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Temperatures are projected 
to rise faster in the Arctic.
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As they have 
already done.
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Why should Arctic 
temperatures rise more than 

twice as fast as the globe?
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Svante Arrhenius, 1896.
On the Influence of Carbonic Acid in the 

Air upon the Temperature of the Ground.

“A very important secondary 
elevation of the effect will be 
produced in those places that 

alter their albedo by the 
extension or regression of the 

snow-covering, and this 
secondary effect will probably 

remove the maximum effect from 
lower parallels to the 

neighborhood of the poles.”
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“We find that in the simulations, the largest 
contribution to Arctic amplification comes 
from temperature feedbacks... the surface 
albedo feedback is the second main 
contributor to Arctic amplification and other 
contributions are substantially smaller or 
even oppose Arctic amplification.”
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The Temperature 
Feedbacks to warming

• The Plank feedback

• The lapse rate feedback
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The Planck 
Feedback
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The Lapse Rate 
Feedback
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Arctic Amplification in CMIP-5

a, Zonal mean surface temperature change for the 
last 30 years of the CMIP5 4 x CO2 experiment 

minus control.
b, Intermodel mean warming
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Feedback Estimates
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Feedback strength by model
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Is this news?
• No, estimating feedbacks is just tricky 

and requires feats of perspective.

• Manabe & Wetherald, 1980 describe the 
lapse rate feedback.

• Graversen & Wang, 2009 estimate the 
Plank and Lapse Rate feedbacks in an 
albedo-constant, 4 x CO2 CCSM3. Hall, 
2004 performed a similar experiment.

• Soden et al., 2007 developed these 
methods and showed everything 
reported in this paper, this is just pretty.

Thursday, December 4, 2014



How did they do this 
anyway?
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Three Ways to Estimate 
Feedback Parameters

• Wetherald & Manabe, 1988: 
Substitute a variable from a perturbed 
climate state into a control run

• Cess et al., 1990: Infer from TOA 
difference in clear sky & total OLR

• Soden et al., 2007: Radiative Kernels
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Partial Radiative 
Pertubation, M&W
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Graversen & Wang, 2009

Thursday, December 4, 2014



Cross-field correlations
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Radiative Kernals
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TOA OLR WV Kernals
[W/m2/K/100hPa]
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DLW sfc WV Kernals
[W/m2/K/100hPa]
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Results 
from the 

GFDLAM2
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Kernals are consistent between models
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Relative Strength of 
Feedbacks CMIP-4 AR1B
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[1] A crucial challenge in climate studies is to determine
how warming trends due to anthropogenic forcing may
affect the natural modes of atmospheric variability. In the
northern extratropics, the leading pattern of atmospheric
dynamics is known as the Northern Annular Mode (NAM),
often computed as the first empirical orthogonal function
of sea level pressure (SLP) or geopotential height at
500 mbar (Z500). Here we compare wintertime NAM
changes estimated from previous (third phase of the Coupled
Model Intercomparison Project (CMIP3)) versus ongoing
(fifth phase (CMIP5)) generations of multimodel projec-
tions for the 21st century, under similar emission scenarios
(A2 scenario versus 8.5 W.m–2 Representative Concentra-
tion Pathway). CMIP3 projections exhibited a positive NAM
trend, albeit this response differed between SLP and Z500,
whereas CMIP5 projections rather reveal a negative trend,
especially for Z500. We show that the CMIP3/CMIP5 dis-
crepancies are mostly explained in early winter by the local
consequence of faster Arctic sea ice loss in CMIP5 and
in late winter by the remote influence through teleconnec-
tion of stronger warming in the western tropical Pacific.
The attribution of CMIP3/CMIP5 discrepancies to the dif-
ferences in emission scenarios is assessed by investigating
NAM responses in common 1% CO2 idealized experiments.
Citation: Cattiaux, J., and C. Cassou (2013), Opposite CMIP3/
CMIP5 trends in the wintertime Northern Annular Mode explained
by combined local sea ice and remote tropical influences, Geophys.
Res. Lett., 40, 3682–3687, doi:10.1002/grl.50643.

1. Introduction
[2] Annular modes are the leading patterns of extratropi-

cal intraseasonal to interannual variability in both Southern
and Northern Hemispheres. They are characterized by zon-
ally symmetric meridional seesaws in atmospheric mass
between middle and high latitudes [Thompson and Wallace,
2000], affecting the strength of the stratospheric polar vor-
tices [Baldwin et al., 1994] and the midlatitude surface
westerlies [Hurrell, 1995]. In their positive (negative) phase,
annular modes correspond to an enhanced (reduced) merid-
ional pressure gradient, therefore strengthening (weakening)
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both vortices and westerlies. Assessing how warming trends
due to anthropogenic forcing may impact such modes
of variability appears to be a crucial issue, particularly
in the Northern Hemisphere. Indeed, potential changes
in the Northern Annular Mode (NAM)—also referred to
as the Arctic Oscillation—would directly influence North
American and European land surface climate, especially in
boreal winter, through changes in its regional feature known
as the North Atlantic Oscillation [Ambaum et al., 2001].

[3] In the late 1990s, several observational studies
reported a trend toward the positive phase of the NAM [e.g.,
Thompson et al., 2000], consistent with responses found
in 21st century projections from general circulation models
(GCMs) [e.g., Fyfe et al., 1999], albeit simulated trends were
lower than those observed [Gillett et al., 2003]. The com-
plexity of attributing such observed trends to anthropogenic
and/or natural forcings given the relatively short periods of
record and the presence of strong internal variability was
highlighted by Wunsch [1999] and further confirmed using
GCMs by Deser et al. [2012]. In the 2000s, multimodel
analyses based on outputs from the third phase of the Cou-
pled Model Intercomparison Project (CMIP3) predicted a
positive NAM trend in future projections, associated with
decreasing (increasing) sea level pressure (SLP) over polar
areas (midlatitudes) [e.g., Miller et al., 2006]. Although
the NAM is often considered barotropic, Woollings [2008]
evidenced that its response to anthropogenic forcing might
be baroclinic. Consistently, recent studies dealing with pro-
jected Arctic sea ice loss showed that increases in polar
ice-free surface heat fluxes would lead to a negative phase of
the NAM in altitude while having no clear influence on SLP
[e.g., Deser et al., 2010].

[4] Here we revisit these assertions on the basis of the
new generation of GCMs used in the ongoing fifth phase
of the Coupled Model Intercomparison Project (CMIP5).
Both future changes in SLP and geopotential height at
500 mbar (Z500) are presented to account for potential dis-
tinct responses at the surface and aloft. Data and methods are
described in section 2. Projected changes in the NAM are
investigated in section 3, and section 4 focuses on the origins
of CMIP3/CMIP5 differences. Conclusions are discussed in
section 5.

2. Data and Methods
[5] We use outputs provided by 13 modeling groups

having participated to both CMIP3 and CMIP5 exercises
(Table S1 in the supporting information). We consider the
whole period 1900–2099 by concatenating historical runs
over the twentieth century with 21st century projections
under A2 scenario (CMIP3, hereafter SA2) and 8.5 W.m–2
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FIG. 1. (top) Zonal-mean geostrophic wind and (bottom) lower-tropospheric geopotential height
regressed on the standardized indices of the annular modes (the AO and its SH counterpart) based
upon monthly data, Jan 1958–Dec 1997. Left panels are for the SH, right panels are for the NH.
Units are m s21 (top) and m per std dev of the respective index time series (bottom). Contour
intervals are 10 m (215, 25, 5, . . . ) for geopotential height and 0.5 m s21 (20.75, 20.25, 0.25)
for zonal wind.

TABLE 2. Percentage of variance explained by the leading modes
in EOF expansion of monthly mean fields for the region poleward
of 208, based on data for all calendar months: mode 1 (2, 3).

Zonally varying
SLP (NH) and
Z850 (SH)

Zonal-mean
geopotential
height (1000
to 50 hPa)

Zonal-mean
zonal wind

(1000 to 50 hPa)

NH
SH

20 (10, 10)
27 (12, 9)

45 (17, 12)
47 (27, 10)

35 (24, 12)
45 (22, 9)

ally averaged geopotential height field from 208 to 908
and 1000 to 50 hPa in both hemispheres. Both PCs
explain large fractions of the variance (45% in the NH,
47% in the SH; see Table 2). The similarity between
these structures and the corresponding patterns derived
from the leading PCs of the zonally varying lower-tro-
pospheric geopotential height field (Fig. 1) is striking.
In fact, the PC time series used to construct Figs. 1 and
3 are correlated with one another at a level of 0.85 in
the NH and 0.95 in the SH. Similar structures emerge
in regression patterns based on the leading PCs of zonal-

mean zonal wind in each hemisphere (again from 208
to 908 and 1000 to 50 hPa). In those patterns (not shown)
the equatorward center of action in the zonal wind field
is slightly more prominent: the leading PC time series
of the zonal-mean zonal wind and the geopotential
height fields are correlated with one another at a level
of 0.81 in the NH and 0.91 in the SH.

4. Seasonality
To document the seasonally varying climatology of

the annular modes we use a series of scatterplots (Fig.
4) constructed from daily mean NCEP–NCAR reanal-
ysis data in the following manner: 1) the annual march
(based on 40 yr of monthly data interpolated to daily
resolution) was removed from the time series at each
grid point; 2) anomalies were averaged over the polar
cap region (658–908 N/S in the lower troposphere; 708–
908 N/S in the lower stratosphere) for each day from 1
January 1958 to 31 December 1997; 3) the time series
for all 40 yr were plotted together as a function of day
of calendar date.
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Figure 1. (a) CMIP3 and CMIP5 ensemble mean NAM
patterns of SLP, derived from EOF1 of monthly anoma-
lies over DJFM 1950–1999. (b) Same as Figure 1a but
for detrended Z500 (Z500d). (c) Ensemble mean NAM
indices for DJFM for CMIP3-SA2 (SLP in blue and Z500d
in green) and CMIP5-R85 (SLP in red and Z500d in
magenta) and associated smoothing splines with 5 degrees
of freedom (thick lines). The boxplots (right margin)
represent the median (black segment), two-thirds ranges
(filled boxes), and full ranges (whiskers) of individual
smoothed values in 2099. Individual indices are normalized
relative to the period 1900–1970 (gray shading), so that y
axis units are ! levels.

Representative Concentration Pathway (CMIP5, hereafter
R85) scenarios. Idealized 1% CO2 experiments (hereafter
1PC), available for a subset of nine groups (Table S1), are
also analyzed to further isolate the physical mechanisms at
work. Only the first member of each experiment (namely
r1i1p1 in the CMIP5 protocol) is considered here. National
Centers for Environmental Prediction (NCEP) reanalyses
are also used in section 4.2 and Figure S1. Because ensem-
ble mean computations require a common grid, all GCMs
atmospheric fields are interpolated onto the regular NCEP
2.5ı ! 2.5ı longitude-latitude grid prior to our analyses.

