheries, a problem that has been
largely addressable so far through adaptive strategies (222). Wild-harvest fisheries may be more
at risk, particularly in regions with combined
social and ecological vulnerability (223). Less is
known about acidification responses in fish,
with most studies indicating weak or no effects
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exacerbating coastal erosion rates (176) (Fig. 1,
left column). Thirty-one Alaskan villages face imminent threats from flooding, erosion, and permafrost thaw (177). None of these villages have yet
relocated, largely because of the lack of a governance framework to facilitate relocation efforts (178).
Permafrost thaw has a substantial economic
cost, quantified mainly since the EF. Ground
subsidence and collapse, particularly in ice-rich
areas, negatively impact the structural integrity
of buildings, roads, and industrial infrastructure,
including gas and oil development (175). Cumulative projected costs of climate change damages
to public infrastructure in the state of Alaska are
estimated at $5.5 billion for a high-emissions
scenario [Representative Concentration Pathway
8.5 (RCP8.5)] and $4.2 billion for a mediumemissions scenario (RCP4.5) for 2015 to 2099
(179). The greatest economic impact is expected
to result from road flooding, followed by building damage as a result of near-surface permafrost thaw.
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Economic Damage from Climate Change in United States Counties
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on growth and reproduction. However, a number of studies report negative effects on fish
olfaction and behavior (224).
Taken as a whole, acidification will likely exacerbate many of the climate warming effects
on marine ecosystems, including shifting species ranges, degrading coral reefs, and expanding low-oxygen zones.
Violence and social instability
Since the EF, a number of studies have used
historical data to explore whether changes in
environmental conditions influence the risk of
violence or instability (225). In general, high
temperatures and rainfall extremes amplify underlying risks (26) (Fig. 1, right column). These
effects are not uniform (226). Many factors, including political institutions (227), income levels
(228), and local economic structures (229), play a
role in determining the structure of these effects.
A robust and generalizable finding is an increased risk of threatening and violent interactions between individuals under hot conditions
(Fig. 1, right column). In the United States, exposure to high temperatures is associated with
higher rates of domestic violence (230), rape,
assault, and murder (231, 232), as well as greater
use of threatening behaviors, such as aggressive
language in social media posts (233) and horn
honking in traffic (234), and higher rates of
violent retaliation in sports (235). Emerging
evidence also indicates that hot periods elevate
the risk that individuals harm themselves, including by suicide (27, 236). U.S. data indicate
no evidence of adaptation (27, 232).
Effects of temperature [+2.4% per SD (s)] and
rainfall (0.6% per s) on interpersonal violence
are both highly statistically significant, according to a meta-analysis (237). If these responses
to historical fluctuations translate to future cli-

damages per year for groupings of U.S. counties, on the basis of
income (with 29,000 simulations for each of 3143 counties) as
a fraction of county income (white lines, median; boxes, inner 66%
of possible outcomes; outer whiskers, inner 90% of possible outcomes).
[Adapted from (238)]

mate change, warming of 1°C could lead to an
increase in national violent crime (rape, assault,
and murder) by 0.88% (±0.04%) (238). Under
RCP8.5, this trend projects to a warming-caused
increase in violent crime of 1.7 to 5.4% by 2080
to 2099. Warming is projected to increase the
national suicide rate by 0.6 to 2.6% by 2050 (27).
Many studies document a heightened risk of
violence between groups of individuals when
temperatures are hot and/or rainfall is extreme
(26) (Fig. 1, right column). The patterns are
similar for organized violence, such as civil conflicts (228, 239), and disorganized violence, such
as ethnic riots (240), with highly statistically
significant effects of temperature (+11.3% per s)
and rainfall (3.5% per s, over 2 years) (237).
Political instability is heightened in hot periods, even in contexts where political institutions are sufficiently robust to avoid outright
violence (Fig. 1, right column). The probability
of political leadership changes, through both
democratic process (241, 242) and “irregular”
conditions (243, 244), rises in warm periods.
Coups are more likely in hot years with extreme
rainfall in agriculturally dependent countries
(245).
By degrading economic conditions, climate
events may contribute to out-migrations of
populations seeking better opportunities. Drought
and soil loss in the Dust Bowl induced mass outmigration from the rural Midwest (246), and
young working-age individuals left the corn
belt during periods of extreme heat in recent
decades (247). Likewise, periods of high temperatures have been linked to migration from
rural regions of Mexico to the United States
(247, 248). Population movements after periods
of extreme heat or dryness have been documented in multiple regions (249–251), and
high temperatures in agrarian regions ele-
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vate international applications for political
asylum (252).
National security
Since the EF, the American military and intelligence communities have substantially increased their integration of climate change into
national security strategies, policies, and plans.
These considerations have been reflected in
analyses of the national security implications
of climate change by the U.S. Department of
Defense, with almost 50 reports considering
climate security impacts published between
2010 and 2018 (253) (Fig. 1, right column).
The National Intelligence Council (NIC) has
warned Congress about the security risks of climate change every year since 2008, after the
release of the landmark report by the CNA Military Advisory Board, “National Security and the
Threat of Climate Change” (254). The NIC’s
“Worldwide Threat Assessment,” which reflects
the intelligence community’s consensus on the
most substantial risks to national security, in
2018 for the first time included a robust section
titled “Environment and climate change,” noting
a range of security risks related to environmental
concerns (255). The 2018 Defense Authorization
Act, signed by President Donald J. Trump, stated
that “climate change is a direct threat to the
national security of the United States …” (256).
During the Trump presidency, 16 military leaders,
including Secretary of Defense James Mattis
(257), have voiced concerns about climate change
and its security implications. Chairman of the
Joint Chiefs of Staff General Joe Dunford stated,
“Climate change … is very much something that
we take into account in our planning as we anticipate when, where and how we may be engaged
in the future and what capabilities we should
have” (258).
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Fig. 4. Total direct economic damage integrated over agriculture,
crime, coastal storms, energy, human mortality, and labor
in 2080 to 2099 under a scenario of continued high emissions
(RCP8.5). (Left) Damages in the median scenario for each county.
Negative damages indicate benefits. (Right) Range of economic

Duffy et al., Science 363, eaat5982 (2019)

poorer

US counties in order of current income per person

Total economic damage (% county GDP)

R ES E A RC H | R E V IE W

Duffy et al., Science 363, eaat5982 (2019)

humanitarian disasters, conflict, water and food
shortages, population migration, labor shortfalls,
price shocks, and power outages (255).
Economic well-being
Research on the economic consequences of climate change has advanced substantially since
the EF, with important progress on understanding nonagricultural sectors and broad measures
of well-being (225, 268) (Fig. 1, right column). In
the United States, economic impacts of hot temperatures and changing tropical cyclone environments are clearly documented (238), and
growing evidence indicates long-term adverse
effects on the labor force (269–271). Other impacts, such as those from water availability or
wildfire risks, are thought to be important but
remain less well understood (272).
Since the EF, new “top-down” analyses of
overall macroeconomic performance estimate
that warming by an additional 1°C over 75 years
can be expected to permanently reduce the U.S.
gross domestic product (GDP) by ~3% through
direct thermal effects (273) and that the U.S.
GDP can be expected to be ~4% greater at 1.5°C
than at 2°C above preindustrial temperatures
(274) (Fig. 1, right column). The average projected alteration of cyclone activity under “business as usual” may cost the United States the
equivalent of 29% of one year of current GDP
(in net present value discounted at 3% annually)
(275). In one study, the net cumulative marketbased cost of thermal effects in RCP8.5 by 2100
should be valued at $4.7 trillion to $10.4 trillion
(in net present value discounted at 3% annually)
(276). Notably, in some cases these top-down
analyses are able to account for both the opportunity costs and benefits of adaptations undertaken by populations as they adjust to new
climatic conditions (276).
“Bottom-up” analyses examining impacts on
individual sectors or industries have key advantages, including capturing the value of nonmarket impacts such as the loss of human life
or biodiversity (238). Evidence from combining
sector-specific analyses of impacts such as agricultural output (277), the quantity of labor supplied by workers (278), energy demand (167, 279),
mortality rates (279), crime rates (232), SLR (280)
and tropical cyclone damage (281) suggests U.S.
costs equivalent to 1.2% of GDP for each 1°C of
warming, with poorer counties experiencing
an economic burden roughly five times that of
wealthier counties (238) (Fig. 1, right column,
and Fig. 4).
Conclusions
The EPA Administrator found in 2009 that the
EF for six long-lived GHGs was “compellingly”
supported by “strong and clear” scientific evidence (5). Since 2009, the amount, diversity, and
sophistication of the evidence have increased
markedly, clearly strengthening the case for
endangerment. New evidence about the extent,
severity, and interconnectedness of impacts detected to date and projected for the future reinforces the case that climate change may
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reasonably be anticipated to endanger the
health and welfare of current and future generations. For the sectors analyzed in the 2009 EF,
new evidence expands the range of case studies,
deepens the understanding of mechanisms, and
analyzes the contribution of climate-related extremes. In many cases, new evidence points to
the risk of impacts that are more severe or
widespread than those anticipated in 2009.
Several categories of climate-change impacts,
including effects on ocean acidification, violence,
national security, and economic well-being, are
now supported by such broad evidence that they
warrant inclusion in the framing of endangerment. In sum, the EF, fully justified in 2009, is
much more strongly justified in 2018.
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New studies strengthen the evidence that climate change causes weather patterns and extreme
events that directly harm military installations
and readiness through infrastructure damage,
loss of utilities, and loss of operational capability
(Fig. 1, right column). An SLR of 3.7 feet would
threaten 128 military bases (259). Thawing permafrost exposes foundations to damage, whereas
the loss of Arctic sea ice causes coastal erosion
near critical facilities. Intensifying wildfires
threaten facilities, transportation infrastructure,
and utility lines. Fire-hazard days and inclement
weather suspend outdoor training, and droughts
limit the use of live-fire training. Greater storm
frequency and strength put a strain on the resources of the defense support of civil authorities
at home, as well as on assistance to humanitarian efforts and disaster relief around the world
(260). As of 2018, 50% of military installations
both at home and abroad had already reported
damage due to climate change (260). Droughts
or unpredictable rainfall could leave armed
forces stationed abroad vulnerable to being
disconnected from potable water supplies, a
cause for concern given that protecting convoys for the “resupply of fuel and drinking water
for troops in-theater costs lives” (261).
Climate change increasingly disrupts existing international security dynamics in geostrategic environments (Fig. 1, right column).
Reduced Arctic sea-ice extent will open the
way for more trade, as well as oil and gas extraction, turning a historically neutral territory
into a potential political flashpoint. Moreover,
the U.S. military now has to operate in an increasingly open water Arctic region as sea ice
retreats. As Secretary of Defense Mattis recently stated, “America’s got to up its game in
the Arctic” (262). Both China and Russia have
been deepening their Arctic presence through
investment and the development of ports. As
much as 15 percent of China’s trade value could
travel through the Arctic by 2030, and between
20 and 30 percent of Russia’s oil production
will come from deposits in the Arctic shelf by
2050 (263). These interests will require further
American military and coast guard activity in
the region, as well as broader diplomatic and
scientific engagement.
Indirectly, climate change has a major effect
on national security by acting as a “threat multiplier” (254) or “accelerant of instability” (264)
(Fig. 1, right column). This means that climate
change heightens the risk posed by threats the
United States is already facing and, in aggregate,
fundamentally alters the security landscape (265).
In both the 2010 and 2014 quadrennial defense
reviews (264, 266), the Department of Defense
emphasized how seriously the military takes this
dangerous dynamic, a commitment that receives
meaningful redress every year in its annual strategic sustainability performance plans (267).
As discussed in other parts of this Review,
an expanding body of evidence reinforces how
climate change fuels economic and social discontent, and even upheaval. This includes extreme weather events, which raise the risk of

