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The projected timing of climate departure
from recent variability
Camilo Mora1, Abby G. Frazier1, Ryan J. Longman1, Rachel S. Dacks2, Maya M. Walton2,3, Eric J. Tong3,4, Joseph J. Sanchez1,
Lauren R. Kaiser1, Yuko O. Stender1,3, James M. Anderson2,3, Christine M. Ambrosino2,3, Iria Fernandez-Silva3,5,
Louise M. Giuseffi1 & Thomas W. Giambelluca1

Ecological and societal disruptions by modern climate change are critically determined by the time frame over which
climates shift beyond historical analogues. Here we present a new index of the year when the projected mean climate of
a given location moves to a state continuously outside the bounds of historical variability under alternative greenhouse gas
emissions scenarios. Using 1860 to 2005 as the historical period, this index has a global mean of 2069 (618 years s.d.) for
near-surface air temperature under an emissions stabilization scenario and 2047 (614 years s.d.) under a ‘business-as-usual’
scenario. Unprecedented climates will occur earliest in the tropics and among low-income countries, highlighting the
vulnerability of global biodiversity and the limited governmental capacity to respond to the impacts of climate change.
Our findings shed light on the urgency of mitigating greenhouse gas emissions if climates potentially harmful to biodiversity
and society are to be prevented.

Climate is a primary driver of biological processes, operating from
individuals to ecosystems, and affects several aspects of human life.
Therefore, climates without modern precedents could cause large and
potentially serious impacts on ecological and social systems1–5. For
instance, species whose persistence is shaped by the climate can
respond by shifting their geographical ranges4–7, remaining in place
and adapting5,8, or becoming extinct8–11. Shifts in species distributions
and abundances can increase the risk of extinction12, alter community
structure3 and disrupt ecological interactions and the functioning of
ecosystems. Changing climates could also affect the following: human
welfare, through changes in the supply of food13 and water14,15; human
health16, through wider spread of infectious vector-borne diseases17,18,
through heat stress19 and through mental illness20; the economy, through
changes in goods and services21,22; and national security as a result of
population shifts, heightened competition for natural resources, violent conflict and geopolitical instability23. Although most ecological and
social systems have the ability to adapt to a changing climate, the
magnitude of disruption in both ecosystems and societies will be
strongly determined by the time frames in which the climate will reach
unprecedented states1,2. Although several studies have documented the
areas on Earth where unprecedented climates is likely to occur in
response to ongoing greenhouse gas emissions24,25, our understanding
of climate change still lacks a precise indication of the time at which the
climate of a given location will shift wholly outside the range of historical precedents.
To provide an indication of the projected timing of climate departure under alternative greenhouse gas emissions scenarios, we have
developed an index that determines the year when the values of a
given climatic variable exceed the bounds of historical variability
for a particular location (Fig. 1a). We emphasize that although our
index commonly identifies future dates, this does not imply that
climate change is not already occurring. In fact, our index projects
when ongoing climate change signals the start of a radically different
climate. For this analysis we used the projections of 39 Earth System

Models developed for the Coupled Model Intercomparison Project
phase 5 (CMIP5). The bounds of climate variability were quantified as
the minimum and maximum values yielded by the Earth System
Models with the CMIP5 ‘historical’ experiment, which for all models
included the period from 1860 to 2005. This experiment included
observed changes in atmospheric composition (reflecting both anthropogenic and natural sources) and was designed to model the climate’s
recent past and allow the validation of model outputs against available
climate observations26. The year at which a climate variable moves out
of the historical bounds was estimated independently with data from
the Representative Concentration Pathways 4.5 (RCP45) and 8.5
(RCP85), which included the period from 2006 to 2100. These pathways or scenarios represent contrasting mitigation efforts between
a concerted rapid CO2 mitigation and a ‘business-as-usual’ scenario
(CO2 concentrations could increase to 538 and 936 p.p.m. by 2100,
according to RCP45 and RCP85, respectively27,28). A more aggressive
mitigation scenario (RCP 2.6) was not analysed, because it was not
consistently used among models, and the implicit mitigation effort is
considered currently unfeasible29.
We analysed five climate variables for the atmosphere and two for
the oceans (Extended Data Table 1). However, we report results with
mean annual near-surface air temperature as our indicator of the
climate, unless otherwise specified. Simulated and actual measurements of temperature for the period 1986–2005 were remarkably
similar (Extended Data Fig. 1). In comparison with any individual
model’s results, the multi-model average best fitted the actual data
(Extended Data Fig. 1). We therefore describe our results on the basis
of multi-model averages. We show standard deviations to report the
spatial variability in our results. Multi-model uncertainty (that is, the
variability between models in the predicted years) was measured as
the standard error of the mean, which for near-surface air temperature had a global value of 4.2 years for RCP45 and 2.7 years for
RCP85 (Extended Data Fig. 2a). Multi-model uncertainty for all variables is shown in Extended Data Fig. 2.
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Figure 1 | Estimating the projected timing of climate departure from recent
variability. a, Mean annual temperatures of an example grid cell (small square
on map) exceed historical climate bounds (grey area) for three consecutive
years starting in 2012 (blue arrow) and for 11 consecutive years after 2023
(green arrow); after 2036 (red arrow) all subsequent years remained outside the
bounds (data from the Geophysical Fluid Dynamics Laboratory Earth System