[6] Following Miller et al. [2006], for both SLP and Z500
variables and for each GCM taken separately, we define
the winter NAM as the leading empirical orthogonal func-
tion (EOF1) constructed from four concatenated monthly
(December–March, hereafter DJFM) anomalies over the
period 1950–1999 and the Northern Hemisphere poleward
of 20ıN. Anomalies are computed relative to 1970–1999,
and in order to account for the long-term thermal expansion

of the low troposphere, Z500 anomalies are additionally cor-
rected by uniformly removing their spatial averages for each
month. NAM indices are derived from the first principal
components (PC1), i.e., orthogonal projections of monthly
anomalies onto EOF1, and normalized relative to 1900–
1970 in order to emphasize long-term trends by the end of
the 21st century.

3. Projected Changes in the NAM
[7] On average, CMIP3 models were found to reasonably

well represent the SLP NAM pattern derived from NCEP
reanalyses [Miller et al., 2006]. Ensemble mean NAM pat-
terns derived from CMIP5 fairly resemble CMIP3 ones for
both SLP and Z500 fields (Figures 1a and 1b), thus evi-
dencing the robustness of the NAM representation by the
GCMs. A more exhaustive evaluation for individual mod-
els is presented in Figure S1. Figure 1c reveals however
a clear difference in the DJFM NAM temporal response
between CMIP3 and CMIP5 projections. The positive trend
for SLP in CMIP3 is much weaker in CMIP5. Differences
are even more pronounced for Z500d with virtually no trend
found in CMIP3 (ensemble mean and median close to 0

Figure 2. (a) CMIP5–CMIP3 (R85–SA2) difference in
ensemble mean SLP projected change (2070–2099 versus
1900-1970) for early (DJ) and late (FM) winter. (b) Same as
Figure 2a but for Z500d. (c) Boxplots of individual projected
changes in the NAM index for DJ and FM, for CMIP3-SA2
(SLP in blue and Z500d in green) and CMIP5-R85 (SLP in
red and Z500d in magenta), with corresponding differences
in gray.
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Figure 1. (a) CMIP3 and CMIP5 ensemble mean NAM
patterns of SLP, derived from EOF1 of monthly anoma-
lies over DJFM 1950–1999. (b) Same as Figure 1a but
for detrended Z500 (Z500d). (c) Ensemble mean NAM
indices for DJFM for CMIP3-SA2 (SLP in blue and Z500d
in green) and CMIP5-R85 (SLP in red and Z500d in
magenta) and associated smoothing splines with 5 degrees
of freedom (thick lines). The boxplots (right margin)
represent the median (black segment), two-thirds ranges
(filled boxes), and full ranges (whiskers) of individual
smoothed values in 2099. Individual indices are normalized
relative to the period 1900–1970 (gray shading), so that y
axis units are ! levels.

Representative Concentration Pathway (CMIP5, hereafter
R85) scenarios. Idealized 1% CO2 experiments (hereafter
1PC), available for a subset of nine groups (Table S1), are
also analyzed to further isolate the physical mechanisms at
work. Only the first member of each experiment (namely
r1i1p1 in the CMIP5 protocol) is considered here. National
Centers for Environmental Prediction (NCEP) reanalyses
are also used in section 4.2 and Figure S1. Because ensem-
ble mean computations require a common grid, all GCMs
atmospheric fields are interpolated onto the regular NCEP
2.5ı ! 2.5ı longitude-latitude grid prior to our analyses.

[6] Following Miller et al. [2006], for both SLP and Z500
variables and for each GCM taken separately, we define
the winter NAM as the leading empirical orthogonal func-
tion (EOF1) constructed from four concatenated monthly
(December–March, hereafter DJFM) anomalies over the
period 1950–1999 and the Northern Hemisphere poleward
of 20ıN. Anomalies are computed relative to 1970–1999,
and in order to account for the long-term thermal expansion

of the low troposphere, Z500 anomalies are additionally cor-
rected by uniformly removing their spatial averages for each
month. NAM indices are derived from the first principal
components (PC1), i.e., orthogonal projections of monthly
anomalies onto EOF1, and normalized relative to 1900–
1970 in order to emphasize long-term trends by the end of
the 21st century.

3. Projected Changes in the NAM
[7] On average, CMIP3 models were found to reasonably

well represent the SLP NAM pattern derived from NCEP
reanalyses [Miller et al., 2006]. Ensemble mean NAM pat-
terns derived from CMIP5 fairly resemble CMIP3 ones for
both SLP and Z500 fields (Figures 1a and 1b), thus evi-
dencing the robustness of the NAM representation by the
GCMs. A more exhaustive evaluation for individual mod-
els is presented in Figure S1. Figure 1c reveals however
a clear difference in the DJFM NAM temporal response
between CMIP3 and CMIP5 projections. The positive trend
for SLP in CMIP3 is much weaker in CMIP5. Differences
are even more pronounced for Z500d with virtually no trend
found in CMIP3 (ensemble mean and median close to 0

Figure 2. (a) CMIP5–CMIP3 (R85–SA2) difference in
ensemble mean SLP projected change (2070–2099 versus
1900-1970) for early (DJ) and late (FM) winter. (b) Same as
Figure 2a but for Z500d. (c) Boxplots of individual projected
changes in the NAM index for DJ and FM, for CMIP3-SA2
(SLP in blue and Z500d in green) and CMIP5-R85 (SLP in
red and Z500d in magenta), with corresponding differences
in gray.
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Figure 3. (a) Ensemble mean percentage of Arctic sea ice area for CMIP3-SA2 (DJ in blue and ON in green) and
CMIP5-R85 (DJ in red and ON in magenta), with 100% corresponding to the period 1900–1970 (gray shading). Associ-
ated smoothing splines with 5 degrees of freedom (thick lines). Boxplots (right margin) as in Figure 1c. (b) CMIP5–CMIP3
(R85–SA2) difference in ensemble mean projected change (2070–2099 versus 1900–1970) in 2 m temperature for DJ. (c)
Associated zonal mean projected change in air temperature (colors) and geopotential height (contours).

at the end of the 21st century) in contrast to strong nega-
tive trend in CMIP5 projections, with indices falling below
–1! by 2099 for five models out of 13. Although individual
NAM responses can highly depend on internal variability,
the –0.9! (–0.5!) difference between CMIP5 and CMIP3
ensemble mean Z500d (SLP) indices has a probability of
1% (11%) to be obtained by chance, assuming Gaussian dis-
tributions for all 13 ensemble members. We verified using
five R85 members of our in-house model (CNRM-CM5)
that the intermember spread is smaller than the multimodel
ensemble spread (not shown), which crudely suggests that
intermodel discrepancies dominate the uncertainties. All
together, these results are consistent with the weather regime
analysis performed by Cattiaux et al. [2013] over the North
Atlantic sector.

[8] Consistent with CMIP3/CMIP5 discrepancies in the
NAM temporal response, the spatial patterns of the
CMIP5–CMIP3 difference in winter SLP and Z500d
responses—defined as differences between periods 2070–
2099 and 1900–1970—project onto the negative phase of the
NAM. It is important though to separate the winter season
into early (December–January (DJ)) and late (February–
March (FM)) months (Figures 2a and 2b). With the excep-
tion of the North Pacific area where maximum loading is
found throughout winter, SLP anomalies in DJ are weak over
the pole while a strong geopotential rise concurrently occurs
aloft. Signals are marginal in the North Atlantic sector in DJ,
while a broad fully developed hemispheric pattern appears in
FM. Accordingly, the CMIP3/CMIP5 discrepancy for win-
ter NAM is stronger in FM than in DJ (Figure 2c) and
larger for Z500d than for SLP. CMIP5–CMIP3 NAM dif-
ferences are negative for all but two models (CSIRO and
INGV) in FM for Z500d. Interestingly, no disagreement
is found between CMIP3 and CMIP5 in summertime, and
the NAM difference gradually builds up from December
onward (Figure S2). This suggests a rather baroclinic
CMIP3/CMIP5 disagreement in early winter at polar lat-
itudes, followed by a more widespread/hemispheric and
barotropic structure in late winter, indicating that underlying
processes may differ throughout the season.

4. Origins of the CMIP3/CMIP5 Disagreement
4.1. Early Winter: The Arctic Sea Ice Loss

[9] As reported by J. Stroeve et al. (Trends in Arctic sea
ice extent from CMIP5, CMIP3 and observations, submit-
ted to Geophysical Research Letters, 2012) for moderate-
emission scenarios, a major difference between CMIP3 and
CMIP5 projections is the timing of the summer Arctic
sea ice loss. Under the CMIP5-R85 scenario, more than
half of GCMs included in our ensemble produce nearly
ice-free conditions (i.e., remaining area below 5%) in late
autumn (October–November (ON)) before the end of the
21st century (four GCMs out of 13 in CMIP3-SA2), and
the CMIP3/CMIP5 difference persists throughout early win-
ter (DJ; Figure 3a). For each model, we derive the total sea
ice area by multiplying native grid point sea ice fractions
by corresponding grid point areas, without any interpolation.
Plausible reasons for the faster sea ice loss in our CMIP5
ensemble include (i) new sea ice albedo parameterizations
(e.g., melt ponds), (ii) stronger tuning of sea ice simula-
tions to reproduce the recent observed decline (see Stroeve et
al. (submitted manuscript, 2012, and references therein) for
these two points), and (iii) differences between SA2 and R85
scenarios (discussed in section 4.3). Interestingly, only the
two above mentioned GCMs with a positive CMIP5–CMIP3
difference in the NAM response (CSIRO and INGV) make
sea ice disappear earlier in CMIP3-SA2 than in CMIP5-R85.

[10] Associated with faster sea ice loss, we find a stronger
Arctic amplification in early winter (DJ) in CMIP5-R85
than in CMIP3-SA2, as measured from the 2 m tem-
perature response (Figure 3b). The CMIP5-CMIP3 differ-
ence in projected warming is moderate over midlatitudes
(0.6 K averaged over the band 30–60ıN) while it reaches
3.1 K within the polar circle (66–90ıN), locally exceeding
5 K over marine areas. This warm surface anomaly expands
upward into the midtroposphere over the pole, CMIP5
warming being 1 K (0.5 K) higher than CMIP3 at 700 mbar
(500 mbar; Figure 3c). The enhanced Arctic amplification
in CMIP5 results in a greater rise of the midtroposphere
geopotential over the pole (30 m at 500 mbar) than over
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Figure 3. (a) Ensemble mean percentage of Arctic sea ice area for CMIP3-SA2 (DJ in blue and ON in green) and
CMIP5-R85 (DJ in red and ON in magenta), with 100% corresponding to the period 1900–1970 (gray shading). Associ-
ated smoothing splines with 5 degrees of freedom (thick lines). Boxplots (right margin) as in Figure 1c. (b) CMIP5–CMIP3
(R85–SA2) difference in ensemble mean projected change (2070–2099 versus 1900–1970) in 2 m temperature for DJ. (c)
Associated zonal mean projected change in air temperature (colors) and geopotential height (contours).

at the end of the 21st century) in contrast to strong nega-
tive trend in CMIP5 projections, with indices falling below
–1! by 2099 for five models out of 13. Although individual
NAM responses can highly depend on internal variability,
the –0.9! (–0.5!) difference between CMIP5 and CMIP3
ensemble mean Z500d (SLP) indices has a probability of
1% (11%) to be obtained by chance, assuming Gaussian dis-
tributions for all 13 ensemble members. We verified using
five R85 members of our in-house model (CNRM-CM5)
that the intermember spread is smaller than the multimodel
ensemble spread (not shown), which crudely suggests that
intermodel discrepancies dominate the uncertainties. All
together, these results are consistent with the weather regime
analysis performed by Cattiaux et al. [2013] over the North
Atlantic sector.