R ES E A RC H | R E V IE W

19.

Duffy et al., Science 363, eaat5982 (2019)

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

8 February 2019

N. Fann et al., in The Impacts of Climate Change on Human
Health in the United States: A Scientific Assessment,
A. Crimmins et al., Eds. (U.S. Global Change Research
Program, 2016), p. 69.
S. S. Myers et al., Increasing CO2 threatens human nutrition.
Nature 510, 139–142 (2014). doi: 10.1038/nature13179;
pmid: 24805231
S. S. Myers, K. R. Wessells, I. Kloog, A. Zanobetti, J. Schwartz,
Effect of increased concentrations of atmospheric carbon
dioxide on the global threat of zinc deficiency: A modelling
study. Lancet Glob. Health 3, e639–e645 (2015).
doi: 10.1016/S2214-109X(15)00093-5; pmid: 26189102
D. E. Medek, J. Schwartz, S. S. Myers, Estimated effects of
future atmospheric CO2 concentrations on protein intake and
the risk of protein deficiency by country and region.
Environ. Health Perspect. 125, 087002 (2017). doi: 10.1289/
EHP41; pmid: 28885977
M. Smith, C. Golden, S. Myers, Potential rise in iron
deficiency due to future anthropogenic carbon dioxide
emissions. Geohealth 1, 248–257 (2017). doi: 10.1002/
2016GH000018
M. R. Smith, S. S. Myers, Impact of anthropogenic CO 2
emissions on global human nutrition. Nat. Clim. Change 8,
834–839 (2018). doi: 10.1038/s41558-018-0253-3
S. Clayton, C. Manning, K. Krygsman, M. Speiser, Mental
Health and Our Changing Climate: Impacts, Implications, and
Guidance (American Psychological Association and
ecoAmerica, 2017).
E. Goldmann, S. Galea, Mental health consequences of
disasters. Annu. Rev. Public Health 35, 169–183 (2014).
doi: 10.1146/annurev-publhealth-032013-182435;
pmid: 24159920
L. Camalier, W. Cox, P. Dolwick, The effects of meteorology
on ozone in urban areas and their use in assessing ozone
trends. Atmos. Environ. 41, 7127–7137 (2007). doi: 10.1016/
j.atmosenv.2007.04.061
E. M. Oswald, L.-A. Dupigny-Giroux, E. M. Leibensperger,
R. Poirot, J. Merrell, Climate controls on air quality in the
Northeastern US: An examination of summertime ozone
statistics during 1993–2012. Atmos. Environ. 112, 278–288
(2015). doi: 10.1016/j.atmosenv.2015.04.019
A. P. Tai, L. J. Mickley, D. J. Jacob, Correlations between fine
particulate matter (PM2. 5) and meteorological variables in
the United States: Implications for the sensitivity of PM2. 5 to
climate change. Atmos. Environ. 44, 3976–3984 (2010).
doi: 10.1016/j.atmosenv.2010.06.060
C. D. Whiteman, S. W. Hoch, J. D. Horel, A. Charland,
Relationship between particulate air pollution and
meteorological variables in Utah’s Salt Lake Valley. Atmos.
Environ. 94, 742–753 (2014). doi: 10.1016/
j.atmosenv.2014.06.012
D. E. Horton, C. B. Skinner, D. Singh, N. S. Diffenbaugh,
Occurrence and persistence of future atmospheric stagnation
events. Nat. Clim. Change 4, 698–703 (2014). doi: 10.1038/
nclimate2272; pmid: 25309627
J. L. Schnell, M. J. Prather, Co-occurrence of extremes in
surface ozone, particulate matter, and temperature over
eastern North America. Proc. Natl. Acad. Sci. U.S.A. 114,
2854–2859 (2017). doi: 10.1073/pnas.1614453114;
pmid: 28242682
M. Lin, L. W. Horowitz, R. Payton, A. M. Fiore, G. Tonnesen,
US surface ozone trends and extremes from 1980 to 2014:
Quantifying the roles of rising Asian emissions, domestic
controls, wildfires, and climate. Atmos. Chem. Phys. 17,
2943–2970 (2017). doi: 10.5194/acp-17-2943-2017
A. Wilson et al., Climate change impacts on projections of
excess mortality at 2030 using spatially varying ozonetemperature risk surfaces. J. Expo. Sci. Environ. Epidemiol.
27, 118–124 (2017). doi: 10.1038/jes.2016.14;
pmid: 27005744
G. A. Meehl et al., Future heat waves and surface ozone.
Environ. Res. Lett. 13, 064004 (2018). doi: 10.1088/17489326/aabcdc
L. Shen, L. J. Mickley, L. T. Murray, Influence of 2000–2050
climate change on particulate matter in the United States:
Results from a new statistical model. Atmos. Chem. Phys. 17,
4355–4367 (2017). doi: 10.5194/acp-17-4355-2017
H. E. Rieder, A. M. Fiore, L. W. Horowitz, V. Naik, Projecting
policy‐relevant metrics for high summertime ozone
pollution events over the eastern United States due to
climate and emission changes during the 21st century.
J. Geophys. Res. Atmos. 120, 784–800 (2015).
doi: 10.1002/2014JD022303

