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Supplementary Text

Corresponding projected climate analog results for RCP scenario 4.5

RCP4.5 commits the planet to a future global climate similar to that of the mid-Pliocene
(Figs. S4, S5). The relative proportion of climate analogs shifts throughout the 215t century
and remains nearly constant beyond 2100 CE when climate stabilization occurs. Changes in
projected future climate analogs under RCP4.5 are predominantly driven by a change in
future temperature, though precipitation is important for highly novel climates (e.g.
monsoonal locations).

Choice of Distance Metric

To assess the sensitivity of findings to selection of distance metric (1), Fig. S6 shows
projected future climate analogs using an alternative distance metric, the standardized
Euclidean distance (SED, Materials and Methods). Spatial patterns for both RCP4.5 and 8.5
are very similar to those reported using Mahalanobis Distance (Fig. 3). However, under
RCP4.5, the Pliocene reaches a plurality by 2030 CE in the SED analyses rather than 2040
CE when Mahalanobis distance is used (Fig. S7). Under RCP8.5, the Pliocene reaches a
plurality by 2020 CE in the SED analyses rather than 2030 CE. The Eocene reaches a
plurality by 2150 CE with both distance metrics.

Climate Zonal Means

Fig. S8 shows climate zonal means for the four indicator variables (Tojr, Tjja, Pojr, Pjja).
These figures present a summary of the climate states used in our analyses, and
contextualize their relative temperature and precipitation values. Mean values are
calculated for 64 bins of latitude. If no terrestrial grid cells are present, the resulting value
is NA. Zonal mean curves are then averaged across all models where there are multiple
estimates of a given variable (i.e. at least two estimates of climate from the ensemble).
Points are plotted using a loess smoothing method with a span of 0.125
(ggplot2::geom_smooth). Fig. S9 presents the individual variable means for GISS, HadCM,
and CCSM.

Novelty of Projected Future Climates

Fig. S10 shows the Mahalanobis climatic distance between the future climates at each
location and its closest geohistorical climatic analog, drawn from any terrestrial location in
the set of six potential climatic analogs. High minimum dissimilarities provide an index of
the novelty of future climates relative to all considered geohistorical analogs. Fig. S11
shows the histogram of MD values for a comparison of historical to pre-industrial climates,
used to identify the no-analog threshold (99t percentile). Values greater than 0.51102 for
HadCM3, 0.36912 for GISS, and 0.39900 for CCSM indicate future climates with no close
geohistorical analog (for SED, 6.09940 for HadCM3, 3.98705 for GISS, and 3.69044 for
CCSM). Geologically novel climate tend to be centered in regions of high rainfall and
temperature, e.g. in monsoonal systems and temperate coastal rainforests. By broadening
the reference baseline to include multiple reference climate states from deep geological
time, novelty values decrease, because there are more potential climates to find a best
analog. Nevertheless, some future climates remain geologically novel.



Unique-Analog Analysis

When matching future climates to potential geohistorical analogs, one question is whether
the set of unique paleoclimatic analogs is small or large. “Unique” climatic analogs are
unique in latitude, longitude, and time period. Future projections of climate contain the
following number of terrestrial grid cells: 1909 (GISS), 1899 (HadCM), 1876 (CCSM),
setting upper bounds to the possible number of unique paleoclimatic analogs for each
future projection.

In both the RCP4.5 and RCP8.5 scenarios, the number of unique paleoclimatic analogs
decreases over time, indicating that future climates are increasingly matching to a common
subset of paleoclimatic analogs, which diminishes over time. By 2280 CE, under RCP4.5, the
number of unique analogs reduces by 8.6% with GISS, 6.7% with HadCM, and 11.7% with
CCSM (Fig. S12a). For RCP8.5, the reductions are larger, reaching 28.9% with GISS, 40.1%
with HadCM, and 40.6% with CCSM by 2280 CE (Fig. S12b). The sharper reduction under
RCP8.5 because of the larger future climate changes increasingly moves some climates
beyond the bounds of the geohistorical pool of climate analogs, causing multiple future
climate locations to match to a smaller subset of climate analogs at the edge of
paleoclimatic space.