[8] Consistent with CMIP3/CMIP5 discrepancies in the
NAM temporal response, the spatial patterns of the
CMIP5–CMIP3 difference in winter SLP and Z500d
responses—defined as differences between periods 2070–
2099 and 1900–1970—project onto the negative phase of the
NAM. It is important though to separate the winter season
into early (December–January (DJ)) and late (February–
March (FM)) months (Figures 2a and 2b). With the excep-
tion of the North Pacific area where maximum loading is
found throughout winter, SLP anomalies in DJ are weak over
the pole while a strong geopotential rise concurrently occurs
aloft. Signals are marginal in the North Atlantic sector in DJ,
while a broad fully developed hemispheric pattern appears in
FM. Accordingly, the CMIP3/CMIP5 discrepancy for win-
ter NAM is stronger in FM than in DJ (Figure 2c) and
larger for Z500d than for SLP. CMIP5–CMIP3 NAM dif-
ferences are negative for all but two models (CSIRO and
INGV) in FM for Z500d. Interestingly, no disagreement
is found between CMIP3 and CMIP5 in summertime, and
the NAM difference gradually builds up from December
onward (Figure S2). This suggests a rather baroclinic
CMIP3/CMIP5 disagreement in early winter at polar lat-
itudes, followed by a more widespread/hemispheric and
barotropic structure in late winter, indicating that underlying
processes may differ throughout the season.

4. Origins of the CMIP3/CMIP5 Disagreement
4.1. Early Winter: The Arctic Sea Ice Loss

[9] As reported by J. Stroeve et al. (Trends in Arctic sea
ice extent from CMIP5, CMIP3 and observations, submit-
ted to Geophysical Research Letters, 2012) for moderate-
emission scenarios, a major difference between CMIP3 and
CMIP5 projections is the timing of the summer Arctic
sea ice loss. Under the CMIP5-R85 scenario, more than
half of GCMs included in our ensemble produce nearly
ice-free conditions (i.e., remaining area below 5%) in late
autumn (October–November (ON)) before the end of the
21st century (four GCMs out of 13 in CMIP3-SA2), and
the CMIP3/CMIP5 difference persists throughout early win-
ter (DJ; Figure 3a). For each model, we derive the total sea
ice area by multiplying native grid point sea ice fractions
by corresponding grid point areas, without any interpolation.
Plausible reasons for the faster sea ice loss in our CMIP5
ensemble include (i) new sea ice albedo parameterizations
(e.g., melt ponds), (ii) stronger tuning of sea ice simula-
tions to reproduce the recent observed decline (see Stroeve et
al. (submitted manuscript, 2012, and references therein) for
these two points), and (iii) differences between SA2 and R85
scenarios (discussed in section 4.3). Interestingly, only the
two above mentioned GCMs with a positive CMIP5–CMIP3
difference in the NAM response (CSIRO and INGV) make
sea ice disappear earlier in CMIP3-SA2 than in CMIP5-R85.

[10] Associated with faster sea ice loss, we find a stronger
Arctic amplification in early winter (DJ) in CMIP5-R85
than in CMIP3-SA2, as measured from the 2 m tem-
perature response (Figure 3b). The CMIP5-CMIP3 differ-
ence in projected warming is moderate over midlatitudes
(0.6 K averaged over the band 30–60ıN) while it reaches
3.1 K within the polar circle (66–90ıN), locally exceeding
5 K over marine areas. This warm surface anomaly expands
upward into the midtroposphere over the pole, CMIP5
warming being 1 K (0.5 K) higher than CMIP3 at 700 mbar
(500 mbar; Figure 3c). The enhanced Arctic amplification
in CMIP5 results in a greater rise of the midtroposphere
geopotential over the pole (30 m at 500 mbar) than over
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Consistent with Fig. 4b, the seasonal cycle of the ter-
restrial air temperature response follows that of the net
surface energy flux response, with maximum warming in
winter (November–December and January–February)
and weaker warming in autumn (September–October)
and spring (March–April). The terrestrial warming is
largest in coastal regions adjacent to the Arctic Ocean,
with the maximum temperature response over Siberia
and northern Canada and Alaska, and penetrates ap-
proximately 1500 km inland.

The terrestrial surface air temperature responses
in early (November–December) and mid-(January–
February) winter are largely confined to regions with
a mean boundary layer temperature inversion in the late
twentieth century (marked by thick black contours on
the bimonthly air temperature responses in Fig. 5; note
that there is no inversion in the warm season May–June
through September–October). Indeed, the vertical struc-
tures of the December atmospheric temperature re-

sponses over the Arctic Ocean and high-latitude (658–
808N) continents are confined to below ;800 hPa, with
the warming amplifying toward the surface (maximum
values of 6.58C over land and 168C over the ocean; Fig. 6).
As a consequence of the vertical structure of the warming,
the static stability of the boundary layer decreases from
the late twentieth century to the late twenty-first century.
Over the ocean, the 108C inversion between 1000 and
900 hPa in the late twentieth century is completely
eroded in the late twenty-first century. Over land, the
capping inversion, while not completely gone in the
twenty-first century, is only approximately 50% of that
in the twentieth century (Fig. 6).

The geographical distributions of the strength of the
December low-level inversion in the late twentieth and
twenty-first centuries are shown in Fig. 7. The marine
inversion, which exceeds 128C over the central Arctic
Ocean in the late twentieth century, disappears entirely
in the late twenty-first century. The terrestrial inversion

FIG. 5. Bimonthly responses of net surface energy flux (DQnet; W m22), terrestrial air temperature (DAir T; 8C), terrestrial snow depth
(DSnow; cm liquid water equivalent), and terrestrial precipitation (DPrecip; mm day21). Color scales are given at the bottom of the figure.
Thick black contours on the air temperature panels outline regions with a low-level temperature inversion (T850hPa 2 T1000hPa . 08C)
during 1980–99. Precipitation responses significant at the 5% confidence level are outlined with black contours.
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height responses at 1000 and 500 hPa, are shown in
Fig. 12. The circulation responses are weak (generally
,10 m and not statistically significant) during the warm
season (June–September), in accord with the small re-
sponse of the net surface energy fluxes. Although the
circulation responses are larger and statistically signifi-
cant during the cold season (October–May), they exhibit
considerable variation in pattern and amplitude. The
response in November–December (and in each month
individually; not shown) exhibits a baroclinic vertical
structure over the Arctic consisting of negative values
(220 to 230 m) at 1000 hPa and positive (10–20 m)
values at 500 hPa, and an equivalent barotropic (e.g.,
amplifying with height) ridge over central and eastern
Russia and trough over the Bering Sea. Similar fea-
tures are found in March–April with weaker amplitudes.
A different circulation response is seen in midwinter
(January–February), which resembles the negative po-
larity of the NAO (although this occurs mainly in
February; not shown). In this season, the Arctic is dom-
inated by an upper-level ridge response (maximum am-
plitude ;50 m at 500 hPa) and negligible response at the
surface accompanied by equivalent barotropic troughs
over the Atlantic and northeast Pacific.

More detail on the vertical structure of the circulation
responses is given in Fig. 13, which shows transects of
the temperature and geopotential height changes along
908E in early (November–December) and mid-(January–
February) winter. In early winter, a shallow baroclinic
geopotential height response with a nodal point near
925 hPa develops over the Arctic in association with the
ice-induced near-surface warming. Farther south, the
response consists of an equivalent barotropic ridge with
maximum values ;40 m at 250 hPa near 658N. The

Arctic baroclinic response is also evident in midwinter,
but it competes with the equivalent barotropic ridge
aloft that weakens the surface trough compared to that
in early winter.

The shallow baroclinic atmospheric circulation re-
sponse over the Arctic in early (and late) winter may be
understood as a linear dynamical response to enhanced
boundary layer heating induced by the underlying loss of
sea ice (Hoskins and Karoly 1981). On the other hand,
the equivalent barotropic component of the circulation
response in midwinter (e.g., the NAO) and the ridge
response over Eurasia in early and late winter represent
a nonlinear dynamical response to enhanced boundary
layer heating in which transient eddy momentum flux
feedbacks associated with perturbations in the storm
track play a dominant role (Lau and Holopainen 1984;
Peng et al. 1997; Deser et al. 2007; among others). We
conjecture that the lack of a surface circulation response
over the Arctic in midwinter is due to the near cancellation
between the competing effects of the linear and nonlinear
dynamical components of the response. A quantitative
analysis of the momentum balances of the circulation re-
sponses in CAM3 is beyond the scope of this paper.

Internal modes of atmospheric circulation variability
have been shown to play a role in shaping the structure
of the atmospheric response to different types of exter-
nal forcing, for example SST changes, sea ice anomalies,
or orbital variations (Peng et al. 1997; Deser et al. 2004;
Hall et al. 2001; among others). In the case of our CAM3
experiments, however, there is little correspondence
between the dominant patterns of internal circulation
variability and the patterns of geopotential height re-
sponse to Arctic sea ice loss, with the notable exception
of the month of February (not shown).

FIG. 12. Bimonthly geopotential height responses at 1000 and 500 hPa. The contour interval is 10 m, with positive (negative) values
in red (blue) and the zero contours omitted. Shading indicates values that exceed the 5% confidence level based on a two-sided
Student’s t test.
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Arctic amplification decreases temperature
variance in northern mid- to high-latitudes
James A. Screen*
Changes in climate variability are arguably more important
for society and ecosystems than changes in mean climate,
especially if they translate into altered extremes1–3. There is a
common perception and growing concern that human-induced
climate changewill lead tomore volatile and extremeweather4.
Certain types of extreme weather have increased in frequency
and/or severity5–7, in part because of a shift in mean climate
but also because of changing variability1–3,8–10. In spite of mean
climate warming, an ostensibly large number of high-impact
cold extremes have occurred in the Northern Hemisphere
mid-latitudes over the past decade11. One explanation is
that Arctic amplification—the greater warming of the Arctic
compared with lower latitudes12 associated with diminishing
sea ice and snow cover—is altering the polar jet stream
and increasing temperature variability13–16. This study shows,
however, that subseasonal cold-season temperature variability
has significantly decreased over the mid- to high-latitude
Northern Hemisphere in recent decades. This is partly be-
cause northerly winds and associated cold days are warming
more rapidly than southerly winds and warm days, and so
Arctic amplification acts to reduce subseasonal temperature
variance. Previous hypotheses linking Arctic amplification
to increased weather extremes invoke dynamical changes
in atmospheric circulation11,13–16, which are hard to detect in
present observations17,18 and highly uncertain in the future19,20.
In contrast, decreases in subseasonal cold-season temperature
variability, in accordance with the mechanism proposed here,
are detectable in theobservational record andarehighly robust
in twenty-first-century climate model simulations.