60. M. Trail et al., Sensitivity of air quality to potential future
climate change and emissions in the United States and major
cities. Atmos. Environ. 94, 552–563 (2014). doi: 10.1016/
j.atmosenv.2014.05.079
61. H. Pye et al., Effect of changes in climate and emissions on
future sulfate‐nitrate‐ammonium aerosol levels in the United
States. J. Geophys. Res. Atmos. 114 (D1), D01205 (2009).
doi: 10.1029/2008JD010701
62. M. C. Day, S. N. Pandis, Effects of a changing climate on
summertime fine particulate matter levels in the eastern US.
J. Geophys. Res. Atmos. 120, 5706–5720 (2015).
63. B. I. Cook, T. R. Ault, J. E. Smerdon, Unprecedented 21st
century drought risk in the American Southwest and Central
Plains. Sci. Adv. 1, e1400082 (2015). doi: 10.1126/
sciadv.1400082; pmid: 26601131
64. X. Yue, L. J. Mickley, J. A. Logan, J. O. Kaplan, Ensemble
projections of wildfire activity and carbonaceous aerosol
concentrations over the western United States in the
mid-21st century. Atmos. Environ. 77, 767–780 (2013).
doi: 10.1016/j.atmosenv.2013.06.003; pmid: 24015109
65. J. C. Liu et al., Particulate air pollution from wildfires in the
Western US under climate change. Clim. Change 138,
655–666 (2016). doi: 10.1007/s10584-016-1762-6;
pmid: 28642628
66. B. Pu, P. Ginoux, Projection of American dustiness in the late
21st century due to climate change. Sci. Rep. 7, 5553 (2017).
doi: 10.1038/s41598-017-05431-9; pmid: 28717135
67. P. Achakulwisut, L. J. Mickley, S. C. Anenberg, Droughtsensitivity of fine dust in the US Southwest: Implications for
air quality and public health under future climate change.
Environ. Res. Lett. 13, 054025 (2018). doi: 10.1088/17489326/aabf20
68. Q. Di et al., Association of short-term exposure to air
pollution with mortality in older adults. JAMA 318,
2446–2456 (2017). doi: 10.1001/jama.2017.17923;
pmid: 29279932
69. J. R. Porter et al., in Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel of Climate
Change, C. B. Field et al., Eds. (Cambridge Univ. Press, 2014),
chap. 7, pp. 485–583.
70. J. Hatfield et al., in Climate Change Impacts in the United
States: The Third National Climate Assessment,
J. Melillo, T. T. C. Richmond, G. W. Yohe, Eds. (U.S. Global
Change Research Program, 2014), pp. 150–174.
71. J. A. Santos, R. Costa, H. Fraga, Climate change impacts on
thermal growing conditions of main fruit species in Portugal.
Clim. Change 140, 273–286 (2017). doi: 10.1007/s10584016-1835-6
72. C. A. Deutsch et al., Increase in crop losses to insect pests in
a warming climate. Science 361, 916–919 (2018).
doi: 10.1126/science.aat3466; pmid: 30166490
73. R. Tito, H. L. Vasconcelos, K. J. Feeley, Global climate change
increases risk of crop yield losses and food insecurity in the
tropical Andes. Glob. Change Biol. 24, e592–e602 (2018).
doi: 10.1111/gcb.13959; pmid: 29055170
74. X.-Z. Liang et al., Determining climate effects on US total
agricultural productivity. Proc. Natl. Acad. Sci. U.S.A. 114,
E2285–E2292 (2017). doi: 10.1073/pnas.1615922114;
pmid: 28265075
75. D. B. Lobell et al., Greater sensitivity to drought accompanies
maize yield increase in the U.S. Midwest. Science 344,
516–519 (2014). doi: 10.1126/science.1251423;
pmid: 24786079
76. M. Burke, K. Emerick, Adaptation to climate change: Evidence
from US agriculture. Am. Econ. J. Econ. Policy 8, 106–140
(2016). doi: 10.1257/pol.20130025
77. A. Park Williams et al., Temperature as a potent driver of
regional forest drought stress and tree mortality. Nat. Clim.
Change 3, 292–297 (2013). doi: 10.1038/nclimate1693
78. C. I. Millar, N. L. Stephenson, Temperate forest health in an
era of emerging megadisturbance. Science 349, 823–826
(2015). doi: 10.1126/science.aaa9933; pmid: 26293954
79. J. S. Clark et al., The impacts of increasing drought on forest
dynamics, structure, and biodiversity in the United States.
Glob. Change Biol. 22, 2329–2352 (2016). doi: 10.1111/
gcb.13160; pmid: 26898361
80. R. Seidl et al., Forest disturbances under climate change.
Nat. Clim. Change 7, 395–402 (2017). doi: 10.1038/
nclimate3303; pmid: 28861124
81. C. Nolan et al., Past and future global transformation of
terrestrial ecosystems under climate change. Science 361,

9 of 12

Downloaded from http://science.sciencemag.org/ on May 5, 2019

G. J. van Oldenborgh et al., Attribution of extreme rainfall
from Hurricane Harvey, August 2017. Environ. Res. Lett. 12,
124009 (2017). doi: 10.1088/1748-9326/aa9ef2
20. K. R. Smith et al., in Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel of Climate
Change, C. B. Field et al., Eds. (Cambridge Univ. Press, 2014),
chap. 11, pp. 709–754.
21. G. Luber et al., in Climate Change Impacts in the United
States: The Third National Climate Assessment, J. Melillo,
T. T. C. Richmond, G. W. Yohe, Eds. (U.S. Global Change
Research Program, 2014), pp. 220–256.
22. J. D. Schwartz et al., Projections of temperature-attributable
premature deaths in 209 U.S. cities using a cluster-based
Poisson approach. Environ. Health 14, 85 (2015).
doi: 10.1186/s12940-015-0071-2; pmid: 26537962
23. N. Obradovich, R. Migliorini, S. C. Mednick, J. H. Fowler,
Nighttime temperature and human sleep loss in a changing
climate. Sci. Adv. 3, e1601555 (2017). doi: 10.1126/
sciadv.1601555; pmid: 28560320
24. G. E. Tasian et al., Daily mean temperature and clinical kidney
stone presentation in five U.S. metropolitan areas: A timeseries analysis. Environ. Health Perspect. 122, 1081–1087
(2014). doi: 10.1289/ehp.1307703; pmid: 25009122
25. O. Deschênes, M. Greenstone, J. Guryan, Climate change and
birth weight. Am. Econ. Rev. 99, 211–217 (2009).
doi: 10.1257/aer.99.2.211; pmid: 29505213
26. S. M. Hsiang, M. Burke, E. Miguel, Quantifying the influence of
climate on human conflict. Science 341, 1235367 (2013).
doi: 10.1126/science.1235367; pmid: 24031020
27. M. Burke et al., Higher temperatures increase suicide rates in
the United States and Mexico. Nat. Clim. Change 9, 723–729
(2018). doi: 10.1038/s41558-018-0222-x
28. B. J. Bloomer, J. W. Stehr, C. A. Piety, R. J. Salawitch,
R. R. Dickerson, Observed relationships of ozone air pollution
with temperature and emissions. Geophys. Res. Lett. 36,
L09803 (2009). doi: 10.1029/2009GL037308
29. B. J. Harvey, Human-caused climate change is now a key
driver of forest fire activity in the western United States.
Proc. Natl. Acad. Sci. U.S.A. 113, 11649–11650 (2016).
doi: 10.1073/pnas.1612926113; pmid: 27791047
30. IPCC, in A Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change, C. B. Field et al.,
Eds. (Cambridge Univ. Press, 2012), p. 592.
31. J. Bell et al., “Ch. 4: Impacts of extreme events on human
health” (U.S. Global Change Research Program, 2016).
32. S. Altizer, R. S. Ostfeld, P. T. Johnson, S. Kutz, C. D. Harvell,
Climate change and infectious diseases: From evidence to a
predictive framework. Science 341, 514–519 (2013).
doi: 10.1126/science.1239401; pmid: 23908230
33. V. Ermert, A. H. Fink, A. P. Morse, H. Paeth, The impact of
regional climate change on malaria risk due to greenhouse
forcing and land-use changes in tropical Africa. Environ.
Health Perspect. 120, 77–84 (2012). doi: 10.1289/
ehp.1103681; pmid: 21900078
34. C. W. Morin, A. C. Comrie, K. Ernst, Climate and dengue
transmission: Evidence and implications. Environ. Health
Perspect. 121, 1264–1272 (2013). doi: 10.1289/ehp.1306556;
pmid: 24058050
35. S. Paz, Climate change impacts on West Nile virus
transmission in a global context. Philos. Trans. R. Soc. London
Ser. B 370, 20130561 (2015). doi: 10.1098/rstb.2013.0561;
pmid: 25688020
36. R. S. Ostfeld, J. L. Brunner, Climate change and Ixodes
tick-borne diseases of humans. Philos. Trans. R. Soc.
London Ser. B 370, 20140051 (2015). doi: 10.1098/
rstb.2014.0051; pmid: 25688022
37. L. Vezzulli, R. R. Colwell, C. Pruzzo, Ocean warming and
spread of pathogenic vibrios in the aquatic environment.
Microb. Ecol. 65, 817–825 (2013). doi: 10.1007/s00248-0120163-2; pmid: 23280498
38. R. S. Hellberg, E. Chu, Effects of climate change on the
persistence and dispersal of foodborne bacterial pathogens
in the outdoor environment: A review. Crit. Rev. Microbiol. 42,
548–572 (2016). pmid: 25612827
39. Y. Zhang et al., Allergenic pollen season variations in the past
two decades under changing climate in the United States.
Glob. Change Biol. 21, 1581–1589 (2015). doi: 10.1111/
gcb.12755; pmid: 25266307
40. L. Ziska et al., Recent warming by latitude associated with
increased length of ragweed pollen season in central North
America. Proc. Natl. Acad. Sci. U.S.A. 108, 4248–4251 (2011).
doi: 10.1073/pnas.1014107108; pmid: 21368130

R ES E A RC H | R E V IE W

82.

83.

84.

85.

86.

87.