Model 2G). b, c, Effect of using different historical reference periods (b) and
different numbers of consecutive years exceeding historical bounds (c) on the
projected timing of climate departure from recent variability for global multi-model
averages under RCP85. d, Comparison of the projected timing of climate departure
from recent variability under RCP85, using the ‘historical’ and the ‘historicalNat’
experiments as reference to set the bounds of historical climate variability.

Sensitivity of the index

the historical experiment from 39 Earth System Models available,
suggesting that our results included the broadest historical climate
bounds possible, given available data. Similarly, we used the first year
after which all values would continuously exceed the bounds of historical climate variability.
To address the third concern we compared our results from the
historical experiment with those obtained from an additional CMIP5
experiment, ‘historicalNat’, which simulated the same time span as
the historical experiment but with only natural forcing (for example
volcanoes and solar variability), while excluding anthropogenic greenhouse gas emissions26. The results of this analysis (Fig. 1d) indicated
that the climate surpasses the bounds of historical variability about
18.5 years earlier under RCP45, and 11.5 years earlier under RCP85
when using historical simulations that excluded anthropogenic greenhouse-gas forcing (historicalNat experiment) compared with those that
included it (historical experiment). We did not use the historicalNat
experiment in our main results because it was available for only 17 out
of 39 Earth System Models in CMIP5 (Extended Data Table 1) and this
would have sacrificed the robustness obtained by using all available
models. However, the sensitivity test above provides a quantitative
measure of the likely adjustment in the projected timing of climate
departure if historic periods without human effects were used to quantify past climate variability, and suggests that the reported values using
the historical experiment are highly conservative.

Three factors could affect the result of our index: first, the number of
years used as the historical reference period (a longer historical reference period could yield broader bounds of climate variability); second,
the number of consecutive years out of historical bounds in order to
declare the timing of climate departure (for example, one single year
out of historical bounds will probably occur sooner than several consecutive years), and third, the extent to which the historical reference
period has been affected by anthropogenic greenhouse gases (the use
of a period that already contains anthropogenic effects would yield
broader bounds of climate variability).
To address the first two concerns we calculated the year when the
climate exceeded the bounds of historical variability, using different
historical reference periods and varying numbers of consecutive years
out of the historical bounds. We found that the year in which the
climate exceeded the bounds of historical variability changed minimally when using historical time bins ranging from 20 to 140 years
(Fig. 1b). Despite the fact that our analysis was constrained by the
140 years of available model data, the observed relationship between
historical time bins (X) and the year exceeding bounds of historical
climate variability (Y) showed a strong correlation for both RCPs
(Y 5 1.2773 ln X 1 2063.2 for RCP45; Y 5 1.0865 ln X 1 2042.2 for
RCP85 (dashed line in Fig. 1b); r2 5 0.99 and P , 0.001 in both cases).
Under both RCPs, extrapolating these equations from a 140-year time
bin to a 1,000-year time bin increased the estimated year exceeding
the bounds of historical climate variability by only about 2 years. In
contrast, the year at which the climate exceeded the bounds of historical variability was sensitive to the number of consecutive years out
of historical bounds considered (Fig. 1c). As illustrated for the location in Fig. 1a, the climate will experience three consecutive years out
of historical bounds by 2012, 11 consecutive years by 2023, and all
consecutive years after 2036. To ensure robustness in our results we
used the minimum and maximum values in the entire time series of
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The timing of climate departure
We found that the year at which the climate exceeds the bounds of
historical variability depended on the modelled scenario. Under RCP45,
the projected near-surface air temperature of the average location on
Earth will move beyond historical variability by 2069 (618 years s.d.,
56 years in the future; solid blue line in Fig. 2d) and two decades earlier
under RCP85 (that is, 2047 (614 years s.d.), 34 years in the future; solid
red line in Fig. 2d). These results are sobering indicators of the pace of
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Figure 2 | The projected timing of climate departure from recent variability.
a, b, Projected year when annual (a) or monthly (b) air temperature means
move to a state continuously outside annual or monthly historical bounds,
respectively. c, Absolute change in mean annual air temperature. (Results in
a–c are based on RCP85.) d, Cumulative frequency of 100-km grid cells