Distance to Closest Climate Analog

Analogs for projected future climates tend not to be found locally (i.e. from the same grid
location). For the occasional climate that does match to the same grid location, or a close-by
grid location, it is important to consider the temporal dimension of this analog. Consider
projected Arctic climates for 2100 CE under RCP8.5 (across all models)- the majority of
analogs are found outside of this region. Even temporally close analogs (Historical and pre-
industrial) tend to be sourced from across the subarctic or alpine regions of the world (Fig.
S13). As climate continues to change, geographic distances to closest analogs tend to
increase (Fig. S14). This is likely due to the continuing climatic change, and the increasing
prevalence of temporally distant analogs from different paleogeographies.
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Fig. S1. Schematic representation of climate analog methodology. Each terrestrial grid
location from a projected future climatology is compared to a reference baseline of past
climates that comprises the climates at all terrestrial grid locations, across all geohistorical
baselines. Here, a 30-year climatology centered on the year 2100 CE is compared to the
reference baseline. The minimum MD represents the closest analog climate, shown here in
red, which is identified as a mid-Pliocene analog. Relative positioning of time periods is for
illustrative purposes only.
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Fig. S2. Matching future climates to their closest geohistorical analogs. Shown here for
a grid location in Eurasia and its climate at 2100 CE (RCP8.5; CCSM), which matches most
closely to a climate from the Pliocene. Local temperature change at each grid location (a) is
shown as red background and is based on the mean difference of Tpjr and Tjja between
2100 CE and the historical era (1940-1970 CE). The trajectory in climate space for that grid
location between the historical era (blue points) and 2100 CE (gray points) indicates
warming (b). The spatial location of the closest Pliocene analog is identified (c), with a
backdrop of Pliocene temperature anomalies relative to the historical era. The distance to
the closest analog selected from Pliocene (orange) is shown in climate space (d). All
analyses in the text and SI Appendix include seasonal temperature and precipitation,

however only temperature is shown here for simplicity.
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Fig. S3. Projected geographic distribution of future climate analogs (RCP8.5). Future
climate analogs for 2020, 2050, 2100, and 2200 CE according to the GISS, HadCM, and
CCSM earth system models. Each location is color coded according to the reference
geohistorical baseline state from which its closest climatic analog was sourced. Figure
design follows Fig. 3 in main text. See also animations available as Movies S1-S3.
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Fig. S4. Projected geographic distribution of future climate analogs (RCP4.5). Future
climate analogs for 2020, 2050, 2100, and 2200 CE according to the GISS, HadCM, and
CCSM earth system models. Each location is color coded according to the reference
geohistorical baseline state from which its closest climatic analog was sourced. Figure
design follows Fig. 3 in main text. See also animations available as Movies S4-S6.
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Fig. S5. Projected future climate space by closest analog (RCP 4.5). Top row: DJF vs. J]JA
temperature space. Bottom: DJF vs. JJA precipitation space. Each point represents a
terrestrial grid location from the model ensemble, for the specified decade in the RCP4.5
projection. Points are color-coded according to the geohistorical climate that their closest
analog sources from. Box-and-whisker plots show the data range, median, and 1st and 3
quartiles for two time periods: the specified decade (black) and 2020 CE for reference
(grey). Figure design follows Fig. 4 in main text.
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Fig. S6. Projected geographic distribution of future climate analogs using
standardized Euclidean distance. Future climate analogs for 2020, 2050, 2100, and 2200
CE according to the GISS, HadCM, and CCSM earth system models for RCP4.5 (a) and
RCP8.5 (b). Each location is color coded according to the reference geohistorical baseline
state from which its closest climatic analog was sourced. Figure design follows Fig. 3 in
main text.
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Fig. S7. Time series of the closest geohistorical climatic analogs for projected
climates, 2020 to 2280 CE (SED). Colored lines indicate the proportion of terrestrial grid
cells for each future decade with the closest climatic match to climates from six potential
geohistorical climate analogs: early Eocene, mid-Pliocene, Last Interglacial (LIG), mid-
Holocene, historical (1940-1970 CE), and pre-industrial (1850 CE) for RCP8.5 (a) and
RCP4.5 (b). No LIG simulation from GISS was available at time of analysis. Red line
indicates proportion of future climates that are geologically novel. Results reflect analyses
using SED rather than MD.
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Fig. $8. Zonal means for RCP scenarios and reference paleoclimates. Zonal means of
near-surface air temperature (°C) for DJF (a) and JJA (b). Zonal means of monthly
precipitation (mm/month) for DJF (c) and JJA (d). Colored lines correspond to the
individual means of the six reference climates included in analyses. The grey-to-black lines
correspond to three time periods from the RCP future scenarios (RCP4.5: dashed lines,
RCP8.5: solid lines). All four panels show the three-model ensembles from each earth
system model.
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Fig. S9. Climate zonal means for individual earth system model families. Zonal means

of near-surface air temperature (°C) for DJF and JJA and of monthly precipitation
(mm/month) for DJF and JJA for GISS (a), HadCM (b) and CCSM (c). Colored lines

correspond to the individual means of the six reference climates included in analyses. The

