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BACKGROUND: The United Nations Frame-
work Convention onClimate Change (UNFCCC)
was established in 1992 to pursue the “stabi-
lization of greenhouse gas concentrations at a
level that would prevent dangerous anthro-
pogenic interferences with the climate system.”
Since 1992, five major climate change assess-
ment cycles have been completed by the UN
Intergovernmental Panel on Climate Change
(IPCC). These reports identified rapidly grow-
ing climate-related impacts and risks, including
more intense storms, collapsing ecosystems, and
record heatwaves, among many others. Once
thought to be tolerable, increases in globalmean
surface temperature (GMST) of 2.0°C or higher
than the pre-industrial period look increasingly
unmanageable and hence dangerous to natural
and human systems.
The Paris Climate Agreement is the most re-

cent attempt to establish international coop-
eration over climate change. This agreement,
ratified or acceded to by 185 countries, was de-
signed to bring nations together voluntarily to

takeambitiousactiononmitigatingclimatechange,
while also developing adaptation options and
strategies as well as guaranteeing the means
of implementation (e.g., climate finance). The
Agreement is aimed at “holding the increase
in the global average temperature towell below
2.0°C above pre-industrial levels and pursu-
ing efforts to limit the temperature increase to
1.5°C above pre-industrial levels, recognizing
that this would significantly reduce the risks
and impacts of climate change.”Manyunanswered
questions regarding a 1.5°C target surround
the feasibility, costs, and inherent risks to nat-
ural and human systems. Consequently, coun-
tries invited the IPCC to prepare a Special Report
on “the impacts of global warming of 1.5°C above
pre-industrial levels and related global green-
house gas emission pathways, in the context
of strengthening the global response to the
threat of climate change, sustainable devel-
opment, and efforts to eradicate poverty.” The
Special Report was completed and approved by
the 48th Session of the IPCC in October 2018.

ADVANCES: Multiple lines of evidence indi-
cate that the next 0.5°C above today (which
will take GMST from 1.0°C to 1.5°C above the
pre-industrial period) will involve greater risks
per unit temperature than those seen in the
last 0.5°C increase. This principle of “accelerat-
ing risk” is also likely to drive proportionally
and possibly exponentially higher risk levels
in the transition from 1.5°C to 2.0°C above the
pre-industrial period. We argue that this is a

consequence of impacts
accelerating as a func-
tion of distance from the
optimal temperature for
an organism or an eco-
systemprocess. Coral reefs,
for example, often appear 

healthy right up until the onset of mass coral 
bleaching and mortality, which can then de-
stroy a reef within a few months. This also 
explains the observation of “tipping points” 
where the condition of a group of organisms 
or an ecosystem can appear “healthy” right 
up to the point of collapse, suggesting caution 
in extrapolating from measures of ecosystem 
condition to predict the future. Information 
of this nature needs to be combined with an 
appreciation of organisms’ distance from their 
optimal temperature.
Finally, we explore elements of the costs 

and benefits associated with acting in 
response to climate change, and come to the 
preliminary conclusion that restraining 
average global temperature to 1.5°C above the 
pre-industrial period would be much less 
costly than the damage due to inaction on 
global climate change.

OUTLOOK: As an IPCC expert group, we were 
asked to assess the impact of recent climate 
change (1.0°C, 2017) and the likely impact over 
the next 0.5° to 1.0°C of additional global warm-
ing. At the beginning of this exercise, many of us 
were concerned that the task would be hindered 
by a lack of expert literature available for 1.5°C 
and 2.0°C warmer worlds. Although this was 
the case at the time of the Paris Agreement, it 
has not been our experience 4 years later. With 
an accelerating amount of peer-reviewed sci-
entific literature since the IPCC Special Report 
Global Warming of 1.5°C, it is very clear that there is 
an even more compelling case for deepening 
commitment and actions for stabilizing GMST
at 1.5°C above the pre-industrial period.▪
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Climate change and nonlinear responses. (A) Reef-building corals can bleach, losing
(B) dinoflagellate symbionts (~10 mm across) and dying, thus exhibiting (C) a nonlinear
response to impacts/risks from climate change. H (high) and VH (very high) are the confidence
for transition from one impact/risk level to another: white, no climate change–related impacts;
yellow, some detectable climate change impacts/risks; red, severe and widespread impacts/
risks; purple, very high impacts/risks with significant irreversibility or persistence.
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global climate change at 1.5°C
O. Hoegh-Guldberg1,2*, D. Jacob3, M. Taylor4, T. Guillén Bolaños3, M. Bindi5,
S. Brown6,7, I. A. Camilloni8, A. Diedhiou9, R. Djalante10,11, K. Ebi12, F. Engelbrecht13,
J. Guiot14, Y. Hijioka15, S. Mehrotra16, C. W. Hope17, A. J. Payne18, H.-O. Pörtner19,
S. I. Seneviratne20, A. Thomas21,22, R. Warren23, G. Zhou24

Increased concentrations of atmospheric greenhouse gases have led to a global mean
surface temperature 1.0°C higher than during the pre-industrial period. We expand on the
recent IPCC Special Report on global warming of 1.5°C and review the additional risks
associated with higher levels of warming, each having major implications for multiple
geographies, climates, and ecosystems. Limiting warming to 1.5°C rather than 2.0°C would
be required to maintain substantial proportions of ecosystems and would have clear benefits
for human health and economies. These conclusions are relevant for people everywhere,
particularly in low- and middle-income countries, where the escalation of climate-related
risks may prevent the achievement of the United Nations Sustainable Development Goals.

C
limate change is one of the greatest chal-
lenges for humanity. Global mean surface
temperature (GMST) is increasing at the
rate of 0.2° ± 0.1°C per decade, reaching
1.0°C above the pre-industrial period (ref-

erence period 1850–1900) in 2017 (1). GMST is
projected to reach 1.5°C above the pre-industrial
period between 2030 and 2052, depending on
the model and assumptions regarding projected
changes to atmospheric greenhouse gas (GHG)
levels and climate sensitivity (1). At the same
time, growing awareness of impacts beyond 1.5°C
has focused international attention on the fea-
sibility and implications of stabilizing temper-
atures at this level (2).
In broad terms, limiting warming to 1.5°C will

require an annual investment in the energy sector
between 2016 and 2050 of $1.46 to $3.51 trillion
(US$2010) in energy supply and$640 to$910billion
in energy demand measures in order to reach net
zero GHG emissions by 2050 [(3), p. 154]. On the
otherhand, the mean net present value (in 2008)
of the damages that would be avoided by 2200 by
making these investments is estimated as total-
ing $496 trillion (US$2010) (3–5). This, together
with other damages that are difficult to quantify
(e.g., disruption and migration of human com-

munities; reductions in ecosystem services as-
sociated with biodiversity loss), suggests that the
potential economic benefits arising from limiting
warming to 1.5°C may be at least four or five
times the size of the investments needed in the
energy system until 2050 (see supplementary
materials) (3).
Here, we explore the near-term, mostly un-

monetized impacts projected for 1.5°C of global
warming, along with the associated risks and
adaptation options for natural and human (man-
aged) systems. To better understand the impli-
cations of reaching 1.5°C, we compare it to recent
conditions (i.e., 1.0°C warming above the pre-
industrial period; Fig. 1) and to the conditions
that are projected to emerge aswe approach 2.0°C
of warming. This comparison helps to clarify
the benefits (or lack of benefits) of stabilizing
GMST at 1.5°C as compared to 2.0°C or higher,
as well as providing a framework for societal
responses and consequences.

Crossing the 1.0°C threshold has already
had severe impacts on natural and
human systems

The incidence of extremes has increased sharply
as GMST has warmed from 0.5°C to 1.0°C (~1980

to 2018) relative to the pre-industrial period,
with the intensity and/or frequency of extremes
projected to change further with another 0.5°C
of warming (5). As GMST has increased, for ex-
ample, the average temperature of cold days and
nights (i.e., the coldest 10%) has also increased
overall, as has the average temperature of warm
days and nights (i.e., the warmest 10%) globally
(5). These changes have also been accompanied
by increases in the frequency and/or duration
of heatwaves for large parts of Europe, North
America, and Australia. Increases in GMST have
been accompanied by increases in the frequency,
intensity, and/or amount of heavy precipitation
in more regions than those with decreases, es-
pecially in Northern Hemisphere mid-latitude
and high-latitude areas (5, 6). There is also evi-
dence of increasing rainfall associated with re-
cent tropical cyclones (6, 7) and increasingly heavy
precipitation during storms in the Central Sahel
(8, 9). The total annual number of tropical cy-
clones has decreased, while the number of very
intense cyclones has increased, for many areas
(5). There is less confidence regarding trends in
the length of drought, although a significant in-
creasing trend has been detected in the Mediter-
ranean region (particularly southern Europe,
North Africa, and the Near East) (10–12).
As on land, coastal and marine habitats have

also experienced an increased frequency, inten-
sity, and duration of underwater heatwaves, with
a factor of 3 increase in the number of marine
heatwave days globally since 1980 (13). The dif-
ferential heating of thewater columnhas also led
to increased thermal stratification in some coast-
al and oceanic regions, which decreases ocean-
atmosphere gas exchange as well as the turnover
of nutrients between the photic and nonphotic
layers of the ocean. The annual mean Arctic sea
ice extent decreased by 3.5 to 4.1% per annum
from 1979 to 2012 (6). The melting of land-based
ice includes potentially unstable regions such as
theWestern Antarctic Ice Sheet (WAIS; Fig. 1B),
which contributed 6.9 ± 0.6 mm to global mean
sea level (GMSL) from 1979 to 2017. Together
with glacial meltwater, thermal expansion of
the ocean has accelerated the rate of GMSL
increase by up to 0.013 (range, 0.007 to 0.019)
mm year–2 since the early 20th century (14).
Changes in ocean temperature have also de-
creased the oxygen concentration of the bulk
ocean, interacting with coastal pollution to in-
crease the number and extent of low-oxygen
dead zones in many deep-water coastal habitats
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(15). In addition to increasing GMST, anthropo-
genic CO2 also enters the ocean, causing a re-
duction in pH (ocean acidification), which in turn
has a negative impact on processes such as early
development, calcification, photosynthesis, respi-
ration, sensory systems, and gas exchange in or-
ganisms as different as algae and fish (5).
Changing weather patterns (e.g., temperature,