88.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Duffy et al., Science 363, eaat5982 (2019)

104. J. K. Balch et al., Human-started wildfires expand the fire
niche across the United States. Proc. Natl. Acad. Sci. U.S.A.
114, 2946–2951 (2017). doi: 10.1073/pnas.1617394114;
pmid: 28242690
105. K. F. Raffa et al., Cross-scale drivers of natural disturbances
prone to anthropogenic amplification: The dynamics of bark
beetle eruptions. A.I.B.S. Bull. 58, 501–517 (2008).
106. W. R. Anderegg et al., Tree mortality from drought, insects,
and their interactions in a changing climate. New Phytol. 208,
674–683 (2015). doi: 10.1111/nph.13477; pmid: 26058406
107. J. A. Hicke, A. J. Meddens, C. A. Kolden, Recent tree mortality
in the western United States from bark beetles and forest
fires. For. Sci. 62, 141–153 (2016). doi: 10.5849/forsci.15-086
108. A. S. Weed, M. P. Ayres, B. J. Bentz, in Bark Beetles (Elsevier,
2015), pp. 157–176.
109. B. J. Bentz, C. Boone, K. F. Raffa, Tree response and
mountain pine beetle attack preference, reproduction and
emergence timing in mixed whitebark and lodgepole pine
stands. Agric. For. Entomol. 17, 421–432 (2015). doi: 10.1111/
afe.12124
110. D. L. Six, E. Biber, E. Long, Management for mountain pine
beetle outbreak suppression: Does relevant science support
current policy? Forests 5, 103–133 (2014). doi: 10.3390/
f5010103
111. N. G. McDowell et al., The interdependence of mechanisms
underlying climate-driven vegetation mortality. Trends Ecol.
Evol. 26, 523–532 (2011). doi: 10.1016/j.tree.2011.06.003;
pmid: 21802765
112. H. D. Adams et al., A multi-species synthesis of physiological
mechanisms in drought-induced tree mortality. Nat. Ecol.
Evol. 1, 1285–1291 (2017). doi: 10.1038/s41559-017-0248-x;
pmid: 29046541
113. W. R. Anderegg et al., Tree mortality predicted from droughtinduced vascular damage. Nat. Geosci. 8, 367–371 (2015).
doi: 10.1038/ngeo2400
114. A. T. Trugman et al., Tree carbon allocation explains forest
drought-kill and recovery patterns. Ecol. Lett. 21, 1552–1560
(2018). doi: 10.1111/ele.13136; pmid: 30125446
115. I. Ibáñez, D. R. Zak, A. J. Burton, K. S. Pregitzer,
Anthropogenic nitrogen deposition ameliorates the decline in
tree growth caused by a drier climate. Ecology 99, 411–420
(2018). doi: 10.1002/ecy.2095; pmid: 29341107
116. N. Pederson et al., The legacy of episodic climatic events in
shaping temperate, broadleaf forests. Ecol. Monogr. 84,
599–620 (2014). doi: 10.1890/13-1025.1
117. N. D. Charney et al., Observed forest sensitivity to climate
implies large changes in 21st century North American forest
growth. Ecol. Lett. 19, 1119–1128 (2016). doi: 10.1111/
ele.12650; pmid: 27434040
118. J. Kim et al., Increased water yield due to the hemlock woolly
adelgid infestation in New England. Geophys. Res. Lett. 44,
2327–2335 (2017). doi: 10.1002/2016GL072327
119. A. P. Williams et al., The 2016 southeastern US drought:
An extreme departure from centennial wetting and cooling.
J. Geophys. Res. Atmos. 122, 10888–10905 (2017).
pmid: 29780677
120. N. S. Diffenbaugh, C. B. Field, Changes in ecologically critical
terrestrial climate conditions. Science 341, 486–492 (2013).
doi: 10.1126/science.1237123; pmid: 23908225
121. S. R. Loarie et al., The velocity of climate change. Nature 462,
1052–1055 (2009). doi: 10.1038/nature08649;
pmid: 20033047
122. P. W. Mote, A. F. Hamlet, M. P. Clark, D. P. Lettenmaier,
Declining mountain snowpack in western North America.
Bull. Am. Meteorol. Soc. 86, 39–50 (2005). doi: 10.1175/
BAMS-86-1-39
123. J. T. Abatzoglou, Influence of the PNA on declining mountain
snowpack in the Western United States. Int. J. Climatol. 31,
1135–1142 (2011). doi: 10.1002/joc.2137
124. S. Kapnick, A. Hall, Causes of recent changes in western
North American snowpack. Clim. Dyn. 38, 1885–1899 (2012).
doi: 10.1007/s00382-011-1089-y
125. C. H. Luce, Z. A. Holden, Declining annual streamflow
distributions in the Pacific Northwest United States,
1948–2006. Geophys. Res. Lett. 36, L16401 (2009).
doi: 10.1029/2009GL039407
126. H. Fritze, I. T. Stewart, E. Pebesma, Shifts in western North
American snowmelt runoff regimes for the recent warm
decades. J. Hydrometeorol. 12, 989–1006 (2011).
doi: 10.1175/2011JHM1360.1
127. R. D. Brown, P. W. Mote, The response of Northern
Hemisphere snow cover to a changing climate. J. Clim. 22,
2124–2145 (2009). doi: 10.1175/2008JCLI2665.1

8 February 2019

128. S. B. Kapnick, T. L. Delworth, Controls of global snow under a
changed climate. J. Clim. 26, 5537–5562 (2013).
doi: 10.1175/JCLI-D-12-00528.1
129. J. P. Krasting, A. J. Broccoli, K. W. Dixon, J. R. Lanzante,
Future changes in Northern Hemisphere snowfall. J. Clim. 26,
7813–7828 (2013). doi: 10.1175/JCLI-D-12-00832.1
130. M. Ashfaq et al., Near‐term acceleration of hydroclimatic
change in the western US. J. Geophys. Res. Atmos. 118,
10676–10693 (2013). doi: 10.1002/jgrd.50816
131. J. C. Fyfe et al., Large near-term projected snowpack loss
over the western United States. Nat. Commun. 8, 14996
(2017). doi: 10.1038/ncomms14996; pmid: 28418406
132. A. M. Rhoades, P. A. Ullrich, C. M. Zarzycki, Projecting 21st
century snowpack trends in western USA mountains using
variable-resolution CESM. Clim. Dyn. 50, 261–288 (2018).
doi: 10.1007/s00382-017-3606-0
133. N. S. Diffenbaugh, M. Scherer, M. Ashfaq, Response of
snow-dependent hydrologic extremes to continued global
warming. Nat. Clim. Change 3, 379–384 (2013). doi: 10.1038/
nclimate1732; pmid: 24015153
134. D. Li, M. L. Wrzesien, M. Durand, J. Adam, D. P. Lettenmaier,
How much runoff originates as snow in the western United
States, and how will that change in the future? Geophys. Res.
Lett. 44, 6163–6172 (2017). doi: 10.1002/2017GL073551
135. E. M. Demaria, J. K. Roundy, S. Wi, R. N. Palmer, The effects
of climate change on seasonal snowpack and the hydrology
of the northeastern and upper Midwest United States.
J. Clim. 29, 6527–6541 (2016). doi: 10.1175/JCLI-D-15-0632.1
136. A. Harpold, M. Dettinger, S. Rajagopal, Defining snow
drought and why it matters. EOS 98, 10.1029/2017EO068775
(2017). doi: 10.1029/2017EO068775
137. D. Isaak, S. Wollrab, D. Horan, G. Chandler, Climate change
effects on stream and river temperatures across the
northwest US from 1980–2009 and implications for salmonid
fishes. Clim. Change 113, 499–524 (2012). doi: 10.1007/
s10584-011-0326-z
138. K. S. McKelvey et al., Climate change predicted to shift
wolverine distributions, connectivity, and dispersal corridors.
Ecol. Appl. 21, 2882–2897 (2011). doi: 10.1890/10-2206.1
139. B. Udall, J. Overpeck, The twenty‐first century Colorado River
hot drought and implications for the future. Water Resour.
Res. 53, 2404–2418 (2017). doi: 10.1002/2016WR019638
140. M. Xiao, B. Udall, D. P. Lettenmaier, On the causes of
declining Colorado River streamflows. Water Resour. Res. 54,
6739–6756 (2018). doi: 10.1029/2018WR023153
141. F. Lehner, E. R. Wahl, A. W. Wood, D. B. Blatchford,
D. Llewellyn, Assessing recent declines in Upper Rio Grande
runoff efficiency from a paleoclimate perspective.
Geophys. Res. Lett. 44, 4124–4133 (2017). doi: 10.1002/
2017GL073253
142. S. B. Chavarria, D. S. Gutzler, Observed changes in climate
and streamflow in the upper Rio Grande Basin. J. Am. Water
Resour. Assoc. 54, 644–659 (2018). doi: 10.1111/17521688.12640
143. R. I. McDonald et al., Urban growth, climate change, and
freshwater availability. Proc. Natl. Acad. Sci. U.S.A. 108,
6312–6317 (2011). doi: 10.1073/pnas.1011615108;
pmid: 21444797
144. J. Schewe et al., Multimodel assessment of water scarcity
under climate change. Proc. Natl. Acad. Sci. U.S.A. 111,
3245–3250 (2014). doi: 10.1073/pnas.1222460110;
pmid: 24344289
145. J. S. Mankin et al., Influence of internal variability on
population exposure to hydroclimatic changes. Environ. Res.
Lett. 12, 044007 (2017). doi: 10.1088/1748-9326/aa5efc
146. E. Sinha, A. M. Michalak, V. Balaji, Eutrophication will
increase during the 21st century as a result of precipitation
changes. Science 357, 405–408 (2017). doi: 10.1126/science.
aan2409; pmid: 28751610
147. S. C. Moser et al., in Climate Change Impacts in the United
States: The Third National Climate Assessment, J. M. Melillo,
T. T. C. Richmond, G. W. Yohe, Eds. (U.S. Global Change
Research Program, 2014), pp. 579–618.
148. W. V. Sweet, R. E. Kopp, C. P. Weaver, J. Obeysekera,
R. M. Horton, E. R. Thieler, C. Zervas, “Global and regional sea
level rise scenarios for the United States” (NOAA Tech. Rep.
NOS CO-OPS 083, National Oceanic and Atmospheric
Administration, National Ocean Service, Center for
Operational Oceanographic Products and Services, 2017).
149. K. Lambeck, H. Rouby, A. Purcell, Y. Sun, M. Sambridge, Sea
level and global ice volumes from the Last Glacial Maximum
to the Holocene. Proc. Natl. Acad. Sci. U.S.A. 111,
15296–15303 (2014). doi: 10.1073/pnas.1411762111;
pmid: 25313072

10 of 12

Downloaded from http://science.sciencemag.org/ on May 5, 2019

89.