grey-to-black lines correspond to four time periods (2020, 2100, 2200, 2280 CE,

respectively) from RCP-driven future simulations (RCP4.5 as dots, RCP8.5 as long-dashes).
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Fig. $10. Projected future climate novelty. Maps of the Mahalanobis distance of future
projected climates to their closest analog from six geohistorical reference baselines for
RCP8.5 (a) and RCP4.5 (b). The color gradient from zero to one corresponds to the ~99th
percentile of MD values across individual models under the RCP8.5 scenario.
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Fig. S11. Histograms of Mahalanobis distance for no analog threshold. The 99t
percentile of MD values from a comparison of Historical to pre-industrial climates was used

to determine the no analog threshold for each model family. Histograms and thresholds
(vertical lines) are presented for each model family.
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analogs declines by 2280 CE for RCP4.5 (a), and particularly for RCP8.5 (b).
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Fig. S13. Spatial location of Arctic climate analogs for 2100 CE (RCP8.5; full
ensemble). Historical and pre-industrial climate analogs for the Arctic region (grid
locations north of 66° N) tend to originate across the subarctic, and extend into alpine
regions throughout the mid-latitudes.
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Fig. S14. Geographic distances to closest climate analogs. The distribution of
geographic distances for projected climates and their geohistorical analogs increases over
time. Boxplots, shown here for each decade from 2020-2280 CE, indicate the median
(horizontal line), 1st and 34 quartile (box), and range (Q1 - 1.5*interquartile range, Q3 +
1.5*interquartile range) of geographic distances for all grid locations in each time slice.
Outliers exceeding this range are not shown.

17



Table S1. Earth system model simulations and relevant details

Atmosphere
Time Model Model Additional Resolution
Period Group Configuration Individual Reference” References (lonxlatxvert)
CCSM CCSM4 b40.rcp8_5.1deg.001 (2) (3,4) 288 x 192 x 26
RCP8.5 | GISS ModelE2-R rlilp1 (5) (6) 144 x 90 x 40
HadCM | HadCM3-M1-E Tdlac (7) (8-10) 96 x 73 x 19
CCSM CCSM4 b40.rcp4_5.1deg.001 (2) (3,4) 288 x 192 x 26
RCP4.5 | GISS ModelE2-R rlilp1 (5) (6) 144 x 90 x 40
HadCM | HadCM3-M1-E Tdlah (7) (8-10) 96 x 73 x 19
CCSM CCSM4 b40.20th.track1.1deg.008 | (3, 4) 288 x 192 x 26
Historical | GISS ModelE2-R rlilpl (11) (6) 144 x 90 x 40
HadCM | HadCM3-M1-E rlilpl (7) (8-10) 96 x 73 x 19
Pre- CCSM CCSM4 b40.1850.track1.1deg.006 | (3,4) 288 x 192 x 26
ndustrial |-GISS ModelE2-R rlilp142 (11) (6) 144 x 90 x 40
HadCM | HadCM3-M2-D PMIP2_0K_OAV (12) (8-10) 96 x 73 x 19
mid- CCSM CCSM4 b40.mh6ka.1deg.003 (3,4) 288 x 192 x 26
Holocene GISS ModelE2-R rlilpl (6) 144 x 90 x 40
HadCM | HadCM3-M2-D PMIP2_6K_OAV (12) (8-10) 96 x 73 x 19
CCSM CCSM3 b30.137 (13) (14 256 x 128 x 26
LIG | GISS NA NA NA NA
HadCM | HadCM3-M1-E Tdwz (15) (8-10) 96 x 73 x 19
mid- CCSM CCSM4 b40.plio.FV1.003 (16) (3,4) 288 x 192 x 26
Pliocene GISS ModelE2-R rlilp5 (17) (6) 144 x 90 x 40
HadCM | HadCM3-M1-E Tczy (18) (8-10) 96 x 73 x 19
carly | CCSM__| CCSM3 k.E04.02.t42 (19) (14) 128 x 64 x 26
Eocenz GISS ModelE-R (20) (21) 72 x 46 x 20
HadCM | HadCM3-M2.2-E | Tbpiga (22) (8-10) 96 x 73 x 19

*Relevant publication information provided when available in addition to internal
experiment/case name. For ‘rip’ codes the nomenclature is as follows: r for realization, i for
initialization, p for physics, followed by an integer.
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Table S2. Earth system model access