rainfall, dryness, storms) have increased negative
impacts on natural and managed systems (Fig. 1,
A to D). Changes to coral reefs (5), forests (e.g.,
changing drought/fire regimes) (16, 17), and low-
lying islands and coasts (5), as well as impacts on
agriculture production and yield (18, 19), are
threatening resources for dependent human com-
munities. There are also many gradual changes
that have occurred as GMST has increased, and
many of these are no less important than the
more abrupt changes. Land-based biomes (i.e.,
major natural and agricultural ecosystem types)
have also shifted to higher latitudes and eleva-
tion in boreal, temperate, and tropical regions
(5, 15), with similar shifts reported for marine
and freshwater organisms. Marine organisms

and some ecosystems have also shifted their bio-
geographical ranges to higher latitudes at rates
up to 40 km/year. Rates are highest for pelagic
organisms and ecosystems such as plankton, and
are lowest for more sedentary benthic organisms
and ecosystems such as seaweeds and kelp forests
(5, 15). These types of changes (e.g., temperature,
storms, circulation) have also affected the struc-
ture and function of ocean ecosystems with re-
spect to biodiversity, foodwebs, disease incidence,
and invasive species (5).
Other changes to biological systems include

changes to the phenology of marine, freshwater,
and terrestrial organisms (e.g., the timing of
key events such as reproduction and migration)
(5, 15). The phenology of plants and animals in
the Northern Hemisphere, for example, has ad-
vanced by 2.8 ± 0.35 days per decade as a result
of climate change, with similar changes in the
flowering and pollination of plants and crops
and in the egg-laying and migration times of
birds (5, 20). There are indications that climate
change has already contributed to observed de-
clines in insects and arthropods in some regions

(21, 22). Variations in these types of changes
have also been observed in the phenology of
tropical forests, which have been more respon-
sive to changes in moisture stress than to direct
changes in temperature (5). Although the inten-
tion here is not to catalog all of the changes that
are occurring in natural systems, it is important
to acknowledge that deep and fundamental
changes are under way in biological systems
with just 1.0°C of global warming so far (5).
Changes in GMST of 1.0°C have also directly

and indirectly affectedhuman communities,many
of which depend on natural and managed sys-
tems for food, clean water, coastal defense, safe
places to live, and livelihoods, amongmany other
ecosystem goods and services (5). Coral reefs
clearly illustrate the linkage among climate
change, ecosystem services, and human well-
being. At 1.0°C, large-scalemortality events driven
by lengthening marine heatwaves have already
reduced coral populations in many places (5),
with prominent coral reef ecosystems such as
the Great Barrier Reef in Australia losing as
much as 50% of their shallow-water corals in
the past 4 years alone (5, 23, 24). These changes
have potential implications for millions of people
who depend on coral reefs for food, livelihood,
and well-being (5).

Understanding climate change over
the next few decades: Methods
and assumptions

There is a range of strategies for quantifying risks
for natural and human systems at 1.5°C and 2.0°C
above the pre-industrial period. This requires
calculating the future exposure of systems to
changes in climatic hazards. Some methods
rely on the fact that an equivalent amount of
warming (e.g., 0.5°C) occurred in the recent past
(e.g., ~1950 to 2000, or ~1980 to 2018; Fig. 2A)
(3), potentially providing insights into how risks
might change in the near future. In this case, the
associated risks of the next 0.5°C of global warm-
ing (Fig. 2A) are linearly extrapolated from the
impacts associated with the previous 0.5°C in-
crease (~1980 to 2018). Thismethod of projecting
future risk is likely to be conservative, given that
(i) the pace of climate change is increasing (25)
and (ii) the impacts per unit of global mean sur-
face temperature are likely to increase as condi-
tions are pushed increasingly beyond the optimal
conditions for a particular organism, physiolog-
ical process, or system (Fig. 2B) (26). Responses
by natural and human systems are likely to
also differ if temperature pathways involve a
gradual increase to 1.5°C above the pre-industrial
period, as opposed to pathways that first exceed
1.5°C before later declining to 1.5°C, which is re-
ferred to as an “overshoot” (5) (Fig. 2A). High
levels of overshoot involve exceeding 1.5°C by
0.1°C or more (Fig. 2A) (3).
Other approaches for understanding how the

world may change at 1.5°C and 2.0°C of global
warming draw on information from sources such
as laboratory, mesocosm, and field experiments.
These approaches simulate projected conditions
for different levels of warming and, in the case of
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Fig. 1. Impacts are already serious at 1.0°C of global warming. Increases in global mean surface
temperature (GMST) of 1.0°C have already had major impacts on natural and human systems.
(A) Increased temperatures and dryness in the Mediterranean region are driving longer and more
intense fire seasons with serious impacts on people, infrastructure, and natural ecosystems.
Image shows tragic devastation of fire in the Greek village of Mati, 25 July 2018. (B) Evidence of ice
sheet disintegration is increasing [here showing a 30-km fracture across the Pine Island Glacier
which is associated with the Western Antarctic Ice Sheet (WAIS)]. The fracture (see arrow) appeared
in mid-October 2011 and has increased concern that we may be approaching a tipping point with
respect to disintegration of the WAIS. (C) Many low-lying countries such as the Maldives experience
flooding and will be at an increased threat from sea level rise and strengthening storms over time.
(D) Many insects and birds have shifted reproductive events or migration to early times in the
season as conditions have warmed. [Image credits: (A) “Lotus R,” www.flickr.com/photos/
66012345@N00/964251167; (B) NASA/GSFC/METI/ERSDAC/JAROS and U.S./Japan ASTER
Science Team; (C) male, Maldives (O. Hoegh-Guldberg); (D) semipalmated sandpiper (Calidris
pusilla), Creative Commons (CC BY-SA 3.0, GNU Free Documentation License)]
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marine systems, levels of acidification (e.g.,
changes in pH, carbonate, or pollution levels)
(5, 26, 27). These experimental approaches
also provide calibration as well as insight into
future conditions and responses (i.e., 1.5°C versus

2.0°C). Some caution is also required given that
global increases of 1.5°C or 2.0°C may involve
a broad range of regional responses because of
uncertainties in (for example) the likelihood
of overshoot, land-atmosphere interactions,

biophysical effects of land use changes, and in-
terannual climate variability (28). Several lines of
evidence for understanding these complex prob-
lems include the analysis of the frequency and
intensity of extremes as well as projections based
on existing climate simulations and empirical
scaling relationships for 1.5°C and 2.0°C of global
warming (5). Lines of investigation may also
include dedicated experiments (for example)
prescribing sea surface conditions consistent
with these levels of warming, as done in the
HAPPI (Half a Degree Additional Warming,
Prognosis and Projected Impacts) project (5).
Furthermore, fully coupled climate model expe-
riments can be achieved using GHG forcing
consistent with 1.5°C or 2.0°C scenarios (5).
These multiple yet different lines of evidence
underpin the development of qualitatively con-
sistent results regarding how temperature means
and extremes could change at 1.5°C as compared
to 2.0°C of global warming.

Projected changes in climate at 1.5°C
versus 2.0°C of global warming

Understanding the potential advantages of re-
straining global warming to 1.5°C requires an
understanding of the risks associated with the
exposure of natural and human systems to cli-
matic hazards, and how these risks change at
1.5°C relative to 2.0°C (Fig. 3) (29). Increases of
GMST to 1.5°C will further increase the inten-
sity and frequency of hot days and nights, and
will decrease the intensity and frequency of cold
days and nights (Fig. 3, C to E). Warming trends
are projected to be highest over land, in partic-
ular for temperature extremes, with increases of
up to 3.0°C in the mid-latitude warm season and
up to 4.5°C in cold seasons at high latitudes.
These increases are projected to be greater at
2.0°C of global warming, with increases of up
to 4°C in the mid-latitude warm season and up
to 6°C in the high-latitude cold season (e.g., Fig. 3,
A, C, D, and E) (29). Heatwaves on land, which
are already increasing pressure on health and
agricultural systems, are projected to become
more frequent and longer (Fig. 3, C and D).
There is considerable evidence that dryness

(overall availability of water) will increase in
some regions, especially the Mediterranean as
well as southern Africa (5, 30–32). Risks of
drought, dryness, and precipitation deficits are
projected to increase at 1.5°C and even further
at 2.0°C for some regions relative to the pre-
industrial period (Fig. 3, B and F) (5, 33). Recent
studies also suggest similar projections for the
western Sahel and southern Africa, as well as
the Amazon, northeastern Brazil, and central
Europe (5, 34). Projected trends in dryness are
uncertain in several regions, however, and some
regions are projected to become wetter (Fig. 3, B
and F) (5). Reaching GMST of 1.5°C and 2.0°C,
for example, would lead to a successive increase
in the frequency, intensity, and/or amount of
heavy rainfall when averaged over global land
area (Fig. 3, B and F). Global warming of 2.0°C
versus 1.5°C would increase exposure to fluvial
flood risk, particularly at higher latitudes and
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Fig. 2. There is still time to restrain global warming to 1.5°C. (A) Action on climate change can still
result in stable or even decreasing global temperatures, although variability around projections is
substantial. Strategies that include “overshoot” (upper dashed line, illustrative of a very high level of
overshoot) require as yet early stage technologies to ensure that overshoot is kept as short as possible.
Also, the larger the overshoot, the higher the riskof irreversible change in affected systems. (B) Responses
to changing conditions (shown here as a thermal performance curve) are typically tilted to the right with
a steep decline in performance such as growth, toward high temperature extremes. Beyond a thermal
optimum, Topt, performance begins to decline beyond the Pejus temperature, Tp. A critical temperature,
Tc, characterizes a low level of performance and time-limited passive endurance when, as in
ectothermic animals, oxygen supply capacity becomes insufficient to cover oxygen supply, or, as
in corals, a symbiosis between corals and their dinoflagellate symbionts suddenly breaks down (coral
bleaching) and corals go from appearing healthy to experiencing large scale mortality over days-to-
weeks. Accordingly, the high Tc characterizes a temperature of high responsiveness to small increases
in temperature extremes, such as by 0.5°C, especially if some life stages have a narrow thermal range
indicating high vulnerability. [Redrawn from (26) with permission of Journal of Experimental Biology]
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in mountainous regions, as well as in East Asia,
China (35), and eastern North America overall
(5). The prevalence of subsequent intense wet
and dry spells, in which a prolonged drought
is immediately followed by heavy precipitation
at the same location (potentially leading to
flooding) or vice versa, is projected to be greater
at 2.0°C global warming versus 1.5°C (36). These
large changes between coupled wet and dry
conditions represent a major challenge for
adaptation because they will affect water qua-
lity and availability as well as increase the
rate of soil erosion along many coastal areas.
Sea level rise can also amplify problems through
damage to coastal infrastructure and the salin-
ization of water supplies for drinking and agri-
culture (5).
Relatively few studies have directly explored

