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forecast error for Seattle is particularly 
noteworthy, as the observed value is nearly 
double the most extreme maximum fore-
casts from each of the models. Given that 
the model spread should have represented 
all the possible outcomes, encompassing 
both the forced response from bound-
ary conditions, especially ENSO, and the 
response due to internally driven variabil-
ity, values outside the envelope of ensem-
bles should have been considered highly 
improbable if not impossible, yet the 
observed values did occur outside of the 
model envelope of all possible outcomes. 

The shortcomings of the winter fore-
cast have important and far-reaching 
implications not only for these specific 
cities but also for climate science in gen-
eral. The tropics have long been consid-
ered the primary source of global atmo-
spheric variability. The most plausible 
explanation for the low forecast skill, 
however, is that the models are overly sen-
sitive to tropical forcing and/or that they 
are insensitive to climate variability at 
high latitudes, including related impacts 
of the strong polar vortex in early winter 

and the weak polar vortex in late winter. 
As some regions are more conspicuously 
impacted by climate change than others, 
shifts in the fundamental energy balance 
and dynamics of the system are inevita-
ble. The relative importance of particular 
forcing mechanisms is likely also shifting 
(Feldstein and Lee, 2014; Cohen, 2016), 
which challenges traditional theories of 
relationships among various aspects of 
the climate system. The role of the rap-
idly warming Arctic is one of these fac-
tors, in particular its influence on large-
scale circulation patterns in the Northern 
Hemisphere. This topic has been the tar-
get of a flurry of recent research, accom-
panied by intense media attention and 
controversy within the community of 
atmospheric dynamists (e.g.,  Kintisch, 
2014; Palmer, 2014; Wallace et al., 2014; 
Gramling, 2015; Overland et  al., 2016; 
Shepherd 2016). The main support for 
the argument that the tropics dominate 
atmospheric variability derives from 
model simulations that perturb tropi-
cal SSTs. Other model experiments that 
do target the Arctic’s influence on the 

mid- latitude atmosphere are inconclu-
sive, but whether the uncertainty stems 
from inadequacies in model physics, 
inappropriate metrics, experimental 
design, or obfuscation owing to complex 
nonlinear interactions is unknown. Some 
models already initialize and include 
ice dynamics (MacLachlan et  al., 2015). 
However, to date, improved seasonal 
forecast skill due to correct initialization 
of Arctic boundary forcings such as sea 
ice in GCMs has yet to be demonstrated.

Comparison of model forecasts with 
observations of precipitation during 
winter 2015/16 points to models gen-
erally underrepresenting the impor-
tance of profound Arctic changes rela-
tive to tropical influences on mid-latitude 
weather. Furthermore, our analysis sug-
gests that natural variability as simulated 
by numerical models can markedly differ 
from that of the real atmosphere at times. 
For example, model forecasts for winter 
2015/16 demonstrated that the divide 
between simulations and the real world is 
surprisingly large. 

There is much still to learn about 
ocean-atmosphere coupling, particu-
larly in the era of human-induced cli-
mate change. Lessons learned from the 
2015/16 winter, characterized by a record 
strong El Niño in combination with a 
record warm Arctic, suggest that the bal-
ance between tropical and Arctic influ-
ences on mid-latitude weather patterns 
needs to be reevaluated with rigor in both 
modeling and observational studies. 
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FIGURE 7. Extreme weather events coincided with enhanced Arctic warming as indicated by anom-
alies of daily standardized polar cap (60°N–90ºN) geopotential height (GPH) from January 1, 2016, 
through May 31, 2016. Anomalously high heights (corresponding with warm temperatures) are 
shaded in red. Blue arrows denote extreme weather events across the Northern Hemisphere, while 
the red arrows show the dates of two sudden stratospheric warmings. Yellow bars highlight the 
alignment of pulses in the polar cap GPH with an extreme event. 
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Abstract. The dominant mode of sea level pressure (SLP) 
variability during the winter months in the Northern Hemi- 
sphere (NH) is characterized by a dipole with one anomaly 
center covering the Arctic with the opposite sign anomaly 
stretched across the mid-latitudes. Associated with the SLP 

anomaly, is a surface temperature anomaly induced by the 
anomalous circulation. We will show that this anomaly pat- 
tern originates in the early fall, on a much more regional 
scale, in Siberia. As the season progresses this anomaly 
pattern propagates and amplifies to dominate much of the 
extratropical NH, making the Siberian high a dominant force 
in NH climate variability in winter. Also since the SLP and 
surface temperature anomalies originate in a region of max- 
imum fall snow cover variability, we argue that snow cover 
partially forces the phase of winter variability and can po- 
tentially be used for the skillful prediction of winter climate. 