according to the projected timing of climate departure from recent variability
for air temperature under two emissions scenarios (vertical lines indicate the
median year). e, Scatter plot relating the grid cells from the map of absolute
change (c) to the same grid cells from the map of projected timing of climate
departure (a).

climate change if one considers that the timing of climate departure will
occur sooner if ‘pristine’ climate conditions (that is, the historicalNat
experiment) are used to set historical climate bounds: 37.5 years in the
future under RCP45, or 22.5 years under RCP85. For the ocean, the
historical bounds of sea surface temperature will be surpassed on average by 2072 (617 years s.d.) under RCP45 and by 2051 (616 years s.d.)
under RCP85 (Extended Data Fig. 3). When the index is calculated by
using monthly values (see Methods), all consecutive months will be out
of the monthly historical bounds later in the century (Fig. 2b, dotted
lines in Fig. 2d; see also Extended Data Fig. 3b, d). The estimated year
when the climate exceeds historical variability is delayed when using
monthly instead of annual averages, because one anomalous year is
not necessarily caused by all months being extreme; thus, an anomalous year on average is likely to occur earlier than the year for which
all months fall outside the monthly climate bounds. It is remarkable,
however, that after 2050 most tropical regions will have every subsequent
month outside of their historical range of variability (Fig. 2b). Although
this is later than the yearly averages, we stress that this is an extreme
situation, in which every month will be an extreme climatic record.
We used mean annual near-surface air temperature as the main
proxy for the climate. However, other climate variables can change
earlier or later than temperature in response to greenhouse gas emissions. To assess this effect, we analysed additional climate variables
under both emissions scenarios and provided an overall climate
assessment by estimating the year at which the first climate variable
exceeded its historical bounds of variability. These variables included
evaporation, transpiration, sensible heat flux and precipitation for the
Earth’s atmosphere, and surface pH for the ocean. For the atmosphere, the projected timing of climate departure did not change when
considering other climate variables along with air temperature (Extended
Data Fig. 4). This occurred because air temperature will experience the
earliest and most sustained changes outside historical climate bounds
in comparison with other atmospheric variables (that is, other atmospheric variables will continuously surpass their historical variability
later than temperature; Extended Data Fig. 4). However, the projected
timing of the ocean’s climate departure was pushed forward to this
decade when pH was considered alongside sea surface temperature.
Global mean ocean pH moved outside its historical variability by 2008
(63 years s.d.), regardless of the emissions scenario analysed (Extended

Data Fig. 4). This result, which is consistent with recent studies30, is
explained by the fact that ocean pH has a narrow range of historical
variability and that a considerable fraction of anthropogenic CO2 emissions has been absorbed by the ocean30,31.