the effect of 1.5°C versus 2.0°C of global warming
on tropical cyclones (5). These studies consist-
ently reveal a decrease in the global number of
tropical cyclones at 1.5°C versus 1.0°C of global
warming, with further decreases under 2.0°C
versus 1.5°C of global warming. Simultaneously,
very intense cyclones are likely to occur more
frequently at 2.0°C versus 1.5°C of global warm-
ing, with associated increases in heavy rainfall
and damage, further emphasizing the advantages
of not exceeding 1.5°C (5).
Coastal and oceanic regions are also projected

to increase in temperature as GMST increases
to 1.5°C, and further to 2.0°C, above the pre-
industrial period. Absolute rates of warming are
only slightly lower in the ocean than on land,
although the shallower spatial gradient of ocean
temperature will mean that the velocity of cli-
mate change may be higher in many regions of
the ocean (5, 37). Increases in ocean temperature
associated with 1.5°C and 2.0°C of global warm-
ing will increase the frequency and duration of
marine heatwaves, as well as reducing the extent
of ocean mixing due to the greater thermal strat-
ification of the water column (13, 15). Sea ice is
projected to continue to decrease in the Arctic,
although restraining warming to 1.5°C will mean
that an ice-free Arctic summer will only occur
every 100 years, whereas warming to 2.0°C above
the pre-industrial period will mean that an ice-
freeArctic summer is likely to occur every 10 years
by 2100 (5, 38). These and other models indicate
that there will be no long-term consequences for
sea ice coverage in the Arctic (i.e., no hysteresis)
if GMST is stabilized at or below 1.5°C (3).

Impacts on ecosystems at 1.5°C versus
2.0°C of global warming

Multiple lines of evidence (5) indicate that reach-
ing and exceeding 1.5°C will further transform
both natural and human systems, leading to re-
duced ecosystemgoods and services for humanity.
Risks for terrestrial and wetland ecosystems—
such as increasing coastal inundation, fire in-
tensity and frequency, extreme weather events,
and the spread of invasive species and diseases—
are lower at 1.5°C as compared to 2.0°C of global
warming (5). In this regard, the global terrestrial
land area that is predicted to be affected by

Hoegh-Guldberg et al., Science 365, eaaw6974 (2019) 20 September 2019 4 of 11

Fig. 3. Changes vary geographically at GMSTof 1.5°C and 2°C. (A to F) Projected changes are
shown in mean temperature (A), mean precipitation (B), number of hot days (NHD; 10% warmest
days) (C), temperature of hottest day (TXx) (D), temperature of coldest night (TNn) (E), and change
in extreme precipitation (Rx5day) (F). Conditions are projected for 1.5°C (left-hand column) and
2.0°C (middle-hand column) of global warming compared to the pre-industrial period (1861–1880),
with the difference between 1.5°C and 2.0°C of global warming being shown in the third column.
Cross-hatching highlights areas where at least two-thirds of the models agree on the sign of change
as a measure of robustness (18 or more out of 26). Values were assessed from the transient
response over a 10-year period at a given warming level, based on Representative Concentration
Pathway (RCP) 8.5 Coupled Model Intercomparison Project Phase 5 (CMIP5) model simulations
(3, 5), adapted from (29, 73) [see supplementary material 3.SM.2 in (5)]. Figure is a composite
of figure 3.3 [here, (A) and (B)], figure 3.7 [here, (C)], and figure 3.4 [here, (D) to (F)] in (5). [Use of
figures with permission of the IPCC]
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ecosystem transformations at 2.0°C (13%, inter-
quartile range 8 to 20%) is approximately halved
at 1.5°C to around 6.5% (the area affected at 1.0°C
warming is 4%, interquartile range 2 to 7%).
Risks for natural and managed ecosystems
are higher on drylands as compared to humid
lands (5). The numbers of species that are
projected to lose at least half of their climati-
cally determined geographic range at 2.0°C of
global warming (18% of insects, 16% of plants,
8% of vertebrates) would be substantially re-
duced at global warming of 1.5°C (i.e., to 6% of
insects, 8%of plants, and 4%of vertebrates) (5). In
this regard, species loss and associated risks of
extinction are much lower at 1.5°C than at 2°C.
Tundra and boreal forests at high latitudes are
particularly at risk, with woody shrubs having
already encroached on tundra, which will increase
with further warming (5). Constraining global
warming to 1.5°C would reduce risks associated
with the thawing of an estimated 1.5 to 2.5million
km2 of permafrost (over centuries) compared to
the extent of thawing expected at 2.0°C (5).
Ecosystems in the ocean are also experiencing

large-scale changes, with critical thresholds proj-
ected to be increasingly exceeded at 1.5°C and
higher global warming. Increasing water tem-
peratures are driving the relocation of many
species (e.g., fish, plankton); sedentary orga-
nisms, such as kelp and corals, are relatively less
able to move. In these cases, there are multiple
lines of evidence indicating that 70 to 90% of
warm-water tropical corals present today are at
risk of being eliminated even if warming is
restrained to 1.5°C. Exceeding 2.0°C of global
warming will drive the loss of 99% of reef-
building corals (5). These nonlinear changes in
survivorship are a consequence of the increasing
impact of changes as they move away from opti-
mal conditions (Fig. 2B) (26). Impacts on oceanic
ecosystems are expected to increase at global
warming of 1.5°C relative to today, with losses
being far greater at 2.0°C of global warming.
Large compound or secondary risks exist with
respect to declining ocean productivity, loss
of coastal protection, damage to ecosystems,
shifts of species to higher latitudes, and the loss
of fisheries productivity (particularly at low lati-
tudes) (15). There is substantial evidence that
these coastal risks will increasingly threaten the
lives and livelihoods ofmillions of people through-
out the world (5).

Increasing risks for human (managed)
systems at 1.5°C and 2.0°C of
global warming

Many risks for society will increase as environ-
mental conditions change. Water, for exam-
ple, is central to the success or failure of human
communities. The projected frequency and scale
of floods and droughts in some regions will be
smaller under 1.5°C global warming as opposed
to 2°C, with risks to water scarcity being greater
at 2.0°C than at 1.5°C of global warming for many
regions (5). Salinization of freshwater resources
on small islands and along low-lying coastlines is
a major risk that will become successively more

important as sea levels rise, particularly as they
will continue to increase even if temperatures
stabilize (5). Depending on future socioeconomic
conditions, limiting warming to 1.5°C is projected
to reduce the proportion of theworld’s population
exposed to climate-induced water stress by up to
50% relative to 2°C warming (5), although there
is considerable variability among regions, as
already discussed. Most regions, including the
Mediterranean and Caribbean regions, are projected
to experience substantial benefits from restraining
global warming to 1.5°C (39), although socio-
economic drivers are expected to play a domi-
nant role relative to climate change for these
communities over the next 30 to 40 years.
Limiting global warming to 1.5°C is projected

to result in smaller reductions in the yield of
maize, rice, wheat, and potentially other cereal
crops than at 2.0°C, particularly in sub-Saharan
Africa, Southeast Asia, and Central and South
America (40–42). A loss of 7 to 10% of rangeland
stock globally is also projected to occur at an in-
crease of 2.0°C above the pre-industrial period,
which will have considerable economic conse-
quences for many communities and regions. Re-
duced food availability at 2.0°C as compared to
1.5°C of global warming is projected for many
regions including the Sahel, southern Africa, the
Mediterranean, central Europe, and the Amazon.
Few examples exist where crop yields are increas-
ing, and hence food security is at increasing risk in
many regions (41). Food systems in future economic
and trade environments may provide important
options for mitigating hunger risk and disad-
vantage (5, 43, 44), especially if solutions are found
to challenges such as the decline in the nutri-
tional quality of major cereal crops from higher
CO2 concentrations (5).
Food production from marine fisheries and

aquaculture is of growing importance to global
food security but is facing increasing risks from
ocean warming and consequently ocean acidi-
fication (5). These risks increase at 1.5°C of global
warming and are projected to have an impact on
key organisms such as finfish, corals, crustaceans,
and bivalves (e.g., oysters), especially at low lati-
tudes (5). Small-scale fisheries that depend on
coastal ecosystems such as coral reefs, seagrass,
kelp forests, and mangroves are expected to face
growing risks at 1.5°C of warming as a result of
the loss of habitat (5). Risks of impacts, and sub-
sequent risks to food security, are projected to
become greater as global warming reaches 1.5°C
(5, 43, 44). Tropical cyclones have major impacts
on natural and human systems and are projected
to increase in intensity in many regions, with
the damage exacerbated by rapid sea level rise
(14, 45). The tropical cyclones in theNorthAtlantic
basin in 2017 had major, widespread effects on
the small islands of Caribbean as well as the
United States, resulting in many deaths, displace-
ment of communities, elevated rates of morbidity
and mental health issues, as well as the long-
term loss of electricity generation and distribu-
tion. These impacts have resulted in major eco-
nomic damage, which has exceeded the annual
GDPof some small islanddeveloping states (46,47).