920–923 (2018). doi: 10.1126/science.aan5360;
pmid: 30166491
T. P. Barnett et al., Human-induced changes in the hydrology
of the western United States. Science 319, 1080–1083
(2008). doi: 10.1126/science.1152538; pmid: 18239088
P. W. Mote, S. Li, D. P. Lettenmaier, M. Xiao, R. Engel,
Dramatic declines in snowpack in the western US. npj Clim.
Atmos. Sci. 1, 2 (2018). doi: 10.1038/s41612-018-0012-1
A. Berg, J. Sheffield, P. C. Milly, Divergent surface and total
soil moisture projections under global warming. Geophys.
Res. Lett. 44, 236–244 (2017). doi: 10.1002/2016GL071921
A. G. Pendergrass, R. Knutti, F. Lehner, C. Deser,
B. M. Sanderson, Precipitation variability increases in a
warmer climate. Sci. Rep. 7, 17966 (2017). doi: 10.1038/
s41598-017-17966-y; pmid: 29269737
O. Mazdiyasni, A. AghaKouchak, Substantial increase in
concurrent droughts and heatwaves in the United States.
Proc. Natl. Acad. Sci. U.S.A. 112, 11484–11489 (2015).
doi: 10.1073/pnas.1422945112; pmid: 26324927
W. Kolby Smith et al., Large divergence of satellite and Earth
system model estimates of global terrestrial CO 2
fertilization. Nat. Clim. Change 6, 306–310 (2016).
doi: 10.1038/nclimate2879
W. B. Cohen et al., Forest disturbance across the
conterminous United States from 1985–2012: The emerging
dominance of forest decline. For. Ecol. Manage. 360, 242–252
(2016). doi: 10.1016/j.foreco.2015.10.042
J. S. Littell, D. L. Peterson, K. L. Riley, Y. Liu, C. H. Luce,
A review of the relationships between drought and forest fire
in the United States. Glob. Change Biol. 22, 2353–2369
(2016). doi: 10.1111/gcb.13275; pmid: 27090489
J. Eidenshink et al., A project for monitoring trends in burn
severity. Fire Ecol. 3, 3–21 (2007). doi: 10.4996/
fireecology.0301003
L. Giglio, W. Schroeder, C. O. Justice, The collection 6 MODIS
active fire detection algorithm and fire products. Remote
Sens. Environ. 178, 31–41 (2016). doi: 10.1016/
j.rse.2016.02.054; pmid: 30158718
J. T. Abatzoglou, A. P. Williams, Impact of anthropogenic
climate change on wildfire across western US forests.
Proc. Natl. Acad. Sci. U.S.A. 113, 11770–11775 (2016).
doi: 10.1073/pnas.1607171113; pmid: 27791053
A. L. Westerling, Increasing western US forest wildfire
activity: Sensitivity to changes in the timing of spring.
Philos. Trans. R. Soc. London Ser. B 371, 20150178 (2016).
doi: 10.1098/rstb.2015.0178; pmid: 27216510
M. Wehner, J. Arnold, T. Knutson, K. Kunkel, A. LeGrande, in
Climate Science Special Report: Fourth National Climate
Assessment, D. J. Wuebbles et al., Eds. (U.S. Global Change
Research Program, 2017), pp. 231–256.
M. A. Moritz et al., Climate change and disruptions to global
fire activity. Ecosphere 3, 1–22 (2012). doi: 10.1890/ES1100345.1
T. Kitzberger, D. A. Falk, A. L. Westerling, T. W. Swetnam,
Direct and indirect climate controls predict heterogeneous
early-mid 21st century wildfire burned area across western
and boreal North America. PLOS ONE 12, e0188486 (2017).
doi: 10.1371/journal.pone.0188486; pmid: 29244839
P. J. van Mantgem et al., Climatic stress increases forest fire
severity across the western United States. Ecol. Lett. 16,
1151–1156 (2013). doi: 10.1111/ele.12151; pmid: 23869626
D. McKenzie, J. S. Littell, Climate change and the ecohydrology of fire: Will area burned increase in a warming
western USA? Ecol. Appl. 27, 26–36 (2017). doi: 10.1002/
eap.1420; pmid: 28001335
J. R. Marlon et al., Long-term perspective on wildfires in the
western USA. Proc. Natl. Acad. Sci. U.S.A. 109, E535–E543
(2012). doi: 10.1073/pnas.1112839109; pmid: 22334650
M. D. Hurteau, J. B. Bradford, P. Z. Fulé, A. H. Taylor,
K. L. Martin, Climate change, fire management, and
ecological services in the southwestern US. For. Ecol. Manage.
327, 280–289 (2014). doi: 10.1016/j.foreco.2013.08.007
S. A. Parks et al., Wildland fire deficit and surplus in the
western United States, 1984–2012. Ecosphere 6, 1–13 (2015).
doi: 10.1890/ES15-00294.1
P. E. Higuera, J. T. Abatzoglou, J. S. Littell, P. Morgan, The
changing strength and nature of fire-climate relationships
in the northern Rocky Mountains, U.S.A., 1902–2008.
PLOS ONE 10, e0127563 (2015). doi: 10.1371/journal.
pone.0127563; pmid: 26114580
W. Knorr, L. Jiang, A. Arneth, Climate, CO2, and demographic
impacts on global wildfire emissions. Biogeosci. Discuss. 12,
15011–15050 (2015). doi: 10.5194/bgd-12-15011-2015

R ES E A RC H | R E V IE W

Duffy et al., Science 363, eaat5982 (2019)

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

8 February 2019

J. Melillo, T. T. C. Richmond, G. W. Yohe, Eds. (U.S. Global
Change Research Program, 2014), pp. 297–317.
J. K. Maldonado, C. Shearer, R. Bronen, K. Peterson,
H. Lazrus, The impact of climate change on tribal
communities in the US: Displacement, relocation, and human
rights. Clim. Change 120, 601–614 (2013). doi: 10.1007/
s10584-013-0746-z
P. Lal, J. R. Alavalapati, E. D. Mercer, Socio-economic impacts
of climate change on rural United States. Mitig. Adapt.
Strategies Glob. Change 16, 819–844 (2011). doi: 10.1007/
s11027-011-9295-9
J. Huang et al., Recently amplified arctic warming has
contributed to a continual global warming trend. Nat. Clim.
Change 7, 875–879 (2017). doi: 10.1038/s41558-017-0009-5
T. J. Brinkman et al., Arctic communities perceive climate
impacts on access as a critical challenge to availability
of subsistence resources. Clim. Change 139, 413–427 (2016).
doi: 10.1007/s10584-016-1819-6
E. Hong, R. Perkins, S. Trainor, Thaw settlement hazard of
permafrost related to climate warming in Alaska. Arctic 67,
93–103 (2014). doi: 10.14430/arctic4368
A. E. Gibbs, B. M. Richmond, “National assessment of
shoreline change: Historical change along the north coast of
Alaska, US-Canadian border to Icy Cape” (U.S. Geological
Survey, 2015).
U.S. Government Accountability Office, “Alaska native
villages: Limited progress has been made on relocating
villages threatened by flooding and erosion” (U.S.
Government Accountability Office, 2009).
R. Bronen, F. S. Chapin 3rd, Adaptive governance and
institutional strategies for climate-induced community
relocations in Alaska. Proc. Natl. Acad. Sci. U.S.A.
110, 9320–9325 (2013). doi: 10.1073/pnas.1210508110;
pmid: 23690592
A. M. Melvin et al., Climate change damages to Alaska public
infrastructure and the economics of proactive adaptation.
Proc. Natl. Acad. Sci. U.S.A. 114, E122–E131 (2017).
doi: 10.1073/pnas.1611056113; pmid: 28028223
C. Parmesan, G. Yohe, A globally coherent fingerprint of
climate change impacts across natural systems. Nature 421,
37–42 (2003). doi: 10.1038/nature01286; pmid: 12511946
B. R. Scheffers et al., The broad footprint of climate change
from genes to biomes to people. Science 354, aaf7671
(2016). doi: 10.1126/science.aaf7671; pmid: 27846577
J. Lenoir, J. C. Svenning, Climate‐related range shifts–a
global multidimensional synthesis and new research
directions. Ecography 38, 15–28 (2015). doi: 10.1111/
ecog.00967
I.-C. Chen, J. K. Hill, R. Ohlemüller, D. B. Roy, C. D. Thomas,
Rapid range shifts of species associated with high levels of
climate warming. Science 333, 1024–1026 (2011).
doi: 10.1126/science.1206432; pmid: 21852500
M. W. Tingley, M. S. Koo, C. Moritz, A. C. Rush,
S. R. Beissinger, The push and pull of climate change causes
heterogeneous shifts in avian elevational ranges. Glob.
Change Biol. 18, 3279–3290 (2012). doi: 10.1111/j.13652486.2012.02784.x
J. B. Socolar, P. N. Epanchin, S. R. Beissinger, M. W. Tingley,
Phenological shifts conserve thermal niches in North
American birds and reshape expectations for climate-driven
range shifts. Proc. Natl. Acad. Sci. U.S.A. 114, 12976–12981
(2017). doi: 10.1073/pnas.1705897114; pmid: 29133415
J. M. Sunday, A. E. Bates, N. K. Dulvy, Thermal tolerance and
the global redistribution of animals. Nat. Clim. Change 2,
686–690 (2012). doi: 10.1038/nclimate1539
C. J. Brown et al., Ecological and methodological drivers of
species’ distribution and phenology responses to climate
change. Glob. Change Biol. 22, 1548–1560 (2016).
doi: 10.1111/gcb.13184; pmid: 26661135
M. T. Burrows et al., The pace of shifting climate in marine
and terrestrial ecosystems. Science 334, 652–655 (2011).
doi: 10.1126/science.1210288; pmid: 22053045
E. S. Poloczanska et al., Global imprint of climate change on
marine life. Nat. Clim. Change 3, 919–925 (2013).
doi: 10.1038/nclimate1958
C. Parmesan, M. J. Attrill, in Explaining Ocean Warming:
Causes, Scale, Effects and Consequences, D. Laffoley,
J. M. Baxter, Eds. (IUCN Full Report, IUCN, 2016), pp. 439–450.
B. I. Cook, E. M. Wolkovich, C. Parmesan, Divergent
responses to spring and winter warming drive community
level flowering trends. Proc. Natl. Acad. Sci. U.S.A. 109,
9000–9005 (2012). doi: 10.1073/pnas.1118364109;
pmid: 22615406