Timing and absolute changes in climate
Absolute changes in the climate are often the means of detecting or
assessing climate change and are expected to be considerably larger at
higher latitudes (Fig. 2c; see also ref. 25). Measures of absolute changes
in the climate have also dominated the dialogue on climate change
(for example, avoiding 2 uC warming is a broadly recognized goal
among scientists, policy makers and the public, because such change
is forecast to generate deleterious consequences for society and
the environment25,32). However, we found poor spatial correlation
(Fig. 2e) between the absolute change in the climate expected by the
year 2100 (Fig. 2c) and the year at which the climate would surpass
historical precedents (Fig. 2a); this pattern was consistent among
other climate variables (Extended Data Fig. 4). This result suggests
that some aspects of climate change, which may be detrimental to
biodiversity, are poorly accounted for by metrics of absolute changes
in the climate; and implies that global biodiversity could face a climate
change ‘double jeopardy’ from either large absolute changes or the
early arrival of unprecedented climates.
We also found that the tropics will experience the earliest emergence of historically unprecedented climates (Fig. 2a, b). This probably occurs because the relatively small natural climate variability in
this region of the world generates narrow climate bounds that can be
easily surpassed by relatively small climate changes. However, small
but fast changes in the climate could induce considerable biological
responses in the tropics, because species there are probably adapted to
narrow climate bounds5,33–35. This is a prime explanation for the decline
in the range sizes of species towards lower latitudes (Rapoport’s rule):
having narrower tolerances, tropical species are largely restricted to the
tropics; in comparison, the broader physiological tolerances of temperate species allow them to survive across a broader latitudinal span33.
Furthermore, empirical and theoretical studies in corals5,36,37, terrestrial
ectotherms34 and plants and insects35 show that tropical species live in
areas with climates near their physiological tolerances and are therefore
vulnerable to relatively small climate changes.
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Figure 3 | The projected timing of climate departure from recent variability
in global biodiversity hotspots. These plots indicate the difference between the
average year in which the climate exceeds bounds of historical variability for each
hotspot and the estimated global averages. The analysis was run independently
for each hotspot, using mean annual air temperature for terrestrial taxa (green
bars) or sea surface temperature for marine taxa (blue bars). Plots are centred at
the respective global mean year for atmospheric (green numbers) and marine
(blue numbers) environments. Horizontal bars rank the hotspots chronologically
according to the mean year of unprecedented climates under RCP85. Horizontal
black lines indicate the standard deviation among cells in the hotspots.

The earliest emergence of unprecedented climates in the tropics
and the limited tolerance of tropical species to climate change are
troublesome results, because most of the world’s biodiversity is concentrated in the tropics (Extended Data Fig. 5; see also ref. 33). We
found that, on average, the projected timing of climate departure in
marine and terrestrial biodiversity hotspots (sensu ref. 38, the top 10%
most species-rich areas on Earth where a given taxon is found) will
occur one decade earlier than the global average under either emissions scenario (Fig. 3). Coral hotspots will experience the earliest
arrival of unprecedented climates: 2050 under RCP45 (about 23 years
earlier than the global average), or 2034 under RCP85 (about 17 years
earlier than the global average) (Fig. 3). With the exception of marine
birds, whose hotspots are located at high latitudes (Extended Data
Fig. 5d; see also ref. 39), unprecedented climates will occur at the latest
by 2063 (RCP45) or 2042 (RCP85) in the hotspots of all other taxa
considered (Fig. 3). Overall these results suggest that the overarching
effect of climate change on biodiversity may occur not only as a result
of the largest absolute changes in climate at high latitudes but also
perhaps more seriously from small but prompt changes in the tropics.
In short, the tropics will be highly vulnerable to climate change for at
least three reasons: first, the earliest emergence of unprecedented climates will be there; second, tropical species are more vulnerable to small
climate changes; and third, this region holds most of the Earth’s species.

Discussion
The biological responses expected from the rapid emergence of historically unprecedented climates are likely to be idiosyncratic40 and will
depend on attributes such as species adaptive capacity, current genetic
diversity, ability to migrate, current availability of habitats, disruption
of ecological interactions, and ecological releases40–44. Although the
extent of these responses in the future has been a topic of debate45,46,
considerable changes in community structure3 and extinction10 have
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Figure 4 | Biodiversity hotspots: exposure to climate departures, and
economic capacity to respond. Each point in these plots represents one of the
13 taxonomic biodiversity hotspots considered. a, Comparison of the year at
which the climate exceeds bounds of historical variability between hotspots and
protected areas in those hotspots. The dotted line shows the 1:1 relationship.
b, Comparison of the year at which the climate exceeds bounds of historical
variability in hotspots against the average Gross Domestic Product (GDP) per
person for the countries encompassing the hotspots. The trend line for RCP45 is
modelled with y 5 0.001x 1 2045.2 (r2 5 0.75, P , 0.05; n 5 13 hotspots) and
for RCP85 with y 5 0.0007x 1 2030.4 (r2 5 0.75, P , 0.05; n 5 13 hotspots).