Arctic amplification is clearly identified in autumn zonal-mean
land near-surface temperature anomalies since the year 1979 in a
contemporary reanalysis (Fig. 1a) and gridded station observations
(Supplementary Fig. 1). In the last decade, positive zonal-mean
temperature anomalies are particularly evident across the entire
mid- to high-latitude Northern Hemisphere, but notably becoming
larger in magnitude with increasing latitude. The linear trend for
the period 1979–2013 is 0.86 �C per decade at latitudes 70�–80� N
compared with only 0.30 �C per decade at 30�–40� N (Fig. 1e;
green line). Arctic amplification is observed in all seasons except
summer12, but because it is largest in autumn, the focus of the
main material is on this season with results from the other
seasons provided in the Supplementary Information. Coincident
with Arctic amplification, the zonal-mean variance of autumn
daily temperature anomalies has decreased in both the reanalysis
(Fig. 1b) and observations (Supplementary Fig. 1). Here and in
what follows, the variance is calculated at each grid point before
area averaging (Methods). Negative variance anomalies emerge in
the last decade for latitudes 40�–80� N. The negative linear trend in
zonal-mean autumn variance is statistically significant for latitudes

60�–80� N (Fig. 1e; black line). Decreases in grid-point variance are
observed over large parts of the extratropical NorthernHemisphere,
with the largest declines found over Canada and northern Siberia
(Supplementary Figs 2 and 3). Zonal-mean temperature anomalies
for the 5% coldest (that is, most negative daily anomalies) and 5%
warmest (that is, most positive daily anomalies) days per autumn,
reveal asymmetric warming tendencies. Cold autumn days have
warmed substantially with the largest changes in high latitudes
(Fig. 1c and Supplementary Fig. 1). Warm autumn days have also
warmed (Fig. 1d and Supplementary Fig. 1), but at a slower rate,
especially at higher latitudes (Fig. 1e; blue and red lines). The
geographical regions with decreased variance well match those
where cold autumn days have warmed faster than warm autumn
days (Supplementary Figs 2 and 3).

These changes to mean temperature and variance are also
illustrated by comparing the frequency distributions of autumn
daily-mean temperature anomalies, for land grid-points in latitudes
55�–80� N, between the first and last ten years (Fig. 1f). The recent
decade (2004–2013; green line) shows a shifted and narrower
distribution compared with the earlier decade (1979–1988; black
line), with the cold tail (cold autumn days) shifting further towards
the right (that is, warming more) than the warm tail (warm autumn
days). On the basis of fixed temperature thresholds, the number of
cold autumn days has decreased more than the number of warm
autumn days has increased. Alternatively, on the basis of fixed
frequency thresholds (Fig. 1g), cold autumn days have become
considerably less severe (3 �C warmer) whilst warm days have
increased in severity much less (1 �C warmer).

Arctic amplification and coincident decreases in subseasonal
temperature variance are also observed in winter and spring, but
are smaller in magnitude than in autumn (Supplementary Figs 4
and 5). The zonal-mean variance decrease is statistically significant
over latitudes 60�–70� N inwinter, but not in spring (Supplementary
Fig. 5). No significant zonal-mean variance changes are identified
in summer.

Air temperature is strongly influenced by the coincident wind
direction. Northerly (from the north) winds tend to be associated
with negative temperature anomalies (Fig. 2a) whereas southerly
(from the south) winds tend to be associated with positive
temperature anomalies (Fig. 2b). Away from complex topography
(shaded grey in Fig. 2a,b), this relationship is robust across the
entire Northern Hemisphere mid to high-latitudes, although there
are large regional di�erences in the magnitude of the wind-
associated temperature anomalies. This influence of wind direction
on temperature is not specific to autumn and is manifest in all
seasons (Supplementary Fig. 6). Wind rose diagrams for four
locations (chosen because they exhibit variance declines) reveal
that extremely cold autumn days are predominantly coincident
with northerly, northeasterly or northwesterly winds (Fig. 2c–f),
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[8] The strength of the poleward thickness gradient deter-
mines the speed of upper-level zonal winds. As the gradient
has decreased with a warming Arctic, the upper-level zonal
winds during fall have also weakened since 1979 (Figure 3,
right), with a total reduction of about 14% (>95% confidence).
Winter winds are more variable but exhibit a steady decline
since the early 1990s. When zonal wind speed decreases, the
large-scale Rossby waves progress more slowly from west
to east, and weaker flow is also associated with higher wave
amplitudes [Palmén and Newton, 1969]. Slower progression
of upper-level waves causes more persistent weather condi-
tions that can increase the likelihood of certain types of
extreme weather, such as drought, prolonged precipitation,
cold spells, and heat waves. Previous studies support this
idea: weaker zonal-mean, upper-level wind is associated with
increased atmospheric blocking events in the northern
hemisphere [Barriopedro and Garcia-Herrera, 2006] as well
as with cold-air outbreaks in the western U.S. and Europe
[Thompson and Wallace, 2001; Vavrus et al., 2006].
[9] The second effect – ridge elongation – is also expected

in response to larger increases in 500-hPa heights at high
latitudes than at mid-latitudes. This effectively stretches the
peaks of ridges northward, as illustrated schematically in

Figure 2b, and further augments the wave amplitude. Higher
amplitude waves also tend to progress more slowly. Evi-
dence of this mechanism is investigated by selecting a narrow
range of 500 hPa heights for each season that captures the
daily wave pattern in the height field. The following ranges
were used for fall: 5600 m ! 50 m, winter: 5400 m ! 50 m,
and summer: 5700 m ! 50 m. The example in Figure 2a
illustrates an “isoheight” represented by the selected grid-
points over the study region on a typical day, which are then
analyzed to reveal changes in 500 hPa patterns over time.
[10] First row of Figures 4a–4c presents time series of the

seasonally averaged maximum latitude of daily isoheights
(corresponding to peaks of ridges) for fall, winter, and
summer. Spring is not shown because high-latitude thickness
anomalies are not statistically different from mean conditions.
The steady northward progression of ridge peaks supports
the hypothesis that AA is contributing to ridge elongation;
confidence in these trends exceeds 99%. The fall plot also
presents the time series of September sea ice extent (reversed
scale, Spearman’s correlation = "0.71) derived from passive
microwave satellite information (obtained from the National
Snow and Ice Data Center, http://nsidc.org/data/docs/noaa/
g02135_seaice_index/ [Fetterer et al., 2002]). The winter

Figure 2. Region of study: 140#W to 0#. (a) Asterisks illustrate an example of a selected range of 500 hPa heights used in
the analysis. (b) Schematic of ridge elongation (dashed vs. solid) in upper-level heights caused by enhanced warming in Arctic
relative to mid-latitudes. Higher amplitude waves progress eastward more slowly, as indicated by arrows.

Figure 3. (left) Time series of seasonal 1000–500 hPa thickness differences between 80–60#N and 50–30#N over the study
region (140#W to 0#). (right) Seasonal zonal mean winds at 500 hPa between 60–40#N over the study region. Seasons are
labeled. Data obtained from the NCEP/NCAR reanalysis, http://www.esrl.noaa.gov/psd.
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Arctic Oscillation index [Thompson and Wallace, 2001]
appears in the winter panel, with a correlation of !0.65.
Along with the summer panel is plotted the time series for
the northern hemisphere snow cover for May (obtained from
the Rutgers University Global Snow Lab, http://climate.
rutgers.edu/snowcover [Ghatak et al., 2010]). The two curves
are strongly correlated with r = !0.88, suggesting the
northward elongation of ridge peaks may be a response to
enhanced warming over high-latitude land owing to earlier
snow melt and warming soil [Jaeger and Seneviratne, 2011].
[11] Could this poleward shift be explained by the

observed migration of the entire height field, rather than only
the ridge peaks, in response to increasing greenhouse gases,
as reported by Seidel and Randel [2007]? The analysis pre-
sented in the fourth row of Figures 4a–4c sheds light on
this question. Hovmöllor diagrams present time/longitude
contours that illustrate the preferred locations and time evo-
lution of the number of gridpoints in each selected 500 hPa
isopleth that are located north of 50"N (i.e., peaks of

ridges) during autumn and summer, and north of 60"N dur-
ing winter. Related to these Hovmöllors is the second row
of Figure 4, which displays trends in the number of these
gridpoints, indicating which longitudes have experienced a
change in ridging over the past three decades. Finally, the
third row of plots presents the corresponding trends in wave
amplitude, calculated as the difference between the maximum
and minimum latitude of the isopleths along each longitude
for each season and year. This difference calculation also
helps mitigate any systematic bias in the reanalysis height
field. While the significance of the trends in ridge points or
wave amplitude at any one longitude often falls short of a
90% confidence level (marked with red asterisks), the prob-
ability is near zero (p < 10!5) that the population of positive
trends in ridging and amplitudes for all longitudes can be
random.
[12] The Hovmöllor diagrams exhibit the clear geographic

preferences of ridge axes during each season. In fall they
tend to align over western N. America and the eastern

Figure 4. First row shows time series of maximum latitude of ridge peaks during (a) fall, (b) winter, and (c) summer from
1979 to 2010. A running 5-year box-car smoother was applied. The dotted line in fall is the time series of September-mean
sea ice area (reversed axis, # 106 km2); in winter the JFM Arctic Oscillation Index, and in summer the northern hemisphere
snow cover for May (reversed axis, # 107 km2). Second row is trends in the number of gridpoints that are located north of
50"N (60"N for winter) vs. longitude for each season. Red asterisks indicate significance at a 90% confidence level, the
zero line is dashed blue. Third row is the same as the second row, but for wave amplitude (deg./decade). Fourth row
(Hovmöller diagrams) presents time/longitude variations in the numbers of gridpoints located north of 50"N (60"N winter)
with 500 hPa heights in the ranges of 5600, 5400, and 5700 m ($50 m) for each season, respectively. See text for details.
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Figure 1. Examples of the (a) SeaMaxMin and (b) DayMaxMin meridional wave extent metrics for July–September 2009
(in Figure 1a) and 29 August 2009 (in Figure 1b) over the AtlanticNA region. In both panels the 5700 m Z500 isopleth is
used and the vertical black bars denote the resulting meridional extent.

the metric calculation is shown in Figure 1a for ! = 302ıE
and s = July-August-September in 2009. The solid black
curve denotes the maximum latitude of the 5700 m isopleth
each day of the season, and the dashed black curve similarly
denotes the minimum latitude. The only way for the con-
tour to have different maximum and minimum latitudes on a
given day is by curling over (“breaking”), and this happens
infrequently for this isopleth. Because of this, the seasonal
maximum latitude (red dot) and minimum latitude (blue dot)
nearly always occur on different days of the season (for the
case in Figure 1a, days 16 and 88, 16 July and 26 September,
respectively). Thus, the SeaMaxMin metric is a measure of
the seasonal meridional excursion of the isopleth. We zon-
ally average the extents over the AtlanticNA region to obtain
an average for each season. FV12 did not zonally average

their data, and thus, SeaMaxMin is not identical to the metric
presented in their study.