192. L. F. Pitelka et al., Plant migration and climate-change:
A more realistic portrait of plant migration is essential to
predicting biological responses to global warming in a world
drastically altered by human activity. Am. Sci. 85, 464–473
(1997).
193. V. Devictor et al., Differences in the climatic debts of birds
and butterflies at a continental scale. Nat. Clim. Change 2,
121–124 (2012). doi: 10.1038/nclimate1347
194. R. A. Bay et al., Genomic signals of selection predict
climate-driven population declines in a migratory bird.
Science 359, 83–86 (2018). doi: 10.1126/science.aan4380;
pmid: 29302012
195. C. G. Willis et al., Favorable climate change response explains
non-native species’ success in Thoreau’s woods. PLOS ONE
5, e8878 (2010). doi: 10.1371/journal.pone.0008878;
pmid: 20126652
196. M. C. Singer, C. Parmesan, Phenological asynchrony between
herbivorous insects and their hosts: Signal of climate change
or pre-existing adaptive strategy? Philos. Trans. R. Soc.
London Ser. B 365, 3161–3176 (2010). doi: 10.1098/
rstb.2010.0144; pmid: 20819810
197. M. C. Singer, Shifts in time and space interact as climate
warms. Proc. Natl. Acad. Sci. U.S.A. 114, 12848–12850
(2017). doi: 10.1073/pnas.1718334114; pmid: 29162689
198. J. Settele et al., in Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of
Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel of Climate Change, C. B. Field et al., Eds.
(Cambridge Univ. Press, 2014), chap. 4, pp. 271–359.
199. H. O. Pörtner et al., in Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral Aspects.
Contribution of Working Group II to the Fifth Assessment Report of
the Intergovernmental Panel of Climate Change, C. B. Field et al.,
Eds. (Cambridge Univ. Press, 2014), chap. 6, pp. 411–484.
200. R. Dirzo et al., Defaunation in the Anthropocene.
Science 345, 401–406 (2014). doi: 10.1126/science.1251817;
pmid: 25061202
201. J. L. Blois, P. L. Zarnetske, M. C. Fitzpatrick, S. Finnegan,
Climate change and the past, present, and future of biotic
interactions. Science 341, 499–504 (2013). doi: 10.1126/
science.1237184; pmid: 23908227
202. M. C. Urban, Climate change. Accelerating extinction risk
from climate change. Science 348, 571–573 (2015).
doi: 10.1126/science.aaa4984; pmid: 25931559
203. J. N. Larsen et al., in Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part B: Regional Aspects.
Contribution of Working Group II to the Fifth Assessment
Report of the Intergovernmental Panel of Climate Change,
V. R. Barros et al., Eds. (Cambridge Univ. Press, 2014),
chap. 28, pp. 1567–1612.
204. T. P. Hughes et al., Global warming transforms coral reef
assemblages. Nature 556, 492–496 (2018). doi: 10.1038/
s41586-018-0041-2; pmid: 29670282
205. C. D. Allen et al., A global overview of drought and heatinduced tree mortality reveals emerging climate change risks
for forests. For. Ecol. Manage. 259, 660–684 (2010).
doi: 10.1016/j.foreco.2009.09.001
206. P. Gonzalez, F. Wang, M. Notaro, D. J. Vimont, J. W. Williams,
Disproportionate magnitude of climate change in United
States national parks. Environ. Res. Lett. 13, 104001 (2018).
doi: 10.1088/1748-9326/aade09
207. O. Hoegh-Guldberg, E. S. Poloczanska, W. Skirving, S. Dove,
Coral reef ecosystems under climate change and ocean
acidification. Front. Mar. Sci. 4, 158 (2017). doi: 10.3389/
fmars.2017.00158
208. H. Tian et al., The terrestrial biosphere as a net source of
greenhouse gases to the atmosphere. Nature 531, 225–228
(2016). doi: 10.1038/nature16946; pmid: 26961656
209. S. C. Doney, V. J. Fabry, R. A. Feely, J. A. Kleypas,
Ocean acidification: The other CO2 problem. Annu. Rev.
Mar. Sci. 1, 169–192 (2009). doi: 10.1146/annurev.
marine.010908.163834; pmid: 21141034
210. A. L. Strong, K. J. Kroeker, L. T. Teneva, L. A. Mease,
R. P. Kelly, Ocean acidification 2.0: Managing our changing
coastal ocean chemistry. Bioscience 64, 581–592 (2014).
doi: 10.1093/biosci/biu072
211. L. Bopp et al., Multiple stressors of ocean ecosystems in
the 21st century: Projections with CMIP5 models.
Biogeosciences 10, 6225–6245 (2013). doi: 10.5194/
bg-10-6225-2013
212. C. Hauri et al., Ocean acidification in the California current
system. Oceanography 22, 60–71 (2009). doi: 10.5670/
oceanog.2009.97

11 of 12

Downloaded from http://science.sciencemag.org/ on May 5, 2019

150. J. D. Boon, M. Mitchell, Nonlinear change in sea level
observed at North American tide stations. J. Coast. Res. 31,
1295–1305 (2015). doi: 10.2112/JCOASTRES-D-15-00041.1
151. T. Ezer, L. P. Atkinson, Accelerated flooding along the US
East Coast: On the impact of sea‐level rise, tides, storms, the
Gulf Stream, and the North Atlantic oscillations. Earths Futur.
2, 362–382 (2014). doi: 10.1002/2014EF000252
152. W. V. Sweet, J. Park, From the extreme to the mean: Acceleration
and tipping points of coastal inundation from sea level rise.
Earths Futur. 2, 579–600 (2014). doi: 10.1002/2014EF000272
153. E. E. Lentz et al., Evaluation of dynamic coastal response to
sea-level rise modifies inundation likelihood. Nat. Clim.
Change 6, 696–700 (2016). doi: 10.1038/nclimate2957
154. A. D. Ashton, J. Lorenzo-Trueba, in Barrier Dynamics and
Response to Changing Climate, L. J. Moore, A. B. Murray, Eds.
(Springer International Publishing, Cham, 2018), pp. 277-304.
155. R. E. Kopp, R. L. Shwom, G. Wagner, J. Yuan, Tipping
elements and climate–economic shocks: Pathways toward
integrated assessment. Earths Futur. 4, 346–372 (2016).
doi: 10.1002/2016EF000362
156. W. V. Sweet, G. P. Dusek, J. Obeysekera, J. J. Marra, Patterns
and Projections of High Tide Flooding along the US Coastline
Using a Common Impact Threshold (U.S. Department of
Commerce, National Oceanic and Atmospheric Administration,
National Ocean Service, Center for Operational Oceanographic
Products and Services, 2018), p. 56.
157. M. E. Hauer, J. M. Evans, D. R. Mishra, Millions projected to be
at risk from sea-level rise in the continental United States.
Nat. Clim. Change 6, 691–695 (2016). doi: 10.1038/
nclimate2961
158. K. Thorne et al., U.S. Pacific coastal wetland resilience and
vulnerability to sea-level rise. Sci. Adv. 4, o3270 (2018).
doi: 10.1126/sciadv.aao3270; pmid: 29507876
159. J. M. Keenan, T. Hill, A. Gumber, Climate gentrification:
From theory to empiricism in Miami-Dade County, Florida.
Environ. Res. Lett. 13, 054001 (2018). doi: 10.1088/
1748-9326/aabb32
160. K. F. Nordstrom, N. L. Jackson, Constraints on restoring
landforms and habitats on storm-damaged shorefront lots in
New Jersey, USA. Ocean Coast. Manage. 155, 15–23 (2018).
doi: 10.1016/j.ocecoaman.2018.01.025
161. S. Hallegatte, C. Green, R. J. Nicholls, J. Corfee-Morlot,
Future flood losses in major coastal cities. Nat. Clim. Change
3, 802–806 (2013). doi: 10.1038/nclimate1979
162. P. Chhetri, J. Corcoran, V. Gekara, C. Maddox, D. McEvoy,
Seaport resilience to climate change: Mapping vulnerability to
sea-level rise. J. Spat. Sci. 60, 65–78 (2015). doi: 10.1080/
14498596.2014.943311
163. T. Wilbanks, D. Bilello, D. Schmalzer, M. Scott, “Climate
change and energy supply and use: Technical report to
the U.S. Department of Energy in support of the national
climate assessment” (Oak Ridge National Laboratory, U.S.
Department of Energy, Office of Science, 2012).
164. J. Dell et al., in Climate Change Impacts in the United States:
The Third National Climate Assessment, J. Melillo,
T. T. C. Richmond, G. W. Yohe, Eds. (U.S. Global Change
Research Program, 2014), pp. 113–129.
165. J. Macknick, S. Sattler, K. Averyt, S. Clemmer, J. Rogers,
The water implications of generating electricity: Water use
across the United States based on different electricity
pathways through 2050. Environ. Res. Lett. 7, 045803
(2012). doi: 10.1088/1748-9326/7/4/045803
166. O.-D. Cardona et al., in Managing the Risks of Extreme Events
and Disasters to Advance Climate Change Adaptation:
Determinants of Risk: Exposure and Vulnerability. A Special
Report of Working Groups I and II of the Intergovernmental
Panel on Climate Change, C. B. Field et al., Eds. (Cambridge
Univ. Press, 2012), pp. 65–108.
167. M. Auffhammer, P. Baylis, C. H. Hausman, Climate change is
projected to have severe impacts on the frequency and
intensity of peak electricity demand across the United States.
Proc. Natl. Acad. Sci. U.S.A. 114, 1886–1891 (2017).
doi: 10.1073/pnas.1613193114; pmid: 28167756
168. T. Wilbanks et al., “Climate change and infrastructure, urban
systems, and vulnerabilities: Technical report to the U.S.
Department of Energy in support of the national climate
assessment” (Oak Ridge National Laboratory. U.S.
Department of Energy, Office of Science, 2012).
169. J. M. Melillo, T. T. C. Richmond, G. W. Yohe, Eds., Climate Change
Impacts in the United States: The Third National Climate
Assessment (U.S. Global Change Research Program, 2014), p. 17.
170. T. M. B. Bennett et al., in Climate Change Impacts in the
United States: The Third National Climate Assessment,