been shown to have coincided with the emergence of unprecedented
climates in the past. In addition, recent short-term extreme climatic
events have been associated with die-offs in terrestrial47–49 and marine37
ecosystems, highlighting the potentially serious consequences of
reaching historically unprecedented climates. Unfortunately, key conservation strategies such as protected areas, which may ameliorate the
extent of several anthropogenic stressors, are unlikely to provide refuge
from the expected effects of climate change, because protected areas
within biodiversity hotspots will experience unprecedented climates at
the same time as non-protected hotspot areas (Fig. 4a; see also ref. 50).
The expansion and/or effectiveness of protected areas and other conservation strategies could be further impaired by limited governmental
capacity, because the earliest emergence of unprecedented climates will
occur among hotspots predominantly located in low-income countries
(Fig. 4b and Extended Data Fig. 6).
The emergence of unprecedented climates could also induce responses in human societies1,2,13–16,19–22, and the resulting adjustments
could be considerable because according to RCP45 roughly 1 billion
people (about 5 billion people under RCP85) currently live in areas
where climate will exceed historical bounds of variability by 2050
(Fig. 5a). The fact that the earliest climate departures occur in low-income
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Figure 5 | Susceptibility of societies to climate departures, and economic
capacity to respond. a, Plot of cumulative number of people against the years
at which the climate of their current living areas will exceed historical climate
bounds (dotted lines highlight the results for 2050). b, Relation between
GDP per person and the average year of climate departure from recent
variability. The trend line for RCP45 is modelled with y 5 0.0005x 1 2051.9
(r2 5 0.19, P , 0.05; n 5 200 countries or territories) and for RCP85 with
y 5 0.0004x 1 2034.5 (r2 5 0.25, P , 0.05; n 5 200 countries or territories).
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countries (Fig. 5b) further highlights an obvious disparity between those
who benefit economically from the processes leading to climate change
and those who will have to pay for most of the environmental and social
costs. This suggests that any progress to decrease the rate of ongoing
climate change will require a bigger commitment from developed countries to decrease their emissions but will also require more extensive
funding of social and conservation programmes in developing countries
to minimize the impacts of climate change. Our results on the projected
timing of climate departure from recent variability shed light on the
urgency of mitigating greenhouse gas emissions if widespread changes
in global biodiversity and human societies are to be prevented.