[6] 2. The second metric is called “DayMaxMin” and is
designed to quantify the daily meanders of the Z500 field
and, thus, the meridional extent of individual waves. For
each day d, we calculate the maximum latitude "max(d) and
minimum latitude "min(d) of a single Z500 isopleth over the
AtlanticNA region, and the day’s meridional wave extent is
calculated as "max(d) – "min(d). Figure 1b shows an example
of this calculation for 29 August 2009. The black contour
denotes the 5700 m isopleth, and the black bar shows the dis-
tance between the maximum and minimum latitudes. Thus,
this metric provides a single wave extent for every day of the
season, and we average over the season to obtain an average
wave extent.

Figure 2. Two measures of observed AtlanticNA meridional geopotential isopleth extent as a function of time for (a) JAS
and (b) OND from ERA-Interim. (c) The maximum meridional extent over a range of Z500 isopleths and (d) the Z500
isopleth with the maximum meridional extent. Dashed lines denote the linear least squares regression lines, with slopes
given in degrees/decade (in Figures 2a–2c) and m/decade (in Figure 2d). Slopes statistically different from 0 at 90% (95%)
confidence are enclosed in a white (colored) box.
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Figure 3. Seasonal AtlanticNA meridional extent as a function of Z500 isopleth and the method used: (a, b) SeaMaxMin*
and (c, d) DayMaxMin* for JAS (Figures 3a and 3c) and OND (Figures 3b and 3d). Colored circles and dashed lines denote
the maxima. Gray shading denotes the range of seasonal contours used in Figure 2.

[7] To follow the methods of FV12, both metrics are
evaluated using three isopleths: [5650, 5700, 5750] m for
July-August-September (JAS) and [5550, 5600, 5650] m
for October-November-December (OND). Results are pre-
sented as the average meridional extent of the three iso-
pleths. Finally, we focus first on the JAS and OND seasons
since these are the two seasons with the largest trends found
by FV12, although they also highlight trends in JFM.

[8] The phase speeds of the waves are diagnosed using
Z500 and v250. We analyze the Z500 field to test the hypoth-
esis that recent Arctic warming has caused waves on the
Z500 field to slow down; however, we also include v250
to obtain an additional measure of wave propagation in

the upper troposphere, where Rossby wave phase speeds
are often diagnosed, in order to evaluate the robustness of
the trends [e.g., Randel and Held, 1991; Chen and Held,
2007]. The seasonal power spectra of the anomalous fields
are calculated similarly to Randel and Held [1991], and a
detailed description of the methodology is provided in the
supporting information. We are interested in planetary-scale
Rossby waves and so limit the analysis to waves with zonal
wave numbers 1–6 (results for wave numbers 1–3 are given
in the supporting information). The phase speeds are area-
weighted averaged between 30ıN and 70ıN to obtain a
single phase speed over the region, but additional merid-
ional bounds are reported in the supporting information and
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Arctic amplification decreases temperature
variance in northern mid- to high-latitudes
James A. Screen*
Changes in climate variability are arguably more important
for society and ecosystems than changes in mean climate,
especially if they translate into altered extremes1–3. There is a
common perception and growing concern that human-induced
climate changewill lead tomore volatile and extremeweather4.
Certain types of extreme weather have increased in frequency
and/or severity5–7, in part because of a shift in mean climate
but also because of changing variability1–3,8–10. In spite of mean
climate warming, an ostensibly large number of high-impact
cold extremes have occurred in the Northern Hemisphere
mid-latitudes over the past decade11. One explanation is
that Arctic amplification—the greater warming of the Arctic
compared with lower latitudes12 associated with diminishing
sea ice and snow cover—is altering the polar jet stream
and increasing temperature variability13–16. This study shows,
however, that subseasonal cold-season temperature variability
has significantly decreased over the mid- to high-latitude
Northern Hemisphere in recent decades. This is partly be-
cause northerly winds and associated cold days are warming
more rapidly than southerly winds and warm days, and so
Arctic amplification acts to reduce subseasonal temperature
variance. Previous hypotheses linking Arctic amplification
to increased weather extremes invoke dynamical changes
in atmospheric circulation11,13–16, which are hard to detect in
present observations17,18 and highly uncertain in the future19,20.
In contrast, decreases in subseasonal cold-season temperature
variability, in accordance with the mechanism proposed here,
are detectable in theobservational record andarehighly robust
in twenty-first-century climate model simulations.

Arctic amplification is clearly identified in autumn zonal-mean
land near-surface temperature anomalies since the year 1979 in a
contemporary reanalysis (Fig. 1a) and gridded station observations
(Supplementary Fig. 1). In the last decade, positive zonal-mean
temperature anomalies are particularly evident across the entire
mid- to high-latitude Northern Hemisphere, but notably becoming
larger in magnitude with increasing latitude. The linear trend for
the period 1979–2013 is 0.86 �C per decade at latitudes 70�–80� N
compared with only 0.30 �C per decade at 30�–40� N (Fig. 1e;
green line). Arctic amplification is observed in all seasons except
summer12, but because it is largest in autumn, the focus of the
main material is on this season with results from the other
seasons provided in the Supplementary Information. Coincident
with Arctic amplification, the zonal-mean variance of autumn
daily temperature anomalies has decreased in both the reanalysis
(Fig. 1b) and observations (Supplementary Fig. 1). Here and in
what follows, the variance is calculated at each grid point before
area averaging (Methods). Negative variance anomalies emerge in
the last decade for latitudes 40�–80� N. The negative linear trend in
zonal-mean autumn variance is statistically significant for latitudes

60�–80� N (Fig. 1e; black line). Decreases in grid-point variance are
observed over large parts of the extratropical NorthernHemisphere,
with the largest declines found over Canada and northern Siberia
(Supplementary Figs 2 and 3). Zonal-mean temperature anomalies
for the 5% coldest (that is, most negative daily anomalies) and 5%
warmest (that is, most positive daily anomalies) days per autumn,
reveal asymmetric warming tendencies. Cold autumn days have
warmed substantially with the largest changes in high latitudes
(Fig. 1c and Supplementary Fig. 1). Warm autumn days have also
warmed (Fig. 1d and Supplementary Fig. 1), but at a slower rate,
especially at higher latitudes (Fig. 1e; blue and red lines). The
geographical regions with decreased variance well match those
where cold autumn days have warmed faster than warm autumn
days (Supplementary Figs 2 and 3).

These changes to mean temperature and variance are also
illustrated by comparing the frequency distributions of autumn
daily-mean temperature anomalies, for land grid-points in latitudes
55�–80� N, between the first and last ten years (Fig. 1f). The recent
decade (2004–2013; green line) shows a shifted and narrower
distribution compared with the earlier decade (1979–1988; black
line), with the cold tail (cold autumn days) shifting further towards
the right (that is, warming more) than the warm tail (warm autumn
days). On the basis of fixed temperature thresholds, the number of
cold autumn days has decreased more than the number of warm
autumn days has increased. Alternatively, on the basis of fixed
frequency thresholds (Fig. 1g), cold autumn days have become
considerably less severe (3 �C warmer) whilst warm days have
increased in severity much less (1 �C warmer).

Arctic amplification and coincident decreases in subseasonal
temperature variance are also observed in winter and spring, but
are smaller in magnitude than in autumn (Supplementary Figs 4
and 5). The zonal-mean variance decrease is statistically significant
over latitudes 60�–70� N inwinter, but not in spring (Supplementary
Fig. 5). No significant zonal-mean variance changes are identified
in summer.

Air temperature is strongly influenced by the coincident wind
direction. Northerly (from the north) winds tend to be associated
with negative temperature anomalies (Fig. 2a) whereas southerly
(from the south) winds tend to be associated with positive
temperature anomalies (Fig. 2b). Away from complex topography
(shaded grey in Fig. 2a,b), this relationship is robust across the
entire Northern Hemisphere mid to high-latitudes, although there
are large regional di�erences in the magnitude of the wind-
associated temperature anomalies. This influence of wind direction
on temperature is not specific to autumn and is manifest in all
seasons (Supplementary Fig. 6). Wind rose diagrams for four
locations (chosen because they exhibit variance declines) reveal
that extremely cold autumn days are predominantly coincident
with northerly, northeasterly or northwesterly winds (Fig. 2c–f),

College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter EX4 4QF, UK. *e-mail: j.screen@exeter.ac.uk

NATURE CLIMATE CHANGE | VOL 4 | JULY 2014 | www.nature.com/natureclimatechange 577



Temperature(gradient(change(due(to(Arc-c(
amplifica-on(

Temperature(

Variance(

The(decrease(in(temperature(variance(coincide(with(the(Arc-c(amplifica-on(LETTERS NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE2268

−5
−4
−3
−2
−1
0
1
2
3
4
5

−20
−1 6
−1 2
−8
−4
0
4
8
12
16
20

−5 −4 −3 −2 −1 0 1 2

35

45

55

65

75

−20 −10 0 10 20
0

1

2

3

4

5

Fr
eq

ue
nc

y (
%

)

−20 −10 0 10 20
0

20

40

60

80

100

Cu
m

ul
at

ive
 fr

eq
. (

%
)

La
tit

ud
e 

(°
 N

)

La
tit

ud
e 

(°
 N

)
La

tit
ud

e 
(°

 N
)

La
tit

ud
e 

(°
 N

)
La

tit
ud

e 
(°

 N
)

1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010

1980 1985 1990 1995 2000 2005 20101980 1985 1990 1995 2000 2005 2010

Te
m

pe
ra

tu
re

 an
om

al
y (

°C
) Variance anom

aly ((°C) 2)

a b

c d

e f g

Year

Year Year

Year

35

55

75

35

55

75

35

55

75

35

55

75

Trend (°C 10 yr−1/(°C)2 10 yr−1) Daily temp. anomaly (°C) Daily temp. anomaly (°C)

Figure 1 | Changing mean temperature and variability. a–d, Zonal-mean autumn mean temperature (a), subseasonal temperature variance (b), mean cold
autumn day temperature (c) and mean warm autumn day temperature (d) anomalies, 1979–2013. Variance is calculated at each grid point before area
averaging. Anomalies are calculated for 10� latitude bands and are relative to the 1980–1999 mean. e, Linear trends of zonal-mean autumn mean
temperature (green), subseasonal temperature variance (black), cold autumn day temperature (blue) and warm autumn day temperature (red). The
cross-hatching denotes 10� latitude bands for which the variance trend is statistically significant at the 95% confidence level. f,g, Probability density
functions (f) and cumulative distribution functions (g) for autumn daily-mean temperature anomalies over latitudes 55�–80� N for the periods 1979–1988
(black) and 2004–2013 (green). In f and g, the blue and red lines denote the 5% and 95% thresholds of the distributions (based on the 1979–1988
period in f).

providing evidence that cold air advection from the north is a
key driver of cold autumn days. Associated incursions of dry
polar air may also be conducive to clear skies and enhanced
long-wave cooling. Conversely, extremely warm autumn days
are predominantly coincident with southerly, southeasterly or
southwesterly winds and hence, warm air advection.