R ES E A RC H | R E V IE W

Duffy et al., Science 363, eaat5982 (2019)

237.

238.

239.

240.

241.

242.

243.

244.

245.
246.

247.

248.

249.

250.

251.

252.

253.

254.
255.

256.
257.

258.

259.
260.

8 February 2019

8746–8751 (2017). doi: 10.1073/pnas.1701354114;
pmid: 28760983
M. Burke, S. M. Hsiang, E. Miguel, Climate and conflict.
Annu. Rev. Econ. 7, 577–617 (2015). doi: 10.1146/
annurev-economics-080614-115430
S. Hsiang et al., Estimating economic damage from climate
change in the United States. Science 356, 1362–1369 (2017).
doi: 10.1126/science.aal4369; pmid: 28663496
M. B. Burke, E. Miguel, S. Satyanath, J. A. Dykema,
D. B. Lobell, Climate robustly linked to African civil war.
Proc. Natl. Acad. Sci. U.S.A. 107, E185, author reply
E186–E187 (2010). doi: 10.1073/pnas.1014879107;
pmid: 21118990
A. T. Bohlken, E. J. Sergenti, Economic growth and ethnic
violence: An empirical investigation of Hindu-Muslim riots in
India. J. Peace Res. 47, 589–600 (2010). doi: 10.1177/
0022343310373032
P. J. Burke, A. Leigh, Do output contractions trigger
democratic change? Am. Econ. J. Macroecon. 2, 124–157
(2010). doi: 10.1257/mac.2.4.124
N. Obradovich, Climate change may speed democratic
turnover. Clim. Change 140, 135–147 (2017). doi: 10.1007/
s10584-016-1833-8
M. Dell, B. F. Jones, B. A. Olken, Temperature shocks and
economic growth: Evidence from the last half century. Am.
Econ. J. Macroecon. 4, 66–95 (2012). doi: 10.1257/
mac.4.3.66
P. J. Burke, Economic growth and political survival. B. E. J.
Macroecon. 12, 10.1515/1935-1690.2398 (2012). doi: 10.1515/
1935-1690.2398
N. K. Kim, Revisiting economic shocks and coups. J. Conflict
Resolut. 60, 3–31 (2016). doi: 10.1177/0022002713520531
R. Hornbeck, The enduring impact of the American Dust
Bowl: Short-and long-run adjustments to environmental
catastrophe. Am. Econ. Rev. 102, 1477–1507 (2012).
doi: 10.1257/aer.102.4.1477
S. Feng, M. Oppenheimer, Applying statistical models to the
climate-migration relationship. Proc. Natl. Acad. Sci. U.S.A.
109, E2915 (2012). doi: 10.1073/pnas.1212226109;
pmid: 22908301
S. Feng, A. B. Krueger, M. Oppenheimer, Linkages among
climate change, crop yields and Mexico-US cross-border
migration. Proc. Natl. Acad. Sci. U.S.A. 107, 14257–14262
(2010). doi: 10.1073/pnas.1002632107; pmid: 20660749
P. Bohra-Mishra, M. Oppenheimer, S. M. Hsiang, Nonlinear
permanent migration response to climatic variations but
minimal response to disasters. Proc. Natl. Acad. Sci. U.S.A.
111, 9780–9785 (2014). doi: 10.1073/pnas.1317166111;
pmid: 24958887
J. V. Henderson, A. Storeygard, U. Deichmann, Has climate
change driven urbanization in Africa? J. Dev. Econ. 124,
60–82 (2017). doi: 10.1016/j.jdeveco.2016.09.001;
pmid: 28458445
F. D. Hidalgo, S. Naidu, S. Nichter, N. Richardson, Economic
determinants of land invasions. Rev. Econ. Stat. 92, 505–523
(2010). doi: 10.1162/REST_a_00007
A. Missirian, W. Schlenker, Asylum applications respond to
temperature fluctuations. Science 358, 1610–1614 (2017).
doi: 10.1126/science.aao0432; pmid: 29269476
Center for Climate and Security, “Climate and security
resources: U.S. government, defense” (Council on Strategic
Risks, 2018); https://climateandsecurity.org/resources/
u-s-government/defense/.
CNA Military Advisory Board, “National security and the
threat of climate change” (CNA, 2007).
D. Coates, “Worldwide threat assessment of the U.S.
intelligence community” (National Intelligence Council,
2018).
Congress of the United States, H.R.2810. National Defense
Authorization Act (2018).
F. Femia, C. Werrell, “Chronology of U.S. military leadership
on climate change and security: 2017–2018” (Center for
Climate and Security, 2018).
Center for Climate and Security, “Chairman of the Joint
Chiefs: Climate change a source of conflict around the world,”
6 November 2018; https://climateandsecurity.org.
Union of Concerned Scientists, “The U.S. military on the front
lines of rising seas” (Union of Concerned Scientists, 2016).
U.S. Department of Defense, “Climate-related risk to DoD
infrastructure initial vulnerability assessment survey (SLVAS)
report” (Office of the Under Secretary of Defense for
Acquisition, Technology, and Logistics, U.S. Department of
Defense, 2018).

261. Army Environmental Policy Institute, “Sustain the mission
project: Casualty factors for fuel and water resupply
convoys” (Final Tech. Rep., Army Environmental Policy
Institute, 2009); http://www.aepi.army.mil/docs/whatsnew/
SMP_Casualty_Cost_Factors_Final1-09.pdf.
262. P. Stewart, “‘America’s got to up its game in the Arctic’:
Mattis,” Reuters, 25 June 2018; https://www.reuters.com/
article/us-usa-military-arctic/americas-got-to-up-its-gamein-the-arctic-mattis-idU.S.KBN1JL2W4.
263. Strategic Studies Institute Army War College, “Russia in the
Arctic” (Strategic Studies Institute Army War College, 2011).
264. U.S. Department of Defense, “Quadrennial defense review report,
February 2010” (U.S. Department of Defense, 2010).
265. CNA Military Advisory Board, “National security and the
accelerating risks of climate change” (CNA, 2014).
266. U.S. Department of Defense, “Quadrennial defense review
2014” (U.S. Department of Defense, 2014).
267. U.S. Department of Defense, “Department of Defense
strategic sustainability performance plan FY2015”
(U.S. Department of Defense, 2015).
268. M. Burke et al., Opportunities for advances in climate change
economics. Science 352, 292–293 (2016). doi: 10.1126/
science.aad9634; pmid: 27081055
269. A. Isen, M. Rossin-Slater, R. Walker, Relationship between
season of birth, temperature exposure, and later life
wellbeing. Proc. Natl. Acad. Sci. U.S.A. 114, 13447–13452
(2017). doi: 10.1073/pnas.1702436114; pmid: 29203654
270. T. Deryugina, The fiscal cost of hurricanes: Disaster aid
versus social insurance. Am. Econ. J. Econ. Policy 9, 168–198
(2017). doi: 10.1257/pol.20140296
271. K. Karbownik, A. Wray, Long-run consequences of exposure
to natural disasters. J. Labor Econ., in press.
272. T. Houser, S. Hsiang, R. Kopp, K. Larsen, Economic Risks of
Climate Change: An American Prospectus (Columbia Univ.
Press, 2015).
273. M. Burke, S. M. Hsiang, E. Miguel, Global non-linear effect of
temperature on economic production. Nature 527, 235–239
(2015). doi: 10.1038/nature15725; pmid: 26503051
274. M. Burke, W. M. Davis, N. S. Diffenbaugh, Large potential
reduction in economic damages under UN mitigation targets.
Nature 557, 549–553 (2018). doi: 10.1038/
s41586-018-0071-9; pmid: 29795251
275. S. M. Hsiang, A. S. Jina, “The causal effect of environmental
catastrophe on long-run economic growth: Evidence from 6,700
cyclones” (National Bureau of Economic Research, 2014).
276. T. Deryugina, S. Hsiang, “The marginal product of climate”
(National Bureau of Economic Research, 2017).
277. W. Schlenker, M. J. Roberts, Nonlinear temperature effects
indicate severe damages to U.S. crop yields under climate
change. Proc. Natl. Acad. Sci. U.S.A. 106, 15594–15598
(2009). doi: 10.1073/pnas.0906865106; pmid: 19717432
278. J. Graff Zivin, M. Neidell, Temperature and the allocation of
time: Implications for climate change. J. Labor Econ. 32, 1–26
(2014). doi: 10.1086/671766
279. O. Deschênes, M. Greenstone, Climate change, mortality, and
adaptation: Evidence from annual fluctuations in weather in
the US. Am. Econ. J. Appl. Econ. 3, 152–185 (2011).
doi: 10.1257/app.3.4.152
280. R. E. Kopp et al., Probabilistic 21st and 22nd century sea‐
level projections at a global network of tide‐gauge sites.
Earths Futur. 2, 383–406 (2014). doi: 10.1002/
2014EF000239
281. K. A. Emanuel, Downscaling CMIP5 climate models shows
increased tropical cyclone activity over the 21st century.
Proc. Natl. Acad. Sci. U.S.A. 110, 12219–12224 (2013).
doi: 10.1073/pnas.1301293110; pmid: 23836646
282. N. S. Diffenbaugh, F. Giorgi, Climate change hotspots in the
CMIP5 global climate model ensemble. Clim. Change 114,
813–822 (2012). doi: 10.1007/s10584-012-0570-x;
pmid: 24014154
AC KNOWLED GE MEN TS