Introduction 

Over the past decade great strides have been made in 
understanding how heating anomalies in one region of the 
globe can force the overlying atmosphere to deviate from its 
mean state in a consistent and predictable manner. This 
deviation from normal can then propagate from the local 
heating anomaly to remote regions around the globe. For 
example, E1-Nifio/Southern Oscillation (ENSO) describes 
quasi-periodic anomaly patterns in sea surface temperatures 
(SSTs) which are confined to the tropical Pacific Ocean 
basin. Yet, ENSO through atmospheric teleconnection pat- 
terns, influences regional climates around the globe [Barn- 
ston, 1994]. 

In the NH mid- to high-latitude cold season there are 
three semi-permanent and quasi-stationary surface features 
that dominate the synoptic and even seasonal weather pat- 
terns. Two of these semi-permanent surface features reside 
in the major ocean basins of the NH - the Icelandic and 
Aleutian lows. The third, the Siberian high, resides over 
the world's greatest land mass - Asia. The intensity and 
coverage of this coldest and densest air mass in the NH, are 
influenced by diabatic heating anomalies associated with the 
underlying snow cover [Foster et al., 1983; Sahsamanoglou 
et al., 1991; Clark and Serreze, 2000]. 
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Eurasian snow cover has large interannual variability and 
heating anomalies forced by snow cover in the region of the 
Siberian high can propagate remotely through favorable at- 
mospheric teleconnection patterns. As with SSTs, anoma- 
lies occur on relatively large scales and the residence time 
of anomalies range from weeks [Clark and Serreze, 2000] to 
months [Iwasaki, 1991; Walland and Simmonds, 1997; Co- 
hen and Entekhabi, 1999]. In this letter, we demonstrate 
associations between the Siberian high and remote regional 
climates on seasonal time scales and suggest the importance 
of snow cover to this teleconnection. 

Results 
The dominant mode of variability for December, January 

and February (DJF) NH SLP has been described as two 
phases of an Arctic high/low SLP center barotropically cou- 
pled with the stratosphere [Thompson and Wallace, 1998] 
or the expansion/contraction of the Siberian high, forced 
in part by seasonal surface heating anomalies [Cohen and 
Entekhabi, 1999]. What has been lacking in previous stud- 
ies, is more definitive demonstration of the origins of the 
DJF SLP anomaly, which stretches from Siberia across the 
North Pole into North America and the North Atlantic. To 
show this, grid point values of SLP and surface tempera- 
ture (Ts) are correlated with geopotential heights [Kalnay 
et al., 1996] and snow cover [Robinson et al., 1993] for 1972- 
1999. Since there could be some issue with the accuracy of 
reanalysis data over data-sparse regions including the Arc- 
tic, therefore, we checked the reanalysis data with in-situ 
observed data from the International Arctic Buoy Program 
[Thorndike and Colony, 1980] and found them to be nearly 
equivalent for the Arctic region (monthly root mean square 
error <lhPa), i.e., less than or equal to expected instrument 
error in the region of interest. 

It has been suggested that the internal mode of variabil- 
ity in the stratosphere is coupled to the surface AO during 
the winter months [Baldwin and Dunkerton, 1999]. To focus 
on the coupling between the lower stratosphere and mid- 
troposphere, independent of the surface analysis, we con- 
structed an index using eigenvector decomposition, which 
maximizes the correlation between the 50 hPa and 500 hPa 

geopotential heights during DJF. This index, referred to as 
upper-Arctic Oscillation or uAO, is highly correlated with 
the surface AO (r=.83). The uAO index is the time series 
of the leading mode of variability using singular value de- 
composition (SVD) of the lagged-combined fields of 500 hPa 
and 50 hPa geopotential height anomalies averaged for the 
entire winter season. The 50 hPa geopotential height field 
leads the 500 hPa geopotential height field by about two 
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Figure 3. Same as Figure 1 except SON Eurasian snow cover correlated with gridded SLP 45 day averages (contours every .10). 
Region of light blue shading for correlations greater than .38 and dark blue for correlations greater than .49. Orange for correlations 
less than -.38 and red for correlations less than -.49. 

restricted by high topography. The 1000-meter above sea 
level topographic contour (thick line in figures) clearly illus- 
trates how the SLP anomaly emanating from the Siberian 
high is constrained by the high topography not only in Eura- 
sia but even in North America. During winter (simultane- 
ous uAO and SLP) the correlation plot is almost identical 
to the defined Arctic Oscillation [Thompson and Wallace, 
1998]. Correlation 'of the time series from the SLP-derived- 
AO with the same 45-day periods gives similar results (not 
shown). 

