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A range of future climate outcomes for North America
!e projected changes in winter (December–January–February) 
and summer (June–July–August) temperatures, when averaged 
over all 40 ensemble members, show familiar patterns: robust 
warming at all locations, with the largest amplitudes at high lati-
tudes in winter (4–6 °C over northern Canada and Alaska com-
pared with 1–2 °C over the southern United States and the Rocky 
Mountains in summer; top panels of Figs 1a and 2a, respectively). 
Individual realizations, however, can look very di#erent from this 
average picture of climate change. For example, the model run 
with the most warming over the contiguous United States in win-
ter shows the largest temperature change (4–6 °C) over northeast-
ern North America and the smallest change (1–3 °C) over western 
Canada and Alaska (Fig. 1a, middle). On the other hand, the run 
with the least warming over the contiguous United States in winter 
displays temperature changes that are limited to <1 °C over much 
of the western United States and southwest Canada with some 
areas such as the northwest United States even experiencing cool-
ing (Fig. 1a, bottom). !ese strikingly di#erent climate outcomes 
occur despite both model runs being subjected to identical exter-
nal forcings. A similar story is evident in summer: one model run 
shows temperature increases over the contiguous United States 

that are approximately twice as large as the ensemble mean (4–5 °C 
compared with 2–3  °C; Fig. 2a, middle), while another has only 
limited warming (<1 °C) over the US Midwest (Fig. 2a, bottom). 
!e large di#erences between individual model realizations can 
be traced back to multidecadal $uctuations in large-scale atmos-
pheric $ow patterns whose patterns are similar to those observed 
in daily weather and in interannual variability4.

Figures 1b and 2b o#er a complementary temporal perspective 
on North American climate change as impacted by natural vari-
ability. Here, observed20 temperature records for 1910–2010  are 
expanded with model projections to 2060 using the two ensemble 
members with the largest and smallest future trends for each loca-
tion or region (red and blue curves, respectively). In the global 
terrestrial average, warming is evident over approximately the past 
40 years, occurring at an average rate of 0.32  °C per decade in 
winter and 0.29 °C per decade in summer during 1970–2008. !e 
model projects the rate of global warming to increase slightly 
over the next 55 years, with a relatively small range of uncertainty 
due to natural variability (0.38–0.45 °C per decade in winter and 
0.35–0.42  °C per decade in summer during 2005–2060; see also 
Figs 1c and 2c). However, the picture is di#erent for the contigu-
ous United States, where it is clear that in addition to $uctuations 
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Figure 1 | Range of future climate outcomes. a, December–January–February (DJF) temperature trends during 2005–2060. Top panel shows the average 
of the 40 model runs (all values are statistically significantly di!erent from zero at the 5% confidence level); middle and bottom panels show the model 
runs with the largest and smallest trends for the contiguous United States as a whole, respectively. b, DJF temperature anomaly time series for selected 
cities (marked by open circles in the left panels), the contiguous United States and the globe (land areas only). Black curves show observed records from 
1910 to 2008 (minus the long-term mean); red and blue curves show model projections for 2005–2060 from the realizations with the largest and smallest 
future trends, respectively, for each location or region. Dashed red and blue lines show the best-fit linear trends to the red and blue curves, respectively. For 
visual clarity, the model projections are matched to observations averaged over their common period of record 2005–2008. Thus, projected values at the 
end of the simulation (2060) should be regarded in relative terms (see Supplementary Information). c, Distribution of projected DJF temperature trends 
(2005–2060) across the 40 ensemble members at the locations shown in panel b. 
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Figure 1 | Range of future climate outcomes. a, December–January–February (DJF) temperature trends during 2005–2060. Top panel shows the average 
of the 40 model runs (all values are statistically significantly di!erent from zero at the 5% confidence level); middle and bottom panels show the model 
runs with the largest and smallest trends for the contiguous United States as a whole, respectively. b, DJF temperature anomaly time series for selected 
cities (marked by open circles in the left panels), the contiguous United States and the globe (land areas only). Black curves show observed records from 
1910 to 2008 (minus the long-term mean); red and blue curves show model projections for 2005–2060 from the realizations with the largest and smallest 
future trends, respectively, for each location or region. Dashed red and blue lines show the best-fit linear trends to the red and blue curves, respectively. For 
visual clarity, the model projections are matched to observations averaged over their common period of record 2005–2008. Thus, projected values at the 
end of the simulation (2060) should be regarded in relative terms (see Supplementary Information). c, Distribution of projected DJF temperature trends 
(2005–2060) across the 40 ensemble members at the locations shown in panel b. 