Funding: N.S.D. was supported by Stanford University. S.C.D. was
supported by the University of Virginia Environmental Resilience
Institute. S.M. was supported by the NSF through grants NSF1417700 and NSF-1312402. Competing interests: L.J.M. received
consulting fees from the EPA for contributions to the Integrated
Science Assessment (ISA) on PM matter and for review of the
ozone ISA. S.T. serves on the boards of directors of the
ClimateWorks Foundation and the Energy Foundation. Data and
materials availability: All data are available in the main text.
10.1126/science.aat5982

12 of 12

Downloaded from http://science.sciencemag.org/ on May 5, 2019

213. J. T. Mathis, J. N. Cross, W. Evans, S. C. Doney, Ocean
acidification in the surface waters of the Pacific-Arctic
boundary regions. Oceanography 28, 122–135 (2015).
doi: 10.5670/oceanog.2015.36
214. D. L. Breitburg et al., And on top of all that… Coping with
ocean acidification in the midst of many stressors.
Oceanography 28, 48–61 (2015). doi: 10.5670/
oceanog.2015.31
215. D. Breitburg et al., Declining oxygen in the global ocean and
coastal waters. Science 359, eaam7240 (2018). doi: 10.1126/
science.aam7240; pmid: 29301986
216. B. D. Eyre et al., Coral reefs will transition to net dissolving
before end of century. Science 359, 908–911 (2018).
doi: 10.1126/science.aao1118; pmid: 29472482
217. T. P. Hughes et al., Spatial and temporal patterns of mass
bleaching of corals in the Anthropocene. Science 359,
80–83 (2018). doi: 10.1126/science.aan8048;
pmid: 29302011
218. K. J. Kroeker et al., Impacts of ocean acidification on marine
organisms: Quantifying sensitivities and interaction with
warming. Glob. Change Biol. 19, 1884–1896 (2013).
doi: 10.1111/gcb.12179; pmid: 23505245
219. N. Bednaršek et al., Limacina helicina shell dissolution as an
indicator of declining habitat suitability owing to ocean
acidification in the California Current Ecosystem. Proc. R.
Soc. London Ser. B 281, 20140123 (2014). doi: 10.1098/
rspb.2014.0123; pmid: 24789895
220. D. K. Gledhill et al., Ocean and coastal acidification off New
England and Nova Scotia. Oceanography 28, 182–197 (2015).
doi: 10.5670/oceanog.2015.41
221. J. A. Hare et al., A vulnerability assessment of fish and
invertebrates to climate change on the northeast U.S.
continental shelf. PLOS ONE 11, e0146756 (2016).
doi: 10.1371/journal.pone.0146756; pmid: 26839967
222. A. Barton et al., Impacts of coastal acidification on the Pacific
Northwest shellfish industry and adaptation strategies
implemented in response. Oceanography 28, 146–159 (2015).
doi: 10.5670/oceanog.2015.38
223. J. A. Ekstrom et al., Vulnerability and adaptation of US
shellfisheries to ocean acidification. Nat. Clim. Change 5,
207–214 (2015). doi: 10.1038/nclimate2508
224. C. Cattano, J. Claudet, P. Domenici, M. Milazzo,
Living in a high CO2 world: A global meta‐analysis shows
multiple trait‐mediated fish responses to ocean
acidification. Ecol. Monogr. 88, 320–335 (2018).
doi: 10.1002/ecm.1297
225. T. A. Carleton, S. M. Hsiang, Social and economic impacts of
climate. Science 353, aad9837 (2016). doi: 10.1126/science.
aad9837; pmid: 27609899
226. T. Carleton, S. Hsiang, M. Burke, Conflict in a changing
climate. Eur. Phys. J. Spec. Top. 225, 489–511 (2016).
doi: 10.1140/epjst/e2015-50100-5
227. J. O’Loughlin et al., Climate variability and conflict risk in East
Africa, 1990–2009. Proc. Natl. Acad. Sci. U.S.A. 109,
18344–18349 (2012). doi: 10.1073/pnas.1205130109;
pmid: 23090992
228. S. M. Hsiang, K. C. Meng, M. A. Cane, Civil conflicts are
associated with the global climate. Nature 476, 438–441
(2011). doi: 10.1038/nature10311; pmid: 21866157
229. E. McGuirk, M. Burke, “The economic origins of conflict in
Africa” (National Bureau of Economic Research, 2017).
230. D. Card, G. B. Dahl, Family violence and football: The effect of
unexpected emotional cues on violent behavior. Q. J. Econ.
126, 103–143 (2011). doi: 10.1093/qje/qjr001;
pmid: 21853617
231. B. Jacob, L. Lefgren, E. Moretti, The dynamics of criminal
behavior evidence from weather shocks. J. Hum. Resour. 42,
489–527 (2007). doi: 10.3368/jhr.XLII.3.489
232. M. Ranson, Crime, weather, and climate change. J. Environ.
Econ. Manage. 67, 274–302 (2014). doi: 10.1016/
j.jeem.2013.11.008
233. P. Baylis, “Temperature and temperament: Evidence from a
billion tweets” (Energy Institute at HAAS working paper, 2015).
234. D. T. Kenrick, S. W. MacFarlane, Ambient temperature and
horn honking: A field study of the heat/aggression
relationship. Environ. Behav. 18, 179–191 (1986). doi: 10.1177/
0013916586182002
235. R. P. Larrick, T. A. Timmerman, A. M. Carton, J. Abrevaya,
Temper, temperature, and temptation: Heat-related
retaliation in baseball. Psychol. Sci. 22, 423–428 (2011).
doi: 10.1177/0956797611399292; pmid: 21350182
236. T. A. Carleton, Crop-damaging temperatures increase
suicide rates in India. Proc. Natl. Acad. Sci. U.S.A. 114,

Strengthened scientific support for the Endangerment Finding for atmospheric greenhouse
gases
Philip B. Duffy, Christopher B. Field, Noah S. Diffenbaugh, Scott C. Doney, Zoe Dutton, Sherri Goodman, Lisa Heinzerling,
Solomon Hsiang, David B. Lobell, Loretta J. Mickley, Samuel Myers, Susan M. Natali, Camille Parmesan, Susan Tierney and
A. Park Williams

Science 363 (6427), eaat5982.
DOI: 10.1126/science.aat5982originally published online December 13, 2018

ARTICLE TOOLS

http://science.sciencemag.org/content/363/6427/eaat5982

RELATED
CONTENT

http://science.sciencemag.org/content/sci/363/6427/578.full
file:/content

REFERENCES

This article cites 227 articles, 56 of which you can access for free
http://science.sciencemag.org/content/363/6427/eaat5982#BIBL

PERMISSIONS

http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service
Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

Downloaded from http://science.sciencemag.org/ on May 5, 2019

The case for endangerment
In 2009, the U.S. Environmental Protection Agency (EPA) established the so-called ''Endangerment Finding.'' This
defined a suite of six long-lived greenhouse gases as ''air pollution.'' Such air pollution was anticipated to represent a
danger to the health and welfare of current and future generations. Thus, the EPA has the authority to regulate these
gases under the rules of the U.S. Clean Air Act. Duffy et al. provide a comprehensive review of the scientific evidence
gathered in the years since then. These findings further support and strengthen the basis of the Endangerment Finding.
Thus, a compelling case has been made even more compelling with an enormous body of additional data.
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