METHODS SUMMARY
We used the projections of seven climate variables (near-surface air temperature,
sea surface temperature, precipitation, evaporation, transpiration, surface sensible heat flux, and ocean surface pH) from Earth System Models developed for
CMIP5. As of March 2013 there were 39 Earth System Models from 21 climate
centres in 12 countries that modelled at least one of the variables analysed
(Extended Data Table 1). For each model and variable, we used the period
1860–2005 from the historical experiment (the longest time span common to
all models), to establish the historical bounds of climate variability. The projections from RCP45 and RCP85, which simulate the period 2006–2100, were used
to identify the year at which mean annual values of a given variable would exceed
historical bounds. We also independently calculated the year at which the climate
would exceed historical monthly variability by identifying the year containing the
month after which all consecutive months, until 2100, exceeded monthly historical bounds (Fig. 2b). In total, for all variables and experiments, we processed
89,712 years of data comprising 1,076,544 monthly global maps, interpolated to
an equal-area grid with a resolution of 100 km. Absolute climate change (Fig. 2c
and Extended Data Figs 3c and 4) was calculated by subtracting contemporary
averages (1996 to 2005) from future averages (2091 to 2100). Decadal averages
were chosen to minimize aliasing by inter-annual variability. The projected timing of climate departure in biodiversity hotspots (Fig. 3), protected areas (Fig. 4),
populated areas (Fig. 5a) and the economic capacity of countries (Fig. 5b) were
estimated by sampling these areas from global map results on projected climate
departure (based on near-surface air or sea surface temperature). All data sources
are indicated in Extended Data Table 2.
Online Content Any additional Methods, Extended Data display items and
Source Data are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Approach. We used the projections of seven climatic variables (near-surface air
temperature, sea surface temperature, precipitation, evaporation, transpiration,
surface sensible heat flux, and ocean surface pH) from Earth System Models
developed for CMIP5 (link to data source is provided in Extended Data Table 2).
As of March 2013, there were 39 Earth System Models from 21 climate centres in
12 countries that modelled at least one of the variables analysed (Extended Data
Table 1). We used the period 1860–2005 from the historical experiment (the
longest time span common to all models) to establish the historical bounds of
climate variability. The projections from RCP45 and RCP85, which simulate the
period 2006–2100, were used to identify the year at which mean annual values of a
given variable would exceed historical bounds (Fig. 1a). We also independently
calculated the year at which the climate would exceed historical monthly variability by identifying the year containing the month after which all consecutive
months, until 2100, exceeded monthly historical bounds. We used models that
provided the complete data sets for the historical, RCP45 and RCP85 experiments. In total, for all variables and projections, we processed 89,712 years of data
comprising 1,076,544 monthly global maps. Given that the CMIP5 models use
different spatial grids to provide their data, we interpolated data from all models
to an equal-area grid with a resolution of 100 km, using an area-weighted average
interpolation method in which the data from the models’ grid were transferred to
our grid proportionally to the area that they occupied on our grid cells.
Sensitivity tests. We assessed three factors that could affect the result of our
index: first, the number of years used as the historical reference period; second,
the number of consecutive years out of historical bounds in order to declare the
departure of climate; and third, the extent to which the historical reference period
has been affected by anthropogenic greenhouse gases. To address these concerns
we calculated the year when the climate exceeded the bounds of historical variability by using historical time bins varying from 20 to 140 years, by varying the
number of consecutive years out of the historical bounds, and by comparing our
results from the historical experiment with those obtained from an additional
CMIP5 experiment, ‘historicalNat’, which simulated the same time span as the
historical experiment, but with only natural forcing. On the basis of the results
from these tests we decided to use, first, the minimum and maximum values of the
entire historical period; second, the year after which all values were outside
climate bounds, as our index; and third, the historical experiment as our reference
period of climate variability, because it was available for all models in CMIP5 as
opposed to the historicalNat experiment, which was available for only 17 out of 39

models. The test of our third concern, however, provides a measure of the difference in the results of our index using the historical reference period with human
effects (historical experiment) compared with a historical reference period without
human effects.
Determining the exposure of biodiversity and human societies. Biodiversity
hotspots were outlined for 13 different marine (birds, cephalopods, corals, mammals, mangroves, marine fishes, reptiles and sea grasses) and terrestrial (amphibians, birds, mammals, reptiles and plants) taxonomic groups from global patterns
of species richness (data sources are provided in Extended Data Table 2).
Biodiversity hotspots were defined as the top 10% most species-rich areas on
Earth where a given taxon is found (sensu ref. 33); their spatial distributions are
outlined in Extended Data Fig. 5. We determined the exposure of global biodiversity hotspots to the projected timing of climate departure by intersecting biodiversity maps with maps of our index, and extracted the values in the overlapping
cells. To assess the conservation potential of protected areas in biodiversity hotspots, we obtained data on protected areas, extracted all those in biodiversity hotspots and overlapped them with maps of our index to determine their timing of
climate departure. We followed the same procedure for maps of population estimates and for GDP per person by country to assess the exposure of human societies
and nations’ economic capacities to the timing of climate departure (data sources
are provided in Extended Data Table 2).
CMIP5 model robustness. We tested the robustness of CMIP5 Earth System
Models by relating the simulated values and the multi-model average of nearsurface air temperature and sea surface temperature from each model’s output to
20 years of temperature observations (data sources are provided in Extended Data
Table 2). We compared only air and sea surface temperature because of the broad
availability and reliability of temperature observations. This comparison was
restricted to the period 1986–2005, given the availability of actual data. The
resulting metrics of fit include the correlation, the ratio of the standard deviations
and the root mean squared error (all shown in Taylor diagrams in Extended Data
Fig. 1a, d). Given our interest in historical climate bounds set by minimum and
maximum climate values, we also compared the multi-model minimum and
maximum projected values of temperature against actual minimum and maximum temperatures for the period 1986–2005 (Extended Data Fig. 1b, c, e, f).
51.