PERSPECTIVE NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE1562

© 2012 Macmillan Publishers Limited. All rights reserved

776 NATURE CLIMATE CHANGE | VOL 2 | NOVEMBER 2012 | www.nature.com/natureclimatechange

A range of future climate outcomes for North America
!e projected changes in winter (December–January–February) 
and summer (June–July–August) temperatures, when averaged 
over all 40 ensemble members, show familiar patterns: robust 
warming at all locations, with the largest amplitudes at high lati-
tudes in winter (4–6 °C over northern Canada and Alaska com-
pared with 1–2 °C over the southern United States and the Rocky 
Mountains in summer; top panels of Figs 1a and 2a, respectively). 
Individual realizations, however, can look very di#erent from this 
average picture of climate change. For example, the model run 
with the most warming over the contiguous United States in win-
ter shows the largest temperature change (4–6 °C) over northeast-
ern North America and the smallest change (1–3 °C) over western 
Canada and Alaska (Fig. 1a, middle). On the other hand, the run 
with the least warming over the contiguous United States in winter 
displays temperature changes that are limited to <1 °C over much 
of the western United States and southwest Canada with some 
areas such as the northwest United States even experiencing cool-
ing (Fig. 1a, bottom). !ese strikingly di#erent climate outcomes 
occur despite both model runs being subjected to identical exter-
nal forcings. A similar story is evident in summer: one model run 
shows temperature increases over the contiguous United States 

that are approximately twice as large as the ensemble mean (4–5 °C 
compared with 2–3  °C; Fig. 2a, middle), while another has only 
limited warming (<1 °C) over the US Midwest (Fig. 2a, bottom). 
!e large di#erences between individual model realizations can 
be traced back to multidecadal $uctuations in large-scale atmos-
pheric $ow patterns whose patterns are similar to those observed 
in daily weather and in interannual variability4.

Figures 1b and 2b o#er a complementary temporal perspective 
on North American climate change as impacted by natural vari-
ability. Here, observed20 temperature records for 1910–2010  are 
expanded with model projections to 2060 using the two ensemble 
members with the largest and smallest future trends for each loca-
tion or region (red and blue curves, respectively). In the global 
terrestrial average, warming is evident over approximately the past 
40 years, occurring at an average rate of 0.32  °C per decade in 
winter and 0.29 °C per decade in summer during 1970–2008. !e 
model projects the rate of global warming to increase slightly 
over the next 55 years, with a relatively small range of uncertainty 
due to natural variability (0.38–0.45 °C per decade in winter and 
0.35–0.42  °C per decade in summer during 2005–2060; see also 
Figs 1c and 2c). However, the picture is di#erent for the contigu-
ous United States, where it is clear that in addition to $uctuations 

–6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6

Average

Warmest

Coolest

Temperature trend (°C per 55 years)

a

2

0

–2

2

0

–2

2

0

–2

2

0

–2

2

0

–2
1910 1930 1950 1970 1990 2010 2030 2050

Mazatlán, Mexico

Phoenix, Arizona

Seattle, Washington

United States

Globe

Te
m

pe
ra

tu
re

 a
no

m
al

y 
(°

C)

Te
m

pe
ra

tu
re

 tr
en

d 
(°

C 
pe

r 5
5 

ye
ar

s)