Time Model
Period Group Agency Source
CCSM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
GISS World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
RCP8.5 - — - - - - -
Bristol Research Initiative for the Dynamic | http://www.bridge.bris.ac.uk/resources/simulations
HadCM )
Global Environment*
CCSM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
GISS World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
RCP4.5 - — - - - - -
Bristol Research Initiative for the Dynamic | http://www.bridge.bris.ac.uk/resources/simulations
HadCM .
Global Environment
CCSM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
Historical | GISS World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
HadCM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
Pre- CCSM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
ind ial GISS World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
industrial [Myaqcm | pmip2:
mid- CCSM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
Hol GISS World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
olocene ["yadcm World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
CCSM Earth System Grid https://www.earthsystemgrid.org/
LIG GISS NA NA
Bristol Research Initiative for the Dynamic | http://www.bridge.bris.ac.uk/resources/simulations
HadCM .
Global Environment
) CCSM World Climate Research Programme https://esgf-node.llnl.gov/projects/esgf-linl/
mid- | GISS Authors of 17 Reference 17
Pliocene HadCM Bristol Research Initiative for the Dynamic | http://www.bridge.bris.ac.uk/resources/simulations
a Global Environment
CCSM Supplementary Information Reference 19
early GISS Authors of 23 Reference 23
Eocene HadCM Bristol Research Initiative for the Dynamic | http://www.bridge.bris.ac.uk/resources/simulations

Global Environment

*Simulations from the BRIDGE HadCM family of models are available from the World
Climate Research Programme. However, to maintain consistency in model comparisons, we
restricted our use to only the HadCM3 version of simulations, which was unavailable there.
fWe use the pre-industrial simulation associated with PMIP2, which corresponds to
boundary conditions ca. 1850 CE. The PMIP3 simulation available from the World Climate
Research Programme uses boundary conditions ca. 850 CE.
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Table S3. Percentage of grid cells identified as geologically novel

2020 2050 2100 2150 2200 2250 2280

RCP4.5

GISS 0.4 0.8 0.9 0.8 0.9 0.6 0.9
HadCM3 0.0 0.2 0.1 0.2 0.3 0.2 0.1
CCSM 0.3 0.6 1.0 0.9 1.0 1.4 1.4
RCP8.5

GISS 0.5 1.0 2.1 3.8 4.1 5.3 5.2
HadCM3 0.1 0.2 0.4 1.2 2.7 4.6 5.4
CCSM 0.4 0.9 3.8 8.8 13.0 16.5 15.3
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Movie S1. CCSM Climate Analog Animation (RCP8.5). This animation shows the spatial
distribution of future climate analogs under RCP8.5 for CCSM. Each decade from 2020 to
2280 CE is shown, and locations are color-coded according to the reference geohistorical
state from which their closest climatic analog was sourced.

Movie S2. HadCM Climate Analog Animation (RCP8.5). This animation shows the spatial
distribution of future climate analogs under RCP8.5 for HadCM. Each decade from 2020 to
2280 CE is shown, and locations are color-coded according to the reference geohistorical
state from which their closest climatic analog was sourced.

Movie S3. GISS Climate Analog Animation (RCP8.5). This animation shows the spatial
distribution of future climate analogs under RCP8.5 for GISS. Each decade from 2020 to
2280 CE is shown, and locations are color-coded according to the reference geohistorical
state from which their closest climatic analog was sourced. No simulation of the Last
Interglacial was available for GISS at time of publication.

Movie S4. CCSM Climate Analog Animation (RCP4.5). This animation shows the spatial
distribution of future climate analogs under RCP4.5 for CCSM. Each decade from 2020 to
2280 CE is shown, and locations are color-coded according to the reference geohistorical
state from which their closest climatic analog was sourced.

Movie S5. HadCM Climate Analog Animation (RCP4.5). This animation shows the spatial
distribution of future climate analogs under RCP4.5 for HadCM. Each decade from 2020 to
2280 CE is shown, and locations are color-coded according to the reference geohistorical
state from which their closest climatic analog was sourced.

Movie S6. GISS Climate Analog Animation (RCP4.5). This animation shows the spatial
distribution of future climate analogs under RCP4.5 for GISS. Each decade from 2020 to
2280 CE is shown, and locations are color-coded according to the reference geohistorical
state from which their closest climatic analog was sourced. No simulation of the Last
Interglacial was available for GISS at time of publication.

Movie S7. Median Climate Analog Animation (RCP8.5). This animation shows the spatial
distribution of future climate analogs under RCP8.5 for the ensemble median. Each decade
from 2020 to 2280 CE is shown, and locations are color-coded according to the reference
geohistorical state from which their closest climatic analog was sourced.

Movie S8. Median Climate Analog Animation (RCP4.5). This animation shows the spatial
distribution of future climate analogs under RCP4.5 for the ensemble median. Each decade
from 2020 to 2280 CE is shown, and locations are color-coded according to the reference
geohistorical state from which their closest climatic analog was sourced.
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