Millions of people are already exposed to
coastal flooding due to sea level rise and storms,
particularly in cities. Projections of sea level
rise remain uncertain (5) and may include large
nonlinear responses, in part attributable to the
contribution of land-based ice (48–50). Because
of the time lag between increased emissions and
higher sea levels, differences inmitigation at 1.5°C
and 2.0°C are small relative to the uncertainty
in the projections at 2050 or even 2100. Small
differences can, however, have big impacts: An
increase of 0.1 m of sea level rise, for example,
will expose an additional 10 million people to
flooding by 2100 (5), particularly those living in
low-lying deltas and small islands (5, 51). Even
with mitigation, adaptation remains essential,
particularly as multi-meter sea level rise remains
possible over several centuries for higher levels of
temperature rise (5). Estimates of the net present
value in 2008 of global aggregate damage costs
(which would be incurred by 2200 if global
warming is limited to 2.0°C) reach $69 trillion (5)
but are reduced to $54 trillion if global warming
is limited to 1.5°C. Damages from sea level rise
alone would contribute several trillion dollars an-
nually for a 2°C constrained scenario (52).
Warming of 1°C has increased the frequency

and scale of impacts on human health through
changes in the intensity and frequency of heat-
waves, droughts, floods, and storms, as well as
impacts on food quantity and nutritional quality
(through increasing CO2 concentrations) result-
ing in undernutrition or malnutrition in some
regions (5, 43, 44). Multiple lines of evidence in-
dicate that any further increases in GMST could
have negative consequences for human health,
mainly through the intensification of these risks
(5, 53). Lower risks are projected at 1.5°C than at
2.0°C of global warming for heat-related mor-
bidity and mortality, as well as for ozone-related
mortality if ozone precursor emissions remain
high. Limiting global warming to 1.5°C would
result in 420million fewer people being frequently
exposed to “extreme heatwaves” [defined by du-
ration and intensity (54)] and about 65 million
fewer people being exposed to “exceptional” heat-
waves as compared to conditions at 2.0°C GMST
warming (55). Human healthwill also be affected
by changes in the distribution and abundance of
vector-borne diseases such as dengue fever and
malaria, which are projected to increase with
warming of 1.5°C and further at 2.0°C in most
regions (5). Risks vary according to human vul-
nerability, development pathways, and adaptation
effectiveness (43, 44, 56). In some cases, human
activities can lead to local amplification of heat
risks from urban heat island effects in large cities
(57, 58). More specific impacts of, and solutions
to, climate change on cities are discussed else-
where (43, 56).
Global warming of 1.5°Cwill also affect human

well-being through impacts on agriculture, indus-
try, and employment opportunities. For example,
increased risks are projected for tourism inmany
countries, whereby changes in climate have the
potential to affect the attractiveness and/or safety
of destinations, particularly those dependent on
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Table 1. Climate change “hotspots” are expanding. Emergence and intensity of climate change “hotspots” under different degrees of global warming

[summary, updated, table 3.6 in (5)]. Calibrated uncertainty language is as defined by the Intergovernmental Panel on Climate Change (3). SIDS, small island

developing states.

Region and/or

phenomenon
Warming of 1.5°C or less Warming of 1.5° to 2°C Warming of up to 3°C

Arctic sea ice Arctic summer sea ice

is likely to be maintained

Habitat losses for

organisms such as polar

bears, whales, seals,

and sea birds

Benefits for Arctic fisheries

The risk of an ice-free Arctic in summer

is about 50% or higher

Habitat losses for organisms

such as polar bears, whales,

seals, and sea birds may be

critical if summers are ice-free

Benefits for Arctic fisheries

The Arctic is very likely to be

ice-free in summer

Critical habitat losses for

organisms such as polar bears,

whales, seals, and sea birds

Benefits for Arctic fisheries

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Arctic land regions Cold extremes warm

by a factor of 2 to 3,

reaching up to 4.5°C

(high confidence)

Biome shifts in the tundra

and permafrost

deterioration are likely

Cold extremes warm by as much

as 8°C (high confidence)

Larger intrusions of trees and

shrubs in the tundra than

under 1.5°C of warming are

likely; larger but constrained

losses in permafrost are likely

Drastic regional warming is

very likely

A collapse in permafrost

may occur (low confidence); a

drastic biome shift from tundra

to boreal forest is possible

(low confidence)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Alpine regions Severe shifts in

biomes are likely

Even more severe

shifts are likely

Critical losses in alpine

habitats are likely
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Southeast Asia Risks for increased flooding

related to sea level rise

Increase in heavy

precipitation events

Significant risks of crop yield

reductions are avoided

Higher risks of increased flooding

related to sea level rise

(medium confidence)

Stronger increase in heavy precipitation

events (medium confidence)

One-third decline in per capita crop

production (medium confidence)

Substantial increases in risks related

to flooding from sea level rise

Substantial increase in heavy

precipitation and high-flow events

Substantial reductions in crop yield

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Mediterranean Increase in probability

of extreme drought

(medium confidence)

Medium confidence in reduction

in runoff of about 9%

(likely range 4.5 to 15.5%)

Risk of water deficit

(medium confidence)

Robust increase in probability of

extreme drought (medium confidence)

Medium confidence in further

reductions (about 17%) in runoff

(likely range 8 to 28%)

Higher risks of water deficit

(medium confidence)

Robust and large increases in

extreme drought

Substantial reductions

in precipitation and in runoff

(medium confidence)

Very high risks of water deficit

(medium confidence)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

West Africa

and the Sahel

Increases in the number of hot

nights and longer and more

frequent heatwaves are likely

Reduced maize and sorghum

production is likely, with area

suitable for maize production

reduced by as much as 40%

Increased risks of undernutrition

Further increases in number of hot

nights and longer and more

frequent heatwaves are likely

Negative impacts on maize and

sorghum production likely larger

than at 1.5°C; medium confidence

that vulnerabilities to food security

in the African Sahel will be higher

at 2.0°C compared to 1.5°C

Higher risks of undernutrition

Substantial increases in the number

of hot nights and heatwave

duration and frequency (very likely)

Negative impacts on crop yield may

result in major regional food

insecurities (medium confidence)

High risks of undernutrition

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Southern Africa Reductions in water availability

(medium confidence)

Increases in number of

hot nights and longer and

more frequent heatwaves

(high confidence)

High risks of increased

mortality from heatwaves

High risk of undernutrition

in communities dependent on

dryland agriculture and livestock

Larger reductions in rainfall and water

availability (medium confidence)

Further increases in number

of hot nights and longer and more

frequent heatwaves (high

confidence), associated increases

in risks of increased mortality

from heatwaves compared to 1.5°C

warming (high confidence)

Higher risk of undernutrition

in communities dependent on

dryland agriculture and livestock

Large reductions in rainfall and water

availability (medium confidence)

Drastic increases in the number

of hot nights, hot days, and

heatwave duration and frequency,

with substantial impact on

agriculture, livestock, and human

health and mortality

(high confidence)

Very high risk of undernutrition

in communities

dependent on dryland

agriculture and livestock
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

continued on next page
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seasonal tourism including sun, beach, and snow
sport destinations (5, 15). Businesses that have
multiple locations ormarketsmay reduce overall
risk and vulnerability, although these options
are likely to be reduced as stress and impacts
increase in frequency and areal extent. Risks and
adaptation options may lie in developing alter-
native business activities that are less dependent
on environmental conditions. These risks become
greater as warming increases to 2.0°C and pose
serious challenges for a large number of coun-
tries dependent on tourism and related activities
for national income (5).
Multiple lines of evidence reveal that poverty

and disadvantage are also correlated with warm-
ing to 1.0°C above the pre-industrial period, with
the projection of increasing risks as GMST in-
creases from 1.0°C (today) to 1.5°C and higher
(43, 44). In this regard, out-migration from agri-
culturally dependent communities is positively
correlatedwith global temperature, although our
understanding of the links betweenhumanmigra-
tion and further warming of 1.5°C and 2.0°C is
at an early stage (5). Similarly, risks to global ag-
gregate economic growth due to climate change
impacts are projected to be lower at 1.5°C than
at 2.0°C by the end of the century (5). The largest
reductions in economic growth at 2.0°C com-
pared to 1.5°C are projected for low- and middle-
incomecountries and regions (theAfrican continent,
Southeast Asia, India, Brazil, and Mexico). Coun-
tries in the tropics and Southern Hemisphere
subtropics are projected to experience the largest
negative impacts on economic growth if global

warming increases from 1.5°C to 2.0°C above the
pre-industrial period (5, 43, 44). The most percep-
tible impacts of climate change are likely to occur
in tropical regions as GMST increases to 1.5°C
and eventually to 2.0°C above the pre-industrial
period (59).
Table 1 summarizes the emergence of poten-

tial climate change “hotspots” (i.e., areas where
risks are large and growing rapidly) for a range
of geographies and sectors (5). In all cases, these
vulnerable regions show increasing risks aswarm-
ing approaches 1.5°C and higher. Not all regions,
however, face the same challenges. In the Arctic,
for example, habitat loss is paramount, while
changing temperature and precipitation regimes
represent primary risks in the Mediterranean,
southern Africa, West Africa, and the Sahel. These
rapidly changing locations represent interactions
across climate systems, ecosystems, and socio-
economic human systems, and are presented
here to illustrate the extent to which risks can be
avoided or reduced by achieving the 1.5°C global
warming goal (as opposed to 2.0°C).
Trajectories toward hotspots can also involve

nonlinearities or tipping points. Tipping points
refer to critical thresholds in a system that
result in rapid systemic change when exceeded
(5). The risks associated with 1.5°C or higher
levels of global warming reveal relatively low
risks for tipping points at 2.0°C, but a sub-
stantial and growing set of risks as global tem-
perature increases to 3°C or more above the
pre-industrial (Table 2) (5). For example, increas-
ing GMST to 3°C above the pre-industrial period

substantially increases the risk of tipping points
such as permafrost collapse, Arctic sea ice habitat
loss,major reductions in cropproduction inAfrica
as well as globally, and persistent heat stress that
is driving sharp increases in human morbidity
and mortality (Table 2) (5).

Solutions: Scalability, feasibility,
and ethics

GMST will increase by 0.5°C between 2030 and
2052 and will multiply and intensify risks for na-
tural and human systems across different geog-
raphies, vulnerabilities, development pathways,
as well as affect adaptation and mitigation op-
tions (1, 43, 44, 56). To keep GMST to no more
than 1.5°C above the pre-industrial period, the
international community will need to bring GHG
emissions to net zero by 2050 while adapting to
the risks associated with an additional 0.5°C
being added to GMST (3, 5) The impacts asso-
ciated with limiting warming to 1.5°C, however,
will be far less than those at 2.0°C or higher
(Tables 1 and 2). Aiming to limit warming to
1.5°C is now a human imperative if escalating
risks of dangerous if not catastrophic tipping
points and climate change hotspots are to be
avoided (2, 5).
An important conclusion of the IPCC Special

Report is that limiting GMST to 1.5°C or less is
still possible (3, 60). Thiswill require limitingGHG
emissions to a budget of 420Gt CO2 for a 66% or
higher probability of not exceeding 1.5°C (44). As
global emissions are currently around 42 Gt CO2

per year, pathways should bring CO2 emissions
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Region and/or

phenomenon
Warming of 1.5°C or less Warming of 1.5° to 2°C Warming of up to 3°C

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Tropics Increases in the number of

hot days and hot nights as

well as longer and more frequent

heatwaves (high confidence)

Risks to tropical crop yields

in West Africa, Southeast

Asia and Central and South

America are significantly less

than under 2.0°C of warming

The largest increase in hot days

under 2.0°C compared to 1.5°C

is projected for the tropics.