Both northerly and southerly winds have warmed in autumn
over the past 35 years (Fig. 3a,b, respectively), but at di�ering rates
over the mid to high-latitudes. Figure 3c illustrates this, averaged
by latitudinal band, and shows specifically that northerlies have
warmed faster than southerlies. Between 60�–70� N, northerlies
have warmed by more than 0.5 �C per decade, almost twice the
rate of southerlies—a di�erence that is statistically significant at the
95% confidence level (Fig. 3c). These diverging trends reflect the
latitudinal profile of mean warming (Fig. 1e) and not dynamical
changes in wind direction, as there are no long-term trends in the
frequency of northerlies (Fig. 3d). A significant divergence between
temperature trends for northerlies and southerlies is also found in
winter (60�–70� N), but not in spring or summer (Supplementary
Fig. 7). It is proposed that a direct thermodynamic consequence
of Arctic amplification is that northerly winds warm faster than
southerly winds, and this reduces subseasonal temperature variance
in the cold seasons.

Continued Arctic amplification is anticipated in response to
future anthropogenic greenhouse gas emissions21. On the basis
of the analysis of contemporary measurements, this suggests that
further decreases in subseasonal temperature variability tied to
Arctic amplification can be expected in the future. This possibility
is investigated using model simulations performed with 34 di�erent

coupled climate models, all of which have been forced with identical
projected increases in greenhouse gas concentrations through to
the year 2100. Focusing first on autumn, Arctic amplification
is clearly evident in the multi-model mean (Fig. 4a) and in
each model individually (Fig. 4i), although the magnitude of
Arctic amplification (defined here as the ratio of warming over
latitudes 60�–80� N compared with that over latitudes 30�–50� N)
varies across the models from 1.1 to 1.9 with a mean value of
1.5 (these values are lower than previous estimates21 because they
are derived from data for land regions alone and therefore, large
warming over theArcticOcean related to projected sea ice loss is not
included). As proposed, robust decreases in autumn temperature
variance are identified in the multi-model mean over latitudes
50�–80� N (Fig. 4b), confirming similar findings in previous
studies22–24. Variance declines are projected for almost all longitudes
between 50�–80� N (Supplementary Fig. 8). All models except
one show a decrease in autumn variance averaged over latitudes
50�–70� N (Fig. 4i), with a multi-model-mean trend of �0.4 �C2

per decade. There is a significant linear relationship across the
models (r = �0.60; p < 0.01) between the magnitude of Arctic
amplification and the decrease in autumn variance over 50�–70� N,
which provides further support for the hypothesis.

Turning to other seasons, over the twenty-first century, the
models project stronger Arctic warming in winter than in autumn
(Fig. 4c). The multi-model mean Arctic amplification in winter
is 1.9, with a range of 1.4–2.5 in the individual models (Fig. 4j).
Consistent with strong Arctic amplification, large decreases in
temperature variance are projected in winter (Fig. 4d), and extend
further south into mid-latitudes (to 40� N) than they do in autumn.
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Figure 1 | Changing mean temperature and variability. a–d, Zonal-mean autumn mean temperature (a), subseasonal temperature variance (b), mean cold
autumn day temperature (c) and mean warm autumn day temperature (d) anomalies, 1979–2013. Variance is calculated at each grid point before area
averaging. Anomalies are calculated for 10� latitude bands and are relative to the 1980–1999 mean. e, Linear trends of zonal-mean autumn mean
temperature (green), subseasonal temperature variance (black), cold autumn day temperature (blue) and warm autumn day temperature (red). The
cross-hatching denotes 10� latitude bands for which the variance trend is statistically significant at the 95% confidence level. f,g, Probability density
functions (f) and cumulative distribution functions (g) for autumn daily-mean temperature anomalies over latitudes 55�–80� N for the periods 1979–1988
(black) and 2004–2013 (green). In f and g, the blue and red lines denote the 5% and 95% thresholds of the distributions (based on the 1979–1988
period in f).

providing evidence that cold air advection from the north is a
key driver of cold autumn days. Associated incursions of dry
polar air may also be conducive to clear skies and enhanced
long-wave cooling. Conversely, extremely warm autumn days
are predominantly coincident with southerly, southeasterly or
southwesterly winds and hence, warm air advection.

Both northerly and southerly winds have warmed in autumn
over the past 35 years (Fig. 3a,b, respectively), but at di�ering rates
over the mid to high-latitudes. Figure 3c illustrates this, averaged
by latitudinal band, and shows specifically that northerlies have
warmed faster than southerlies. Between 60�–70� N, northerlies
have warmed by more than 0.5 �C per decade, almost twice the
rate of southerlies—a di�erence that is statistically significant at the
95% confidence level (Fig. 3c). These diverging trends reflect the
latitudinal profile of mean warming (Fig. 1e) and not dynamical
changes in wind direction, as there are no long-term trends in the
frequency of northerlies (Fig. 3d). A significant divergence between
temperature trends for northerlies and southerlies is also found in
winter (60�–70� N), but not in spring or summer (Supplementary
Fig. 7). It is proposed that a direct thermodynamic consequence
of Arctic amplification is that northerly winds warm faster than
southerly winds, and this reduces subseasonal temperature variance
in the cold seasons.

Continued Arctic amplification is anticipated in response to
future anthropogenic greenhouse gas emissions21. On the basis
of the analysis of contemporary measurements, this suggests that
further decreases in subseasonal temperature variability tied to
Arctic amplification can be expected in the future. This possibility
is investigated using model simulations performed with 34 di�erent

coupled climate models, all of which have been forced with identical
projected increases in greenhouse gas concentrations through to
the year 2100. Focusing first on autumn, Arctic amplification
is clearly evident in the multi-model mean (Fig. 4a) and in
each model individually (Fig. 4i), although the magnitude of
Arctic amplification (defined here as the ratio of warming over
latitudes 60�–80� N compared with that over latitudes 30�–50� N)
varies across the models from 1.1 to 1.9 with a mean value of
1.5 (these values are lower than previous estimates21 because they
are derived from data for land regions alone and therefore, large
warming over theArcticOcean related to projected sea ice loss is not
included). As proposed, robust decreases in autumn temperature
variance are identified in the multi-model mean over latitudes
50�–80� N (Fig. 4b), confirming similar findings in previous
studies22–24. Variance declines are projected for almost all longitudes
between 50�–80� N (Supplementary Fig. 8). All models except
one show a decrease in autumn variance averaged over latitudes
50�–70� N (Fig. 4i), with a multi-model-mean trend of �0.4 �C2

per decade. There is a significant linear relationship across the
models (r = �0.60; p < 0.01) between the magnitude of Arctic
amplification and the decrease in autumn variance over 50�–70� N,
which provides further support for the hypothesis.

Turning to other seasons, over the twenty-first century, the
models project stronger Arctic warming in winter than in autumn
(Fig. 4c). The multi-model mean Arctic amplification in winter
is 1.9, with a range of 1.4–2.5 in the individual models (Fig. 4j).
Consistent with strong Arctic amplification, large decreases in
temperature variance are projected in winter (Fig. 4d), and extend
further south into mid-latitudes (to 40� N) than they do in autumn.
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Figure 1 | Changing mean temperature and variability. a–d, Zonal-mean autumn mean temperature (a), subseasonal temperature variance (b), mean cold
autumn day temperature (c) and mean warm autumn day temperature (d) anomalies, 1979–2013. Variance is calculated at each grid point before area
averaging. Anomalies are calculated for 10� latitude bands and are relative to the 1980–1999 mean. e, Linear trends of zonal-mean autumn mean
temperature (green), subseasonal temperature variance (black), cold autumn day temperature (blue) and warm autumn day temperature (red). The
cross-hatching denotes 10� latitude bands for which the variance trend is statistically significant at the 95% confidence level. f,g, Probability density
functions (f) and cumulative distribution functions (g) for autumn daily-mean temperature anomalies over latitudes 55�–80� N for the periods 1979–1988
(black) and 2004–2013 (green). In f and g, the blue and red lines denote the 5% and 95% thresholds of the distributions (based on the 1979–1988
period in f).

providing evidence that cold air advection from the north is a
key driver of cold autumn days. Associated incursions of dry
polar air may also be conducive to clear skies and enhanced
long-wave cooling. Conversely, extremely warm autumn days
are predominantly coincident with southerly, southeasterly or
southwesterly winds and hence, warm air advection.

Both northerly and southerly winds have warmed in autumn
over the past 35 years (Fig. 3a,b, respectively), but at di�ering rates
over the mid to high-latitudes. Figure 3c illustrates this, averaged
by latitudinal band, and shows specifically that northerlies have
warmed faster than southerlies. Between 60�–70� N, northerlies
have warmed by more than 0.5 �C per decade, almost twice the
rate of southerlies—a di�erence that is statistically significant at the
95% confidence level (Fig. 3c). These diverging trends reflect the
latitudinal profile of mean warming (Fig. 1e) and not dynamical
changes in wind direction, as there are no long-term trends in the
frequency of northerlies (Fig. 3d). A significant divergence between
temperature trends for northerlies and southerlies is also found in
winter (60�–70� N), but not in spring or summer (Supplementary
Fig. 7). It is proposed that a direct thermodynamic consequence
of Arctic amplification is that northerly winds warm faster than
southerly winds, and this reduces subseasonal temperature variance
in the cold seasons.

Continued Arctic amplification is anticipated in response to
future anthropogenic greenhouse gas emissions21. On the basis
of the analysis of contemporary measurements, this suggests that
further decreases in subseasonal temperature variability tied to
Arctic amplification can be expected in the future. This possibility
is investigated using model simulations performed with 34 di�erent

coupled climate models, all of which have been forced with identical
projected increases in greenhouse gas concentrations through to
the year 2100. Focusing first on autumn, Arctic amplification
is clearly evident in the multi-model mean (Fig. 4a) and in
each model individually (Fig. 4i), although the magnitude of
Arctic amplification (defined here as the ratio of warming over
latitudes 60�–80� N compared with that over latitudes 30�–50� N)
varies across the models from 1.1 to 1.9 with a mean value of
1.5 (these values are lower than previous estimates21 because they
are derived from data for land regions alone and therefore, large
warming over theArcticOcean related to projected sea ice loss is not
included). As proposed, robust decreases in autumn temperature
variance are identified in the multi-model mean over latitudes
50�–80� N (Fig. 4b), confirming similar findings in previous
studies22–24. Variance declines are projected for almost all longitudes
between 50�–80� N (Supplementary Fig. 8). All models except
one show a decrease in autumn variance averaged over latitudes
50�–70� N (Fig. 4i), with a multi-model-mean trend of �0.4 �C2

per decade. There is a significant linear relationship across the
models (r = �0.60; p < 0.01) between the magnitude of Arctic
amplification and the decrease in autumn variance over 50�–70� N,
which provides further support for the hypothesis.

Turning to other seasons, over the twenty-first century, the
models project stronger Arctic warming in winter than in autumn
(Fig. 4c). The multi-model mean Arctic amplification in winter
is 1.9, with a range of 1.4–2.5 in the individual models (Fig. 4j).
Consistent with strong Arctic amplification, large decreases in
temperature variance are projected in winter (Fig. 4d), and extend
further south into mid-latitudes (to 40� N) than they do in autumn.
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trends in d are statistically significant.