Kier, G. et al. A global assessment of endemism and species richness
across island and mainland regions. Proc. Natl Acad. Sci. USA 106, 9322–9327
(2009).
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Extended Data Figure 1 | Evaluating robustness of Earth System Models.
a–c, Analysis of near-surface air temperature. d–f, Analysis of sea surface
temperature. a, d, Normalized Taylor diagrams. The Taylor diagrams compare
actual observations with CMIP5 model simulations, and summarize three
different metrics of similitude: the correlation (curved axis), the ratio of the
standard deviations (x and y axes) and the root mean squared error (blue arcs).
Blue points indicate perfect fit, red points the multi-model average, and black
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points the comparison of each Earth System Model to actual observations. The
closer a red or black point is to the blue point, the better the fit between actual
and simulated data. b, c, e, f, Comparison between actual and multi-model
minimum (b, e) and maximum (c, f) temperatures for the 20-year period
1986–2005 (the time frame for which actual observations were mostly
available). Dashed lines indicate the 1:1 relationship.
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Extended Data Figure 2 | Multi-model uncertainty in the projected timing
of climate departure. Results are shown for near-surface air temperature
(a), sea surface temperature (b), evaporation (c), sensible heat flux (d), ocean
surface pH (e), precipitation (f) and transpiration (g). Maps on the left show the
mean year of climate departure under RCP85, and maps on the right illustrate

the spatial patterns of inter-model standard error of the mean for RCP85. The
histograms on the right indicate the frequency of grid cells by multi-model
standard error of the mean according to each emissions scenario (blue, RCP45;
red, RCP85).
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Extended Data Figure 3 | Sea surface temperature and projected timing of
climate departure. a, b, Projected year when annual (a) or monthly (b) sea
surface temperature means move to a state continuously outside annual or
monthly historical bounds, respectively. c, Absolute change in mean annual sea
surface temperature. (Results in a–c are based on RCP85.) d, Cumulative
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frequency of 100-km resolution grid cells according to the year of climate
departure under the two emissions scenarios and for mean annual and monthly
sea surface temperature. e, Scatter plot relating the grid cells from the absolute
change map (c) to the same grid cells from the projected timing of climate
departure map (a).
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Extended Data Figure 4 | Projected timing of climate departure for
different climate variables. We calculated the year of climate departure for five
variables in addition to temperature. We considered the year of climate
departure as the year at which the first variable exceeded its historical bounds of
variability. The plots show the year of climate departure (left), the absolute

change (middle) and the relation between the departure year and absolute
change (right) under RCP85. The plot at the bottom right compares the global
average year using temperature alone with the year when considering
additional climate variables. Vertical lines indicate s.d.
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Extended Data Figure 5 | Biodiversity hotspots. Global patterns of species
richness were mapped for 13 marine and terrestrial taxa. For each taxon, we
outlined biodiversity hotspots as the top 10% most species-rich places on Earth
where the given taxon occurred (bold black lines). For mammals, birds, reptiles,
amphibians, marine fishes, cephalopods, corals, mangroves and seagrasses
(a–h, j–m), we used expert-verified geographical ranges to map patterns of
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species richness by counting the number of species whose ranges overlapped
with an equal-area grid with a resolution of 100 km. i, For terrestrial vascular
plants we used the number of species in different regions (data from ref. 51) and
calculated species richness as the highest number of species occurring in the
regions intersecting each 100-km resolution grid cell. The number of species or
species richness used for each taxonomic group is indicated in parentheses.
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Extended Data Figure 6 | Average gross domestic product (US$) per person
for countries where the world’s biodiversity hotspots are located. Horizontal
bars represent the average GDP per person for the countries containing the
hotspots for the 13 taxa examined.
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Extended Data Table 1 | Earth System Models analysed

The table shows the list of models used for each variable analysed. We considered only models that provided the complete series of data from 1860 to 2100 under the historical, RCP45 and RCP85 experiments;
asterisks indicate that the model also provided results for the ‘historicalNat’ experiment (data source shown in Extended Data Table 2). The variables analysed included near-surface air temperature (CMIP5
variable name ‘tas’, in K), precipitation (‘pr’, kg m22 s21), evaporation (‘evspsbl’, kg m22 s21), transpiration (‘tran’, kg m22 s21), surface upward sensible heat flux (‘hfss’, W m22), surface sea water potential
temperature (‘thetao’, K) and pH (‘ph’, mol H kg21).
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Extended Data Table 2 | Data sources
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