Risks to tropical crop yields in

West Africa, Southeast Asia,

and Central and South America

could be extensive

Oppressive temperatures and

accumulated heatwave duration

very likely to have a direct impact

on human health, mortality,

and productivity

Substantial reductions in

crop yield very likely

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Small islands Land of 60,000 fewer people

exposed by 2150 on SIDS

compared to impacts under

2.0°C of global warming

Risks for coastal flooding reduced

by 20 to 80% for SIDS compared

to 2.0°C of global warming

Freshwater stress reduced

by 25% as compared to 2.0°C

Increase in the number of warm

days for SIDS in the tropics

Persistent heat stress in

cattle avoided

Loss of 70 to 90% of coral reefs

Tens of thousands of people displaced

owing to inundation of SIDS

High risks for coastal flooding

and increased frequency of

extreme water-level events

Freshwater stress from projected aridity

Further increase of ~70 warm days/year

Persistent heat stress in cattle in SIDS

Loss of most coral reefs and weaker

remaining structures owing to ocean

acidification (i.e., less coastal protection)

Substantial and widespread

impacts through inundation

of SIDS, coastal flooding,

freshwater stress, persistent

heat stress, and loss of most

coral reefs (very likely)

Risk of multi-meter sea level

rise due to ice sheet instability

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fynbos biome About 30% of suitable climate

area lost (medium confidence)

Increased losses (about 45%) of suitable

climate area (medium confidence)

Up to 80% of suitable climate

area lost (medium confidence)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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Table 2. Increased warming increases risks of exceeding tipping points. Summary of enhanced risks in the exceedance of regional tipping points under

different global temperature goals [summary, table 3.7 in (5), not intended to be exhaustive].

Tipping point Warming of 1.5°C or less Warming of 1.5° to 2°C Warming of up to 3°C

Arctic sea ice Arctic summer sea ice is likely

to be maintained

Sea ice changes reversible

under suitable climate restoration

The risk of an ice-free Arctic in

summer is about 50% or higher

Sea ice changes reversible under

suitable climate restoration

Arctic is very likely to be

ice free in summer

Sea ice changes reversible under

suitable climate restoration
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Tundra Decrease in number of growing

degree-days below 0°C

Abrupt increases in tree cover

are unlikely

Further decreases in number of

growing degree-days below 0°C

Abrupt increases in tree

cover are unlikely

Potential for an abrupt

increase in tree fraction

(low confidence)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Permafrost 17 to 44% reduction in permafrost

Approximately 2 million km2

more permafrost maintained

than under 2.0°C of global warming

(medium confidence)

irreversible loss of stored carbon

28 to 53% reduction in

permafrost with

irreversible loss of

stored carbon

Potential for permafrost

collapse (low confidence)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Asian monsoon Low confidence in

projected changes

Low confidence in

projected changes

Increases in the intensity

of monsoon precipitation likely
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

West African monsoon

and Sahel

Uncertain changes; unlikely that a

tipping point is reached

Uncertain changes; unlikely

that tipping point is reached

Strengthening of monsoon with

wettening and greening of the

Sahel and Sahara (low confidence)

Negative associated impacts

through increases in extreme

temperature events
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Rainforests Reduced biomass, deforestation,

and fire increases pose

uncertain risks to forest dieback

Larger biomass reductions than

under 1.5°C of warming;

deforestation and fire

increases pose uncertain

risks to forest dieback

Reduced extent of tropical rainforest

in Central America and large

replacement of rainforest

and savanna grassland

Potential tipping point leading to

pronounced forest dieback

(medium confidence)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Coral reefs Increased mass coral bleaching and

mortality; decline in abundance to

10 to 30% of present-day

values at 1.0°C (high confidence)

High mortality; corals decrease to very

low levels (<1%), impacts on

organisms that depend on coral

reefs for habitat (fish, biodiversity,

high confidence)

Irreversible changes occur with

tipping point around 2° to 2.5°C;

reefs no longer resemble coral

reef ecosystems; recovery potential

very low (medium confidence)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Boreal forests Increased tree mortality at southern

boundary of boreal forest

(medium confidence)

Further increases in tree mortality

at southern boundary of boreal

forest (medium confidence)

Potential tipping point at 3° to 4°C

for significant dieback of boreal

forest (low confidence)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Heatwaves, unprecedented

heat, and human health

Continued increase in

occurrence of potentially

deadly heatwaves (likely)

Substantial increase in potentially

deadly heatwaves (likely)

More than 350 million more people

exposed to deadly heat by 2050

under a midrange population growth

scenario (likely)

Annual occurrence of heatwaves

similar to the deadly 2015

heatwaves in India and Pakistan

(medium confidence)

Further increases in potentially

deadly heatwaves (very likely)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Agricultural systems:

Key staple crops

Global maize crop

reductions of ~10%

Larger reductions in maize

crop production than under

1.5°C of ~15%

Drastic reductions in maize

crop globally and in Africa

(high confidence); potential

tipping point for collapse of

maize crop in some regions

(low confidence)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Livestock in the tropics

and subtropics

Increased heat stress Onset of persistent heat stress

(medium confidence)

Persistent heat stress likely

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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to net zero over the next few decades (i.e., phase
out fossil fuel use) alongside a substantial re-
duction (~35% relative to 2010) in emissions of
methane andblack carbonover the same time scale
(44). The current set of national voluntary emis-
sion reduction pledges [nationally determined
contributions (NDCs)], however,will not achieve the
goals of the Paris Agreement (2, 61), particularly
when considering the land-use sector (62). Instead,
GMST is projected to increase by 3° to 4°C above
thepre-industrial period (1,44), posing serious levels
of risk for natural and human systems (3, 5, 20).
The majority of pathways for achieving 1.5°C

also require carbon dioxide removal from the
atmosphere. Delays in bringing CO2 emissions
to net zero over the next 20 to 30 years will also
increase the likelihood of pathways that exceed
1.5°C (i.e., overshoot scenarios) and hence a greater
reliance on net negative emissions after mid-
century if GMST is to return to 1.5°C (Fig. 2A).
Technologies designed to remove CO2 from the
atmosphere are at an early stage of development,
with many questions as to their feasibility and
scalability (5). For example, bioenergy with car-
bon capture and storage (BECCS), afforestation
and reforestation, blue carbon (i.e., carbon seques-
tration by marine ecosystems and processes), soil
carbon sequestration, direct capture, biochar (i.e.,
charcoal for burial in soils), and enhancedweather-
ing variously incur problems associated with
feasibility, scalability, and/or acceptability. These
strategies are potentially in competitionwith each
other. For example, BECCS would require approx-
imately 18% of global land to sequester 12 Gt CO2/
year (5). This requirement is likely, however,
to drive an accelerating loss of primary forest
and natural grassland, which in turn would in-
crease GHG emissions (5). Early emission reduc-
tions plusmeasures to conserve land carbon stocks
may reduce these effects. Policy optionsmight limit
the expansion of agriculture at the expense of na-
tural ecosystems, and/or safeguard agricultural
productivity from reductions due to BECCS and/
or biofuel production (5).
Some carbon dioxide removal options do not

rely as extensively on BECCS, but rather focus on
afforestation and/or the restoration of natural eco-
systems. It is feasible, for example, to limit warm-
ing to 1.5°C using strategies such as changing
diets and promoting afforestation to remove CO2

(3, 5, 43, 44). Negative consequences of affores-
tation, such asmonoculture plantations on local
biodiversity, might be countered by preferentially
restoring natural ecosystems and by reestablish-
ing the ability of native grasslands, peatlands,
forests,mangroves, kelp forests, and saltmarshes
to sequester carbon. This creates a “win-win”
scenario in which both climate and biodiversity
benefit, contributing to UN Sustainable Devel-
opment Goal (SDG) 15, “Life on Land,” and hence
simultaneously making a major contribution
to the goals of both the Convention on Bio-
logical Diversity (CBD) and the United Nations
Framework Convention on Climate Change
(UNFCCC). Compatible with this idea is the re-
centUNestablishment of the 2020s as the “Decade
of Restoration,”with the intention to build a global

resolve to conserve biodiversity, increase its resil-
ience to climate change, and use the more func-
tional ecosystems that result to sequester up to a
total of 26 Gt C (63).
Extensive adaptation to 1.5°C of global warm-

ing or higher will be very important, especially if
we have underestimated climate sensitivity. De-
veloping socially just and sustainable adaptation
responses will be increasingly necessary to help
natural and human systems to prepare and re-
spond to rapid and complex changes in risk (43).
The global adaptation stocktake instigated by the
Paris Agreement will help accountability through
documentation andmechanisms that inform en-
hancement at national levels (64, 65). It must also
be acknowledged that there are limits to adap-
tation for natural and human systems (66) and
that loss and damage will follow (5, 67–69). For
example, actions to restore ecosystemsmay not
always be possible given available resources, and
it may not be feasible to protect all coastal regions
from erosion and loss of land. These challenges
mean that identifying, assessing, prioritizing, and
implementing adaptation options are very im-
portant for reducing the overall vulnerability to
increasing climate-related risks asGMST increases.
It has become increasingly clear that long-term
solutions to climate change must also reduce dis-
advantage and poverty. Consequently, the recent
IPCC Special Report pursued its findings in the
context of “strengthening the global response
to the threat of climate change, sustainable de-
velopment, and efforts to eradicate poverty” (3).
Although previous reports recognized the impor-
tance of not aggravating disadvantage, few have
specifically focused on solutions that involve
multiple elements of climate change, sustainable
development, and poverty alleviation. For exam-
ple, greater insights and knowledge are required
to understand how multiple SDGs interact with
each other, although many of these interactions
are beneficially synergistic (70). Note that SDGs
are far more easily reached at 1.5°C than at 2.0°C
or more of global warming (43).
The important issue of “loss and damage” also

highlights the inequity between nations that have
largely caused climate change (and have received
the greatest benefits) and those that have not.
This inequity is particularly important for least
developed countries (LDCs) and small island de-
veloping states that have contributed relatively
little to global GHG emissions but now face dis-
proportionate risks andharm fromclimate change,
even at 1.5°C (67–69, 71). UNESCO has also em-
phasized the importance of ethics within a non-
bindingDeclaration ofEthical Principles inRelation
to Climate Change in 2017 (72). Specifically, this
declaration states that “decision-making based
on science is critically important for meeting the
mitigation and adaptation challenges of a rapid-
ly changing climate. Decisions should be based
on, and guided by, the best available knowledge
from natural and social sciences including inter-
disciplinary and transitionary science and by con-
sidering (as appropriate) local, traditional and
indigenous knowledge.” These types of initiatives
are especially important in the development of

policies and actions that avoid inequalities that
arise through exclusion andmisinformation (61).
A transformation toward climate-resilient and low-
carbon societies needs to be done in a way that
addresses the issue of justice and equity, through
ensuring that trade-offs and synergies are identi-
fied and actioned (43).