Decreased winter variability is simulated across large swathes of
mid-latitude North America and Eurasia (Supplementary Fig. 8), as

also shown in other model analyses22–24. All models simulate
a decrease in winter temperature variance over latitudes
50�–70� N, with a mean trend of �1.7 �C2 per decade and a
range of �0.3 to �3.2 �C2 per decade. Arctic amplification and
decreasing subseasonal temperature variance are also projected
in spring (Fig. 4e,f and Supplementary Fig. 8). Again all models
show a decrease in variance and generally, the models with larger
Arctic amplification depict larger declines in variance (Fig. 4k;
r = �0.64; p< 0.01). Although the climatological-mean seasonal
cycle was removed before the calculation of variance (Methods),
these variance changes could reflect a shift in the seasonal cycle.
To test this, a 90-day time-filter was applied to the daily anomalies
and variance trends recalculated for both subseasonal (<90 d)
and longer-timescale (>90 d) components. Both the observed and
projected variance trends are almost entirely related to reduced
subseasonal variability, with the net e�ect of changes in longer-
timescale variability counteracting, rather than reinforcing, the
subseasonal variance decrease (Supplementary Fig. 9).

To further ascertain whether the projected variance decreases
are causally linked to Arctic amplification, the analysis of wind-
associated temperature anomalies has been undertaken for the
models. The models show a qualitatively similar temperature
sensitivity to wind direction over the twenty-first century
(Supplementary Fig. 10) to that in the present day based on
the reanalysis (Fig. 2 and Supplementary Fig. 6). In autumn
and winter, the models project greater warming of days with
northerly wind than southerly wind (Fig. 5a,b). Over 90% of
individual models agree on the sign of the trend di�erence and
it is statistically significant in the multi-model mean for latitudes
40�–80� N in both autumn and winter (Fig. 5). This strongly
suggests that changes in meridional heat advection, related to
Arctic amplification, are a driver of the projected—as well as
the historical—decreases in cold-season temperature variance.
Another contributing factor is decreasing snow cover extent, which
impacts local temperature variance through changes in albedo
and surface heat fluxes. Reduced variance is expected locally in
accordance with projected loss of seasonal snow cover25,26. As snow
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Figure 1 | Changing mean temperature and variability. a–d, Zonal-mean autumn mean temperature (a), subseasonal temperature variance (b), mean cold
autumn day temperature (c) and mean warm autumn day temperature (d) anomalies, 1979–2013. Variance is calculated at each grid point before area
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providing evidence that cold air advection from the north is a
key driver of cold autumn days. Associated incursions of dry
polar air may also be conducive to clear skies and enhanced
long-wave cooling. Conversely, extremely warm autumn days
are predominantly coincident with southerly, southeasterly or
southwesterly winds and hence, warm air advection.

Both northerly and southerly winds have warmed in autumn
over the past 35 years (Fig. 3a,b, respectively), but at di�ering rates
over the mid to high-latitudes. Figure 3c illustrates this, averaged
by latitudinal band, and shows specifically that northerlies have
warmed faster than southerlies. Between 60�–70� N, northerlies
have warmed by more than 0.5 �C per decade, almost twice the
rate of southerlies—a di�erence that is statistically significant at the
95% confidence level (Fig. 3c). These diverging trends reflect the
latitudinal profile of mean warming (Fig. 1e) and not dynamical
changes in wind direction, as there are no long-term trends in the
frequency of northerlies (Fig. 3d). A significant divergence between
temperature trends for northerlies and southerlies is also found in
winter (60�–70� N), but not in spring or summer (Supplementary
Fig. 7). It is proposed that a direct thermodynamic consequence
of Arctic amplification is that northerly winds warm faster than
southerly winds, and this reduces subseasonal temperature variance
in the cold seasons.

Continued Arctic amplification is anticipated in response to
future anthropogenic greenhouse gas emissions21. On the basis
of the analysis of contemporary measurements, this suggests that
further decreases in subseasonal temperature variability tied to
Arctic amplification can be expected in the future. This possibility
is investigated using model simulations performed with 34 di�erent

coupled climate models, all of which have been forced with identical
projected increases in greenhouse gas concentrations through to
the year 2100. Focusing first on autumn, Arctic amplification
is clearly evident in the multi-model mean (Fig. 4a) and in
each model individually (Fig. 4i), although the magnitude of
Arctic amplification (defined here as the ratio of warming over
latitudes 60�–80� N compared with that over latitudes 30�–50� N)
varies across the models from 1.1 to 1.9 with a mean value of
1.5 (these values are lower than previous estimates21 because they
are derived from data for land regions alone and therefore, large
warming over theArcticOcean related to projected sea ice loss is not
included). As proposed, robust decreases in autumn temperature
variance are identified in the multi-model mean over latitudes
50�–80� N (Fig. 4b), confirming similar findings in previous
studies22–24. Variance declines are projected for almost all longitudes
between 50�–80� N (Supplementary Fig. 8). All models except
one show a decrease in autumn variance averaged over latitudes
50�–70� N (Fig. 4i), with a multi-model-mean trend of �0.4 �C2

per decade. There is a significant linear relationship across the
models (r = �0.60; p < 0.01) between the magnitude of Arctic
amplification and the decrease in autumn variance over 50�–70� N,
which provides further support for the hypothesis.

Turning to other seasons, over the twenty-first century, the
models project stronger Arctic warming in winter than in autumn
(Fig. 4c). The multi-model mean Arctic amplification in winter
is 1.9, with a range of 1.4–2.5 in the individual models (Fig. 4j).
Consistent with strong Arctic amplification, large decreases in
temperature variance are projected in winter (Fig. 4d), and extend
further south into mid-latitudes (to 40� N) than they do in autumn.
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Figure 3 | Changing influence of wind direction on temperature. a,b, Mean
autumn daily 925 hPa temperature anomalies, 1979–2013, stratified by
coincident occurrences of northerly (a) or southerly (b) wind. Anomalies
are calculated for 10� latitude bands and are relative to the 1980–1999
mean. c, Linear trends of autumn- and zonal-mean daily 925 hPa
temperature anomalies coincident with northerly (blue) or southerly (red)
wind, and their di�erence (black). d, Linear trends of the zonal-mean
frequency of autumn days having wind with a northerly component. In c,
the cross-hatching denotes 10� latitude bands for which the trend (shown
in black) is statistically significant at the 95% confidence level. None of the
trends in d are statistically significant.

Decreased winter variability is simulated across large swathes of
mid-latitude North America and Eurasia (Supplementary Fig. 8), as

also shown in other model analyses22–24. All models simulate
a decrease in winter temperature variance over latitudes
50�–70� N, with a mean trend of �1.7 �C2 per decade and a
range of �0.3 to �3.2 �C2 per decade. Arctic amplification and
decreasing subseasonal temperature variance are also projected
in spring (Fig. 4e,f and Supplementary Fig. 8). Again all models
show a decrease in variance and generally, the models with larger
Arctic amplification depict larger declines in variance (Fig. 4k;
r = �0.64; p< 0.01). Although the climatological-mean seasonal
cycle was removed before the calculation of variance (Methods),
these variance changes could reflect a shift in the seasonal cycle.
To test this, a 90-day time-filter was applied to the daily anomalies
and variance trends recalculated for both subseasonal (<90 d)
and longer-timescale (>90 d) components. Both the observed and
projected variance trends are almost entirely related to reduced
subseasonal variability, with the net e�ect of changes in longer-
timescale variability counteracting, rather than reinforcing, the
subseasonal variance decrease (Supplementary Fig. 9).

To further ascertain whether the projected variance decreases
are causally linked to Arctic amplification, the analysis of wind-
associated temperature anomalies has been undertaken for the
models. The models show a qualitatively similar temperature
sensitivity to wind direction over the twenty-first century
(Supplementary Fig. 10) to that in the present day based on
the reanalysis (Fig. 2 and Supplementary Fig. 6). In autumn
and winter, the models project greater warming of days with
northerly wind than southerly wind (Fig. 5a,b). Over 90% of
individual models agree on the sign of the trend di�erence and
it is statistically significant in the multi-model mean for latitudes
40�–80� N in both autumn and winter (Fig. 5). This strongly
suggests that changes in meridional heat advection, related to
Arctic amplification, are a driver of the projected—as well as
the historical—decreases in cold-season temperature variance.
Another contributing factor is decreasing snow cover extent, which
impacts local temperature variance through changes in albedo
and surface heat fluxes. Reduced variance is expected locally in
accordance with projected loss of seasonal snow cover25,26. As snow
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Figure 3 | Changing influence of wind direction on temperature. a,b, Mean
autumn daily 925 hPa temperature anomalies, 1979–2013, stratified by
coincident occurrences of northerly (a) or southerly (b) wind. Anomalies
are calculated for 10� latitude bands and are relative to the 1980–1999
mean. c, Linear trends of autumn- and zonal-mean daily 925 hPa
temperature anomalies coincident with northerly (blue) or southerly (red)
wind, and their di�erence (black). d, Linear trends of the zonal-mean
frequency of autumn days having wind with a northerly component. In c,
the cross-hatching denotes 10� latitude bands for which the trend (shown
in black) is statistically significant at the 95% confidence level. None of the
trends in d are statistically significant.

Decreased winter variability is simulated across large swathes of
mid-latitude North America and Eurasia (Supplementary Fig. 8), as

also shown in other model analyses22–24. All models simulate
a decrease in winter temperature variance over latitudes
50�–70� N, with a mean trend of �1.7 �C2 per decade and a
range of �0.3 to �3.2 �C2 per decade. Arctic amplification and
decreasing subseasonal temperature variance are also projected
in spring (Fig. 4e,f and Supplementary Fig. 8). Again all models
show a decrease in variance and generally, the models with larger
Arctic amplification depict larger declines in variance (Fig. 4k;
r = �0.64; p< 0.01). Although the climatological-mean seasonal
cycle was removed before the calculation of variance (Methods),
these variance changes could reflect a shift in the seasonal cycle.
To test this, a 90-day time-filter was applied to the daily anomalies
and variance trends recalculated for both subseasonal (<90 d)
and longer-timescale (>90 d) components. Both the observed and
projected variance trends are almost entirely related to reduced
subseasonal variability, with the net e�ect of changes in longer-
timescale variability counteracting, rather than reinforcing, the
subseasonal variance decrease (Supplementary Fig. 9).