Year  Number of model runs 

b

0 5 10 15 20 25 30

c

2

0

–2

2

0

–2

2

0

–2

2

0

–2

2

0

–2

Figure 1 | Range of future climate outcomes. a, December–January–February (DJF) temperature trends during 2005–2060. Top panel shows the average 
of the 40 model runs (all values are statistically significantly di!erent from zero at the 5% confidence level); middle and bottom panels show the model 
runs with the largest and smallest trends for the contiguous United States as a whole, respectively. b, DJF temperature anomaly time series for selected 
cities (marked by open circles in the left panels), the contiguous United States and the globe (land areas only). Black curves show observed records from 
1910 to 2008 (minus the long-term mean); red and blue curves show model projections for 2005–2060 from the realizations with the largest and smallest 
future trends, respectively, for each location or region. Dashed red and blue lines show the best-fit linear trends to the red and blue curves, respectively. For 
visual clarity, the model projections are matched to observations averaged over their common period of record 2005–2008. Thus, projected values at the 
end of the simulation (2060) should be regarded in relative terms (see Supplementary Information). c, Distribution of projected DJF temperature trends 
(2005–2060) across the 40 ensemble members at the locations shown in panel b. 
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Observed vs. CMIP5 1988-2015 DJF temperature trends over Switzerland
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1988-2012 DJF mean temperature trends (◦C/decade)



1988-2012 DJF mean temperature trends (◦C/decade)
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The global warming hiatus
Cooling in the Northern
Hemisphere winter, especially over
land, and warming elsewhere and
in the other seasons.

(Cohen et al., 2012)
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Atmospheric circulation.
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To what extent is atmospheric circulation affected by anthropogenic forcing?
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temperature contributions by the leading EOFs are removed on a monthly basis from reanalysis anomalies
and seasonal temperature trends are computed. The effect of circulation on annual trends is estimated in an
analogous way, but performing an empirical orthogonal function analysis over all months in the years before
1998. The two leading EOFs of detrended sea level pressure inwinter as computed from the ERA-Interim reanalysis
(Figures 1a and 1b), respectively, account for approximately 25% and 15% of the total variance. The first mode
resembles the Arctic Oscillation/Northern Annular Mode [Thompson and Wallace, 1998]. The imprint of the
two modes on winter near-surface temperature anomalies is particularly pronounced over land, especially across
large stretches of Eurasia and North America (Figures 1c and 1d). The overall effect of these circulation patterns
on the mean temperature across the entire domain is quantified by the area-weighted averages of the
corresponding regression maps. During winters in the period 1998–2012 the two leading modes of variability
shifted toward their negative phase (Figure S2), thus contributing cooling in the regions over which the regression
maps are positive. By dynamically adjusting temperature anomalies it is possible to account for this effect, i.e., to
estimate what temperature trends would have been if circulation had been close to the climatological mean state.
These adjusted trends are more representative of the temperature response to external forcing.

It was suggested that the recent slowdownof globalwarminghas been overestimated due to the incomplete spatial
coverage of temperature measurements in several regions of the globe, in particular over the Arctic [Cowtan and
Way, 2014]. Figure S3 shows the percentage of missing monthly observations in HadCRUT4 [Morice et al., 2012] for
DJF and annual data in the period 1998–2012. We test how the coverage bias influenced the observed temperature
trends together with their spatial and temporal characteristics by interpolating the unadjusted and dynamically
adjusted reanalysis temperatures to the HadCRUT4 spatial resolution (i.e., 5×5° on a regular latitude/longitude grid)
andmasking out all the grid points where observations are missing. We thereby obtain four distinct sets of monthly
temperature anomalies (i.e., unadjusted and dynamically adjusted temperature anomalies, with complete and
incomplete coverage). We compute the area-weighted average of temperature anomalies at each time step for the
entire globe and for the full and land-only northern hemispheric domain (20–90°N). The annual and seasonal mean
values of the time series are estimated, then performing a linear regression for identifying the trends.

3. Results and Discussion

A strong asymmetry in temperature trends between seasons is found in the reduced-coverage version of
ERA-Interim, obtained by introducing the HadCRUT4 coverage bias in the reanalysis (Figure 2). A marked

Figure 2. Seasonal and annual mean temperature trends (°C per 10 years) in the period 1998–2012 (a) for the domain 20°–90°N, (b) for the same region but land only,
and (c) for the entire globe. Closed blue circles indicate the values directly computed from the ERA-Interim reanalysis and closed red circles their dynamically adjusted
counterparts. Open circles represent coverage-biased estimates computed from unadjusted (open, blue) and dynamically adjusted (open, red) temperatures by prescribing
the HadCRUT4 observational coverage in the reanalysis data set. Blue squares indicate the 1980–2012 long-term trends computed from the full-coverage reanalysis.
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