Conclusion

Warming of 1.0°C since the pre-industrial period
has fundamentally transformed our planet and
its natural systems. Multiple lines of evidence
reveal that a 1.5°C world will entail larger risks
to both human and natural systems. The risks of
a 2°C world are much greater. This places us at
a critical time in human history where propor-
tionate action taken today will almost certainly
minimize the dangerous impacts of a changing
climate for hundreds of millions of people.
Our preliminary estimates suggest that the

benefits of avoided damage by the year 2200may
greatly exceed energy sector investment costs to
2050. Current NDCs for 2030 are insufficient to
drive this even if followed by “very challenging
increases in the scale and ambition of mitigation
after 2030” [(44), p. 95], because models based
on the current understanding of economic and
technical dynamics cannot identify how to reduce
GHG emissions to net zero by 2050 from the cur-
rent NDC starting point in 2030. Rather, these
ambitions are consistent with a global warming
level of 3° to 4°C, which means that immediate
and transformative action is required between
now and 2030 in order to greatly scale up current
nationally stated plans for GHG reductions. Strat-
egies for responding to climate change must be
scalable to the challenges of climate change being
faced today and into the future, while at the same
time being feasible and fair. Given the scope and
threats associated with climate change, there is
an increasing need for large scale strategies such
as the UN Climate Resilient Development Path-
ways (CRDP) or “Green New Deal” [UN Environ-
ment Programme (UNEP)] if society is to avoid
potentially catastrophic circumstances over the
next few decades and century.

REFERENCES AND NOTES

1. M. R. Allen et al., in Global Warming of 1.5°C: An IPCC Special
Report on the Impacts of Global Warming of 1.5°C Above Pre-
Industrial Levels and Related Global Greenhouse Gas Emission
Pathways, in the Context of Strengthening the Global Response
to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty, V. Masson-Delmotte et al., Eds.
(World Meteorological Organization, Geneva, 2018), chapter 1.

2. UNFCCC, “Decision 1/CP.21 Adoption of the Paris Agreement”
(2015); https://unfccc.int/sites/default/files/resource/docs/
2015/cop21/eng/10a01.pdf.

3. Intergovernmental Panel on Climate Change (IPCC), Global
Warming of 1.5°C: An IPCC Special Report on the Impacts of
Global Warming of 1.5°C Above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the
Context of Strengthening the Global Response to the Threat of
Climate Change, Sustainable Development, and Efforts to
Eradicate Poverty, V. Masson-Delmotte et al., Eds. (World
Meteorological Organization, Geneva, 2018).

4. C. Hope, The Social Cost of CO2 from the Page09 Model.
Economics Discussion Paper No. 2011-39 (2011). doi: 10.2139/
ssrn.1973863

5. O. Hoegh-Guldberg et al., in Global Warming of 1.5°C: An IPCC
Special Report on the Impacts of Global Warming of 1.5°C
Above Pre-Industrial Levels and Related Global Greenhouse

Hoegh-Guldberg et al., Science 365, eaaw6974 (2019) 20 September 2019 9 of 11

RESEARCH | REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org on M

ay 06, 2023

https://unfccc.int/sites/default/files/resource/docs/2015/cop21/eng/10a01.pdf
https://unfccc.int/sites/default/files/resource/docs/2015/cop21/eng/10a01.pdf
http://dx.doi.org/10.2139/ssrn.1973863
http://dx.doi.org/10.2139/ssrn.1973863


Gas Emission Pathways, in the Context of Strengthening
the Global Response to the Threat of Climate Change,
Sustainable Development, and Efforts to Eradicate Poverty,
V. Masson-Delmotte et al., Eds. (World Meteorological
Organization, Geneva, 2018), chapter 3.

6. IPCC, Climate Change 2013: The Physical Science Basis.
Working Group I Contribution to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (Cambridge
Univ. Press, 2013); www.ipcc.ch/report/ar5/wg1/.

7. M. D. Risser, M. F. Wehner, Attributable Human-Induced
Changes in the Likelihood and Magnitude of the Observed
Extreme Precipitation during Hurricane Harvey. Geophys. Res. Lett.
44, 12457–12464 (2017). doi: 10.1002/2017GL075888

8. G. Panthou, T. Vischel, T. Lebel, Recent trends in the regime of
extreme rainfall in the Central Sahel. Int. J. Climatol. 34,
3998–4006 (2014). doi: 10.1002/joc.3984

9. C. M. Taylor et al., Frequency of extreme Sahelian storms
tripled since 1982 in satellite observations. Nature 544,
475–478 (2017). doi: 10.1038/nature22069; pmid: 28447639

10. L. Gudmundsson, S. I. Seneviratne, X. Zhang, Anthropogenic
climate change detected in European renewable freshwater
resources. Nat. Clim. Chang. 7, 813–816 (2017). doi: 10.1038/
nclimate3416

11. S. Mathbout et al., Observed Changes in Daily Precipitation
Extremes at Annual Timescale Over the Eastern Mediterranean
During 1961–2012. Pure Appl. Geophys. 175, 3875–3890
(2018). doi: 10.1007/s00024-017-1695-7

12. F. Raymond, P. Drobinski, A. Ullmann, P. Camberlin, Extreme
dry spells over the Mediterranean Basin during the wet season:
Assessment of HyMeX/Med-CORDEX regional climate
simulations (1979-2009). Int. J. Climatol. 38, 3090–3105
(2018). doi: 10.1002/joc.5487

13. D. A. Smale et al., Marine heatwaves threaten global biodiversity
and the provision of ecosystem services. Nat. Clim. Chang. 9,
306–312 (2019). doi: 10.1038/s41558-019-0412-1

14. J. A. Church et al., in Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change, T. F. Stocker et al., Eds. (Cambridge Univ. Press,
2013), pp. 1137–1216.

15. O. Hoegh-Guldberg 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 on Climate Change, V. R. Barros
et al., Eds. (Cambridge Univ. Press, 2014), pp. 1655–1731.

16. Y. Yin, D. Ma, S. Wu, Climate change risk to forests in China
associated with warming. Sci. Rep. 8, 493 (2018).
doi: 10.1038/s41598-017-18798-6; pmid: 29323158

17. M. Turco et al., Exacerbated fires in Mediterranean Europe due
to anthropogenic warming projected with non-stationary
climate-fire models. Nat. Commun. 9, 3821 (2018).
doi: 10.1038/s41467-018-06358-z; pmid: 30279564

18. B. Sultan et al., Assessing climate change impacts on sorghum
and millet yields in the Sudanian and Sahelian savannas of
West Africa. Environ. Res. Lett. 8, 014040 (2013). doi: 10.1088/
1748-9326/8/1/014040

19. X. Ren, Y. Lu, B. C. O’Neill, M. Weitzel, Economic and
biophysical impacts on agriculture under 1.5 °C and 2 °C
warming. Environ. Res. Lett. 13, 115006 (2018). doi: 10.1088/
1748-9326/aae6a9

20. IPCC, Climate Change 2013: The Physical Science Basis
(Cambridge Univ. Press, 2014).

21. B. C. Lister, A. Garcia, Climate-driven declines in arthropod
abundance restructure a rainforest food web. Proc. Natl. Acad.
Sci. U.S.A. 115, E10397–E10406 (2018). doi: 10.1073/
pnas.1722477115; pmid: 30322922

22. B. Martay et al., An indicator highlights seasonal variation in
the response of Lepidoptera communities to warming. Ecol.
Indic. 68, 126–133 (2016). doi: 10.1016/j.ecolind.2016.01.057

23. T. P. Hughes et al., Coral reefs in the Anthropocene.
Nature 546, 82–90 (2017). doi: 10.1038/nature22901;
pmid: 28569801

24. T. P. Hughes, J. T. Kerry, T. Simpson, Large-scale bleaching of
corals on the Great Barrier Reef. Ecology 99, 501 (2018).
doi: 10.1002/ecy.2092; pmid: 29155453

25. L. Cheng, J. Abraham, Z. Hausfather, K. E. Trenberth, How fast
are the oceans warming? Science 363, 128–129 (2019).
doi: 10.1126/science.aav7619; pmid: 30630919

26. H.-O. Pörtner, C. Bock, F. C. Mark, Oxygen- and capacity-limited
thermal tolerance: Bridging ecology and physiology. J. Exp. Biol.
220, 2685–2696 (2017). doi: 10.1242/jeb.134585; pmid: 28768746

27. S. G. Dove et al., Future reef decalcification under a business-
as-usual CO2 emission scenario. Proc. Natl. Acad. Sci. U.S.A.