To further ascertain whether the projected variance decreases
are causally linked to Arctic amplification, the analysis of wind-
associated temperature anomalies has been undertaken for the
models. The models show a qualitatively similar temperature
sensitivity to wind direction over the twenty-first century
(Supplementary Fig. 10) to that in the present day based on
the reanalysis (Fig. 2 and Supplementary Fig. 6). In autumn
and winter, the models project greater warming of days with
northerly wind than southerly wind (Fig. 5a,b). Over 90% of
individual models agree on the sign of the trend di�erence and
it is statistically significant in the multi-model mean for latitudes
40�–80� N in both autumn and winter (Fig. 5). This strongly
suggests that changes in meridional heat advection, related to
Arctic amplification, are a driver of the projected—as well as
the historical—decreases in cold-season temperature variance.
Another contributing factor is decreasing snow cover extent, which
impacts local temperature variance through changes in albedo
and surface heat fluxes. Reduced variance is expected locally in
accordance with projected loss of seasonal snow cover25,26. As snow
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Figure 4 | Modelled future changes in mean temperature and variability. a,b, Multi-model- and zonal-mean autumn mean temperature (a) and
subseasonal temperature variance (b) anomalies, 2006–2099. Variance is calculated at each model grid point before area and cross-model averaging.
Anomalies are calculated for 10� latitude bands and are relative to the 2006–2035 mean in each model, and are then averaged across the models. Data are
taken from 34 di�erent coupled climate models that have been run with projected greenhouse gas concentrations following the RCP8.5 emissions scenario
(business as usual). c–h, The same as in a,b, but for winter (c,d), spring (e,f) and summer (g,h). i–l, Relationship between the linear trend in subseasonal
temperature variance (50�–70� N) and Arctic amplification in the models, for autumn (i), winter (j), spring (k) and summer (l). In i–l, each number
corresponds to a di�erent model whereas the green cross denotes the multi-model mean. Models are listed in Supplementary Table 1. Correlation
coe�cients (r) are provided in the lower left corner of i–l.

cover loss also induces mean atmospheric warming, changing
the near-surface temperature gradient, it also impacts meridional
heat advection. The advection mechanism proposed here implies
that local warming due to sea ice and snow cover loss will induce
variance decreases at lower latitudes. An analogous mechanism
has been invoked to explain decreased winter temperature variance
over western Europe: that owing to di�erential warming rates of
land and ocean, continental easterlies warm faster than maritime
westerlies27,28. However, the clear zonal symmetry of projected
variance trends (Supplementary Fig. 8) suggests that this is not the
dominant cause of the continental-scale variance decrease.

The projected temperature changes in summer are completely
di�erent. As a group, the models instead show larger projected
warming in mid-latitudes than in high latitudes (Fig. 4g) and
increased summer variance (Fig. 4h,l and Supplementary Fig. 8).
Although southerlies warm slightly faster than northerlies over
latitudes 70�–80� N (Fig. 5d), which may partially account for
the projected variance increase at these latitudes (Fig. 4h and
Supplementary Fig. 8), there is little evidence of changes in

meridional heat advection being a cause of the projected summer
variance increases over mid-latitudes, which are more likely to be
caused by soil moisture–temperature feedbacks3,29.

In summary, subseasonal temperature variability has been
observed to decrease over recent decades in the mid- to high-
latitude Northern Hemisphere and this decline is projected to
continue in the future. The historical decrease has been largest
in autumn, when observed Arctic amplification has been most
pronounced, but model experiments project future decreases in
mid- to high-latitude temperature variability in all seasons except
summer. Contrary to recent suggestions that a weakened north–
south temperature gradient will increase cold extremes13–16, here
it is argued that Arctic amplification actually leads to reduced
subseasonal temperature variability, predominantly due tomarkedly
fewer (or less severe) cold days compared with a smaller increase
in the number (or severity) of warm days. These changes in
temperature variabilitywill have important implications for societal,
ecological and physical systems in theNorthernHemispheremiddle
and high latitudes.
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Figure 4 | Modelled future changes in mean temperature and variability. a,b, Multi-model- and zonal-mean autumn mean temperature (a) and
subseasonal temperature variance (b) anomalies, 2006–2099. Variance is calculated at each model grid point before area and cross-model averaging.
Anomalies are calculated for 10� latitude bands and are relative to the 2006–2035 mean in each model, and are then averaged across the models. Data are
taken from 34 di�erent coupled climate models that have been run with projected greenhouse gas concentrations following the RCP8.5 emissions scenario
(business as usual). c–h, The same as in a,b, but for winter (c,d), spring (e,f) and summer (g,h). i–l, Relationship between the linear trend in subseasonal
temperature variance (50�–70� N) and Arctic amplification in the models, for autumn (i), winter (j), spring (k) and summer (l). In i–l, each number
corresponds to a di�erent model whereas the green cross denotes the multi-model mean. Models are listed in Supplementary Table 1. Correlation
coe�cients (r) are provided in the lower left corner of i–l.

cover loss also induces mean atmospheric warming, changing
the near-surface temperature gradient, it also impacts meridional
heat advection. The advection mechanism proposed here implies
that local warming due to sea ice and snow cover loss will induce
variance decreases at lower latitudes. An analogous mechanism
has been invoked to explain decreased winter temperature variance
over western Europe: that owing to di�erential warming rates of
land and ocean, continental easterlies warm faster than maritime
westerlies27,28. However, the clear zonal symmetry of projected
variance trends (Supplementary Fig. 8) suggests that this is not the
dominant cause of the continental-scale variance decrease.

The projected temperature changes in summer are completely
di�erent. As a group, the models instead show larger projected
warming in mid-latitudes than in high latitudes (Fig. 4g) and
increased summer variance (Fig. 4h,l and Supplementary Fig. 8).
Although southerlies warm slightly faster than northerlies over
latitudes 70�–80� N (Fig. 5d), which may partially account for
the projected variance increase at these latitudes (Fig. 4h and
Supplementary Fig. 8), there is little evidence of changes in

meridional heat advection being a cause of the projected summer
variance increases over mid-latitudes, which are more likely to be
caused by soil moisture–temperature feedbacks3,29.

In summary, subseasonal temperature variability has been
observed to decrease over recent decades in the mid- to high-
latitude Northern Hemisphere and this decline is projected to
continue in the future. The historical decrease has been largest
in autumn, when observed Arctic amplification has been most
pronounced, but model experiments project future decreases in
mid- to high-latitude temperature variability in all seasons except
summer. Contrary to recent suggestions that a weakened north–
south temperature gradient will increase cold extremes13–16, here
it is argued that Arctic amplification actually leads to reduced
subseasonal temperature variability, predominantly due tomarkedly
fewer (or less severe) cold days compared with a smaller increase
in the number (or severity) of warm days. These changes in
temperature variabilitywill have important implications for societal,
ecological and physical systems in theNorthernHemispheremiddle
and high latitudes.
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Figure 5 | Modelled future changes in wind-associated temperature
anomalies. a–d, Multi-model- and zonal-mean temperature trends,
2006–2099, for northerlies (blue), southerlies (red) and their di�erence
(black) in autumn (a), winter (b), spring (c) and summer (d). The
cross-hatching denotes 10� latitude bands for which the
multi-model-mean di�erence trend is statistically significant at the 95%
confidence level and for which at least 80% of the individual models agree
on the sign of the di�erence trend.

Methods
Reanalysis. Historical changes in near-surface temperature and its variance are
studied in the European Centre for Medium-range Weather Forecasts’
ERA-Interim reanalysis. The source data were 6-h, globally complete, gridded
(1.5� latitude–longitude) fields of 2-m air temperature for the period 1979–2013
inclusively. Daily averages were taken and anomalies calculated by removing the
35-year mean for each day and grid point. This process removed the
climatological-mean seasonal cycle. Four quantities were calculated for each grid
point, season (defined as December–January–February, winter;
March–April–May, spring; June–July–August, summer;
September–October–November; autumn) and year: the mean temperature
anomaly of all days, the variance of temperature anomalies for all days, the mean
temperature anomaly of the 5% coldest days and the mean temperature anomaly
of the 5% warmest days. Zonal means of these quantities were then calculated for
10� latitude bands. Oceanic grid points were masked and were not included in
the zonal means. Trends were calculated by standard least-squares linear
regression and tested for statistical significance using a two-tailed Student’s t-test,
accounting for temporal autocorrelation using the e�ective sample size. Statistical
significance is reported at the 95% confidence level.

Observations. Daily near-surface maximum and minimum temperature
anomalies were taken from the HadGHCND observational data set. Data were
obtained on a 2.5� latitude by 3.75� longitude grid for the period 1950–2011.
Daily-mean temperature anomalies were estimated from the average of the
minimum and maximum temperature anomalies each day. Seasonal-mean
temperature statistics were calculated as per the reanalysis.

Wind e�ects on temperature. Seasonal-mean temperature anomalies, stratified
with respect to winds from di�erent directions30 were calculated using
daily-mean temperature and wind components at 925 hPa taken from the
ERA-Interim reanalysis. For example the autumn temperature anomaly for
northerly (from the north) winds is defined as,

T 0
N,y =

Pi=nN,y
i=1 TN,y ,i sin✓N,y ,i
Pi=nN,y

i=1 sin✓N,y ,i
�

Pj=n
j=1 Tj

n

where TN is the daily temperature (N represents North) for cases for which the
wind has a northerly component (that is, the meridional wind is negative) during
the autumn of year y and nN is the number of northerly cases (indexed by i), ✓N
is the angle of the wind vector for winds with a northerly component measured
clockwise from due westerly (from the west), T is the temperature irrespective of
wind direction during all autumns from 1979 to 2013 and n is the number of

days irrespective of wind direction (indexed by j). The sine weighting gives full
weight (that is, unity) to winds blowing directly from the north and a smaller
weight to winds closer to due easterly or westerly, and can be thought of as the
‘degree of northerliness’. Although this weighting is physically justified (to
emphasize meridional heat advection as opposed to zonal heat advection), very
similar results are obtained without it. This procedure was applied at each grid
point, but oceanic grid points and grid points at which the 925 hPa pressure
surface intersected the Earth’s surface (that is, surface pressure was below
925 hPa) were masked. An analogous procedure was used to calculate the
temperature anomaly for southerly (from the south) winds.

Models. Data were obtained from 34 coupled climate models (listed in
Supplementary Table 1) that participated in the fifth Coupled Model
Intercomparison Project (CMIP5) and for which daily-mean near-surface
temperature fields were archived in the Earth System Grid Federation
(http://esgf-index1.ceda.ac.uk/esgf-web-fe/) data holdings. This study uses
simulations performed with the RCP8.5 future concentrations pathway, which is a
high-end (business as usual) scenario with a continuous rise in atmospheric
greenhouse gas concentrations throughout the twenty-first century, leading to an
atmospheric CO2 concentration of approximately 950 ppm by 2100. Data from
1 January 2006 to 31 December 2099 are used. Some modelling groups have
performed multiple iterations, but this study uses only one ensemble member per
model. Seasonal-mean temperature statistics were calculated as per the reanalysis
and observations (except that the daily anomalies were calculated relative to the
2006–2035 mean) for each model individually on its native grid. Land grid-point
values were binned into 10� latitude bands, or 5� latitude–longitude boxes, and
then averaged to derive areal means on a common grid, before further averaging
across the models. The modelled influence of wind direction on temperature was
assessed as per the reanalysis, except that surface air temperature and wind
components were used (daily model output was not available for the 925 hPa
level). This analysis was performed for 27 CMIP5 models (those listed in
Supplementary Table 1, except for models 7, 8, 9, 15, 19, 20 and 34, which did
not have the required data available), on the native grid of each model before
averaging onto a common grid, and then averaging across the models.
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