110, 15342–15347 (2013). doi: 10.1073/pnas.1302701110;
pmid: 24003127

28. S. I. Seneviratne et al., The many possible climates from the
Paris Agreement’s aim of 1.5 °C warming. Nature 558, 41–49
(2018). doi: 10.1038/s41586-018-0181-4; pmid: 29875489

29. S. I. Seneviratne, M. G. Donat, A. J. Pitman, R. Knutti,
R. L. Wilby, Allowable CO2 emissions based on regional and
impact-related climate targets. Nature 529, 477–483 (2016).
doi: 10.1038/nature16542; pmid: 26789252

30. P. Greve, L. Gudmundsson, S. I. Seneviratne, Regional scaling
of annual mean precipitation and water availability with global
temperature change. Earth Syst. Dyn. 9, 227–240 (2018).
doi: 10.5194/esd-9-227-2018

31. T. Ozturk, Z. P. Ceber, M. Türkeş, M. L. Kurnaz, Projections of
climate change in the Mediterranean Basin by using
downscaled global climate model outputs. Int. J. Climatol. 35,
4276–4292 (2015). doi: 10.1002/joc.4285

32. S. D. Polade, A. Gershunov, D. R. Cayan, M. D. Dettinger,
D. W. Pierce, Precipitation in a warming world: Assessing
projected hydro-climate changes in California and other
Mediterranean climate regions. Sci. Rep. 7, 10783 (2017).
doi: 10.1038/s41598-017-11285-y; pmid: 28883636

33. G. Naumann et al., Global Changes in Drought Conditions
Under Different Levels of Warming. Geophys. Res. Lett. 45,
3285–3296 (2018). doi: 10.1002/2017GL076521

34. W. Liu et al., Global Freshwater Availability Below Normal
Conditions and Population Impact Under 1.5 and 2 °C
Stabilization Scenarios. Geophys. Res. Lett. 45, 9803–9813
(2018). doi: 10.1029/2018GL078789

35. L. Lin et al., Additional Intensification of Seasonal Heat and
Flooding Extreme Over China in a 2°C Warmer World
Compared to 1.5°C. Earths Futur. 6, 968–978 (2018).
doi: 10.1029/2018EF000862

36. G. D. Madakumbura et al., Event-to-event intensification of the
hydrologic cycle from 1.5 °C to a 2 °C warmer world.
Sci. Rep. 9, 3483 (2019). doi: 10.1038/s41598-019-39936-2;
pmid: 30837575

37. J. García Molinos, M. T. Burrows, E. S. Poloczanska, Ocean
currents modify the coupling between climate change and
biogeographical shifts. Sci. Rep. 7, 1332 (2017). doi: 10.1038/
s41598-017-01309-y; pmid: 28465575

38. J. A. Screen, Arctic sea ice at 1.5 and 2 °C. Nat. Clim. Chang. 8,
362–363 (2018). doi: 10.1038/s41558-018-0137-6

39. K. B. Karnauskas, C.-F. Schleussner, J. P. Donnelly,
K. J. Anchukaitis, Freshwater Stress on Small Island Developing
States: Population Projections and Aridity Changes at 1.5 and
2°C. Reg. Environ. Chang. 18, 2273–2282 (2018). doi: 10.1007/
s10113-018-1331-9

40. A. C. Ruane, M. M. Phillips, C. Rosenzweig, Climate shifts within
major agricultural seasons for +1.5 and +2.0 °C worlds:
HAPPI projections and AgMIP modeling scenarios.
Agric. For. Meteorol. 259, 329–344 (2018). doi: 10.1016/
j.agrformet.2018.05.013; pmid: 30880854

41. B. Liu et al., Global wheat production with 1.5 and 2.0°C above
pre‐industrial warming. Glob. Change Biol. 25, 1428–1444
(2019). doi: 10.1111/gcb.14542

42. K. Rhiney, A. Eitzinger, A. D. Farrell, S. D. Prager, Assessing the
implications of a 1.5 °C temperature limit for the Jamaican
agriculture sector. Reg. Environ. Change 18, 2313–2327 (2018).
doi: 10.1007/s10113-018-1409-4

43. J. Roy et al., in Global Warming of 1.5°C: An IPCC Special
Report on the Impacts of Global Warming of 1.5°C Above
Pre-Industrial Levels and Related Global Greenhouse
Gas Emission Pathways, in the Context of Strengthening
the Global Response to the Threat of Climate Change,
Sustainable Development, and Efforts to Eradicate Poverty,
V. Masson-Delmotte et al., Eds. (World Meteorological
Organization, Geneva, 2018), chapter 5.

44. J. Rogelj et al., in Global Warming of 1.5°C: An IPCC Special
Report on the Impacts of Global Warming of 1.5°C Above Pre-
Industrial Levels and Related Global Greenhouse Gas Emission
Pathways, in the Context of Strengthening the Global Response
to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty, V. Masson-Delmotte et al., Eds.
(World Meteorological Organization, Geneva, 2018), chapter 2.

45. K. Bhatia, G. Vecchi, H. Murakami, S. Underwood, J. Kossin,
Projected Response of Tropical Cyclone Intensity and
Intensification in a Global Climate Model. J. Clim. 31,
8281–8303 (2018). doi: 10.1175/JCLI-D-17-0898.1

46. J. M. Shultz, J. P. Kossin, C. Ettman, P. L. Kinney, S. Galea, The
2017 perfect storm season, climate change, and environmental
injustice. Lancet Planet. Heal. 2, e370–e371 (2018).
doi: 10.1016/S2542-5196(18)30168-2; pmid: 30177000

47. J. M. Shultz et al., Risks, Health Consequences, and Response
Challenges for Small-Island-Based Populations: Observations
From the 2017 Atlantic Hurricane Season. Disaster Med. Public
Health Prep. 13, 5–17 (2019). doi: 10.1017/dmp.2018.28;
pmid: 29622053

48. T. L. Edwards et al., Revisiting Antarctic ice loss due to marine
ice-cliff instability. Nature 566, 58–64 (2019). doi: 10.1038/
s41586-019-0901-4; pmid: 30728522

49. D. F. Martin, S. L. Cornford, A. J. Payne, Millennial-Scale
Vulnerability of the Antarctic Ice Sheet to Regional Ice Shelf
Collapse. Geophys. Res. Lett. 46, 1467–1475 (2019).
doi: 10.1029/2018GL081229

50. F. Pattyn et al., The Greenland and Antarctic ice sheets under
1.5 °C global warming. Nat. Clim. Chang. 8, 1053–1061 (2018).
doi: 10.1038/s41558-018-0305-8

51. M. I. Vousdoukas et al., Global probabilistic projections of
extreme sea levels show intensification of coastal flood hazard.
Nat. Commun. 9, 2360 (2018). doi: 10.1038/s41467-018-
04692-w; pmid: 29915265

52. S. Jevrejeva, L. P. Jackson, A. Grinsted, D. Lincke, B. Marzeion,
Flood damage costs under the sea level rise with warming of 1.
5°C and 2°C. Environ. Res. Lett. 13, 074014 (2018).
doi: 10.1088/1748-9326/aacc76

53. M. B. Sylla, A. Faye, F. Giorgi, A. Diedhiou, H. Kunstmann,
Projected Heat Stress Under 1.5°C and 2°C Global Warming
Scenarios Creates Unprecedented Discomfort for Humans in
West Africa. Earths Futur. 6, 1029–1044 (2018). doi: 10.1029/
2018EF000873

54. S. Russo, J. Sillmann, E. M. Fischer, Top ten European
heatwaves since 1950 and their occurrence in the coming
decades. Environ. Res. Lett. 10, 124003 (2015). doi: 10.1088/
1748-9326/10/12/124003

55. A. Dosio, L. Mentaschi, E. M. Fischer, K. Wyser, Extreme heat
waves under 1.5 °C and 2 °C global warming. Environ. Res. Lett.
13, 054006 (2018). doi: 10.1088/1748-9326/aab827

56. H. de Coninck et al., in Global Warming of 1.5°C: An IPCC
Special Report on the Impacts of Global Warming of 1.5°C
Above Pre-Industrial Levels and Related Global Greenhouse Gas
Emission Pathways, in the Context of Strengthening the Global
Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty,
V. Masson-Delmotte et al., Eds. (World Meteorological
Organization, Geneva, 2018), chapter 4.

57. J. Mika et al., Impact of 1.5 K global warming on urban air
pollution and heat island with outlook on human health effects.
Curr. Opin. Environ. Sustain. 30, 151–159 (2018). doi: 10.1016/j.
cosust.2018.05.013

58. C. R. O’Lenick et al., Urban heat and air pollution:
A framework for integrating population vulnerability and
indoor exposure in health risk analyses. Sci. Total Environ.
660, 715–723 (2019). doi: 10.1016/j.scitotenv.2019.01.002;
pmid: 30743957

59. A. D. King, L. J. Harrington, The Inequality of Climate Change
From 1.5 to 2°C of Global Warming. Geophys. Res. Lett. 45,
5030–5033 (2018). doi: 10.1029/2018GL078430

60. C. J. Smith et al., Current fossil fuel infrastructure does not yet
commit us to 1.5 °C warming. Nat. Commun. 10, 101 (2019).
doi: 10.1038/s41467-018-07999-w; pmid: 30602773

61. C. Brown, P. Alexander, A. Arneth, I. Holman, M. Rounsevell,
Achievement of Paris climate goals unlikely due to time lags in
the land system. Nat. Clim. Chang. 9, 203–208 (2019).
doi: 10.1038/s41558-019-0400-5

62. A. B. Harper et al., Land-use emissions play a critical role in
land-based mitigation for Paris climate targets. Nat. Commun.
9, 2938 (2018). doi: 10.1038/s41467-018-05340-z;
pmid: 30087330

63. UN Environment, “New UN Decade on Ecosystem Restoration
offers unparalleled opportunity for job creation, food security
and addressing climate change” (2019); www.unenvironment.
org/news-and-stories/press-release/new-un-decade-
ecosystem-restoration-offers-unparalleled-opportunity.

64. B. Craft, S. Fisher, Measuring the adaptation goal in the global
stocktake of the Paris Agreement. Clim. Policy 18, 1203–1209
(2018). doi: 10.1080/14693062.2018.1485546

65. E. L. Tompkins, K. Vincent, R. J. Nicholls, N. Suckall,
Documenting the state of adaptation for the global stocktake
of the Paris Agreement. Wiley Interdiscip. Rev. Clim. Chang. 9,
e545 (2018). doi: 10.1002/wcc.545

66. K. Dow et al., Limits to adaptation. Nat. Clim. Chang. 3,
305–307 (2013). doi: 10.1038/nclimate1847

67. K. E. McNamara, G. Jackson, Loss and damage: A review of the
literature and directions for future research. Wiley Interdiscip.
Rev. Clim. Chang. 10, e564 (2019). doi: 10.1002/wcc.564

Hoegh-Guldberg et al., Science 365, eaaw6974 (2019) 20 September 2019 10 of 11

RESEARCH | REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org on M

ay 06, 2023

http://www.ipcc.ch/report/ar5/wg1/
http://dx.doi.org/10.1002/2017GL075888
http://dx.doi.org/10.1002/joc.3984
http://dx.doi.org/10.1038/nature22069
http://www.ncbi.nlm.nih.gov/pubmed/28447639
http://dx.doi.org/10.1038/nclimate3416
http://dx.doi.org/10.1038/nclimate3416
http://dx.doi.org/10.1007/s00024-017-1695-7
http://dx.doi.org/10.1002/joc.5487
http://dx.doi.org/10.1038/s41558-019-0412-1
http://dx.doi.org/10.1038/s41598-017-18798-6
http://www.ncbi.nlm.nih.gov/pubmed/29323158
http://dx.doi.org/10.1038/s41467-018-06358-z
http://www.ncbi.nlm.nih.gov/pubmed/30279564
http://dx.doi.org/10.1088/1748-9326/8/1/014040
http://dx.doi.org/10.1088/1748-9326/8/1/014040
http://dx.doi.org/10.1088/1748-9326/aae6a9
http://dx.doi.org/10.1088/1748-9326/aae6a9
http://dx.doi.org/10.1073/pnas.1722477115
http://dx.doi.org/10.1073/pnas.1722477115
http://www.ncbi.nlm.nih.gov/pubmed/30322922
http://dx.doi.org/10.1016/j.ecolind.2016.01.057
http://dx.doi.org/10.1038/nature22901
http://www.ncbi.nlm.nih.gov/pubmed/28569801
http://dx.doi.org/10.1002/ecy.2092
http://www.ncbi.nlm.nih.gov/pubmed/29155453
http://dx.doi.org/10.1126/science.aav7619
http://www.ncbi.nlm.nih.gov/pubmed/30630919
http://dx.doi.org/10.1242/jeb.134585
http://www.ncbi.nlm.nih.gov/pubmed/28768746
http://dx.doi.org/10.1073/pnas.1302701110
http://www.ncbi.nlm.nih.gov/pubmed/24003127
http://dx.doi.org/10.1038/s41586-018-0181-4
http://www.ncbi.nlm.nih.gov/pubmed/29875489
http://dx.doi.org/10.1038/nature16542
http://www.ncbi.nlm.nih.gov/pubmed/26789252
http://dx.doi.org/10.5194/esd-9-227-2018
http://dx.doi.org/10.1002/joc.4285
http://dx.doi.org/10.1038/s41598-017-11285-y
http://www.ncbi.nlm.nih.gov/pubmed/28883636
http://dx.doi.org/10.1002/2017GL076521
http://dx.doi.org/10.1029/2018GL078789
http://dx.doi.org/10.1029/2018EF000862
http://dx.doi.org/10.1038/s41598-019-39936-2
http://www.ncbi.nlm.nih.gov/pubmed/30837575
http://dx.doi.org/10.1038/s41598-017-01309-y
http://dx.doi.org/10.1038/s41598-017-01309-y
http://www.ncbi.nlm.nih.gov/pubmed/28465575
http://dx.doi.org/10.1038/s41558-018-0137-6
http://dx.doi.org/10.1007/s10113-018-1331-9
http://dx.doi.org/10.1007/s10113-018-1331-9
http://dx.doi.org/10.1016/j.agrformet.2018.05.013
http://dx.doi.org/10.1016/j.agrformet.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/30880854
http://dx.doi.org/10.1111/gcb.14542
http://dx.doi.org/10.1007/s10113-018-1409-4
http://dx.doi.org/10.1175/JCLI-D-17-0898.1
http://dx.doi.org/10.1016/S2542-5196(18)30168-2
http://www.ncbi.nlm.nih.gov/pubmed/30177000
http://dx.doi.org/10.1017/dmp.2018.28
http://www.ncbi.nlm.nih.gov/pubmed/29622053
http://dx.doi.org/10.1038/s41586-019-0901-4
http://dx.doi.org/10.1038/s41586-019-0901-4
http://www.ncbi.nlm.nih.gov/pubmed/30728522
http://dx.doi.org/10.1029/2018GL081229
http://dx.doi.org/10.1038/s41558-018-0305-8
http://dx.doi.org/10.1038/s41467-018-04692-w
http://dx.doi.org/10.1038/s41467-018-04692-w
http://www.ncbi.nlm.nih.gov/pubmed/29915265
http://dx.doi.org/10.1088/1748-9326/aacc76
http://dx.doi.org/10.1029/2018EF000873
http://dx.doi.org/10.1029/2018EF000873
http://dx.doi.org/10.1088/1748-9326/10/12/124003
http://dx.doi.org/10.1088/1748-9326/10/12/124003
http://dx.doi.org/10.1088/1748-9326/aab827
http://dx.doi.org/10.1016/j.cosust.2018.05.013
http://dx.doi.org/10.1016/j.cosust.2018.05.013
http://dx.doi.org/10.1016/j.scitotenv.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/30743957
http://dx.doi.org/10.1029/2018GL078430
http://dx.doi.org/10.1038/s41467-018-07999-w
http://www.ncbi.nlm.nih.gov/pubmed/30602773
http://dx.doi.org/10.1038/s41558-019-0400-5
http://dx.doi.org/10.1038/s41467-018-05340-z
http://www.ncbi.nlm.nih.gov/pubmed/30087330
http://www.unenvironment.org/news-and-stories/press-release/new-un-decade-ecosystem-restoration-offers-unparalleled-opportunity
http://www.unenvironment.org/news-and-stories/press-release/new-un-decade-ecosystem-restoration-offers-unparalleled-opportunity
http://www.unenvironment.org/news-and-stories/press-release/new-un-decade-ecosystem-restoration-offers-unparalleled-opportunity
http://dx.doi.org/10.1080/14693062.2018.1485546
http://dx.doi.org/10.1002/wcc.545
http://dx.doi.org/10.1038/nclimate1847
http://dx.doi.org/10.1002/wcc.564


68. R. Mechler, L. M. Bouwer, T. Schinko, S. Surminski, J.
Linnerooth-Bayer, Eds., Loss and Damage from Climate Change:
Concepts, Methods and Policy Options (Springer, 2019).

69. E. Boyd, R. A. James, R. G. Jones, H. R. Young, F. E. L. Otto,
A typology of loss and damage perspectives. Nat. Clim. Chang.
7, 723–729 (2017). doi: 10.1038/nclimate3389

70. M. Nilsson et al., Mapping interactions between the sustainable
development goals: Lessons learned and ways forward.
Sustain. Sci. 13, 1489–1503 (2018). doi: 10.1007/s11625-018-
0604-z; pmid: 30546483

71. A. Thomas, L. Benjamin, Management of loss and damage in
small island developing states: Implications for a 1.5 °C or
warmer world. Reg. Environ. Change 18, 2369–2378 (2018).
doi: 10.1007/s10113-017-1184-7

72. UNESCO, Declaration of Ethical Principles in Relation to Climate
Change (2017); https://unesdoc.unesco.org/ark:/48223/
pf0000260129.

73. R. Wartenburger et al., Changes in regional climate extremes
as a function of global mean temperature: An interactive
plotting framework. Geosci. Model Dev. 10, 3609–3634 (2017).
doi: 10.5194/gmd-10-3609-2017

ACKNOWLEDGMENTS

We are grateful for the support provided by the Intergovernmental
Panel on Climate Change (IPCC), particularly that of the Technical
Support Units for Working Groups I and II, as well as the large
number of contributing authors and science officers involved in the
IPCC Special Report (3). Author contributions: All authors
volunteered and contributed their time in producing this
publication and the underlying Special Report from the IPCC (3).
Funding: Supported by the Australia Research Council (ARC)
Laurette Fellowship and Centre for Excellence in Coral Reef Studies
(O.H.-G.) and by the European Research Council (ERC)

“DROUGHT-HEAT” project funded by the European Community’s
Seventh Framework Programme (grant agreement FP7-IDEAS-
ERC-617518) (S.I.S.). Competing interests: The findings,
interpretations, and conclusions expressed in the work do not
necessarily reflect the views of the World Bank, its board of
executive directors, or the governments they represent. K.E.
established a sole-proprietor consulting company (ClimAdapt LLC)
more than a decade ago, and occasionally consults with
international entities and development partners on managing the
health risks of climate change. No other competing interests have
been declared by the authorship.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/365/6459/eaaw6974/suppl/DC1
Materials and Methods

10.1126/science.aaw6974

Hoegh-Guldberg et al., Science 365, eaaw6974 (2019) 20 September 2019 11 of 11

RESEARCH | REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org on M

ay 06, 2023

http://dx.doi.org/10.1038/nclimate3389
http://dx.doi.org/10.1007/s11625-018-0604-z
http://dx.doi.org/10.1007/s11625-018-0604-z
http://www.ncbi.nlm.nih.gov/pubmed/30546483
http://dx.doi.org/10.1007/s10113-017-1184-7
https://unesdoc.unesco.org/ark:/48223/pf0000260129
https://unesdoc.unesco.org/ark:/48223/pf0000260129
http://dx.doi.org/10.5194/gmd-10-3609-2017
https://science.sciencemag.org/content/365/6459/eaaw6974/PAGE/suppl/DC1


Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.
Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

The human imperative of stabilizing global climate change at 1.5°C
O. Hoegh-Guldberg, D. Jacob, M. Taylor, T. Guilln Bolaos, M. Bindi, S. Brown, I. A. Camilloni, A. Diedhiou, R. Djalante, K.
Ebi, F. Engelbrecht, J. Guiot, Y. Hijioka, S. Mehrotra, C. W. Hope, A. J. Payne, H.-O. Prtner, S. I. Seneviratne, A. Thomas,
R. Warren, and G. Zhou

Science, 365 (6459), eaaw6974. 
DOI: 10.1126/science.aaw6974

The need to stabilize global climate
Climate change will be the greatest threat to humanity and global ecosystems in the coming years, and there is a
pressing need to understand and communicate the impacts of warming, across the perspectives of the natural and
social sciences. Hoegh-Guldberg et al. review the climate change–impact literature, expanding on the recent report of
the Intergovernmental Panel on Climate Change. They provide evidence of the impacts of warming at 1°, 1.5°, and 2°C
—and higher—for the physical system, ecosystems, agriculture, and human livelihoods. The benefits of limiting climate
change to no more than 1.5°C above preindustrial levels would outweigh the costs.
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