The surface temperature anomaly (Figure 2) also prop- 
agates first westward and then northward with the SLP 
anomaly. The Ts anomaly, similar to the SLP anomaly, is 
constrained by the high topography in central and western 
Asia during winter. However, unlike the SLP anomaly, the 
Ts anomaly propagates southward, lee of the high topog- 
raphy in eastern Asia. This is consistent with the positive 
correlation of the frequency of East Asian cold surges and 
the strength of the Siberian high [Yihui, 1990]. 

It has already been shown that September, October, 
November (SON) Eurasian snow cover anomalies are signif- 
icantly correlated with D JF SLP and 500 hPa geopotential 
heights particularly in the Arctic and North Atlantic sec- 
tors [Cohen and Entekhabi, 1999]. In Figure 3 we provide 
further statistical evidence that the dominant mode of SLP 

variability may be partially forced by snow cover variability. 
To isolate the dominant role of surface heating anomalies 
due to interannual variability in snow cover across Eura- 
sia, the Eurasian snow cover extent time series in the fall 
season is used as a climate index. Snow cover extent is 
defined as the areal snow cover for Eurasia in millions of 

squared kilometers [Robinson et al., 1993]. In Figure 3 we 
present a series of plots of the correlation of Eurasian SON 
snow cover area with the same gridded 45-day averaged SLP 
as shown in Figure 1. Initially a perturbed region of SLP 
in eastern Siberia expands westward following the snowline 
across northern Russian and northern Europe and eventu- 

ally across the entire Arctic into North America and the 
North Atlantic. Correlations indicate much of signal in this 
region to be significant at greater than the 95% confidence 
value. At lower latitudes in Western Europe and eastern 
North America SLP anomalies, of opposite sign from the 
SLP anomaly over the Arctic, also appear. This resembles 
Figure 1 and the dominant mode of variability for DJF SLP. 
Tests for field significance show SON snow cover and DJF 
SLP to be highly significant. 

Figures 1-3 demonstrate that: both snow cover and the 
stratospheric polar vortex are associated with the dominant 
mode of variability of DJF NH SLP; this mode is inherently 
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Figure 4. (a) Plot of Arctic Oscillation (AO) for DJF and 
SLP/snow index for October (see text for definition). Correla- 
tion (R) between two time series is also shown. (b) Plot of time 
series of leading mode of variability of 500 hPa geopotential height 
field (AO at 500 hPa) for DJF and SLP/snow index for October. 
Correlation (R) between two time series is also shown. 
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FIGURE 4 | The horizontal and vertical pattern of projected warming. Zonal-mean, multimodel mean air temperature response (shading) between
2076–2099 and 1980–2004 under RCP8.5 for 21 CMIP5 models in (a) winter (January–February–March) and (b) summer (July–August–September).
(Reprinted with permission from Ref 47. Copyright 2014 American Meteorological Society)

North America/North Atlantic jet-stream will speed
up or slow down by 2100 (Figure 5(b)), the model
spread of the response is highly correlated with the
degree of Arctic warming in spring and summer
(Figure 5(d)). In addition, the jet latitude response is
negatively correlated with the degree of Arctic warm-
ing in winter (Figure 5(c)), suggesting that winter-
time Arctic amplification may reduce the magnitude
of the poleward shift driven by the tropical warming
(Figure 5(a)).

Other studies have also concluded that the pro-
jected changes in the mid-tropospheric winds and
storm tracks are correlated with the magnitude of Arc-
tic warming.45–47 While we stress that causality can-
not be explicitly determined from correlation analysis,
these results suggest that future Arctic warming may
modulate the circulation response to increasing green-
house gas emissions. Nonetheless, the net response
of the circulation—i.e., our best estimate of what
ultimately will occur—may not be what is expected
from Arctic warming alone.

Synthesis
The response of the midlatitude jet-stream over the
21st century will ultimately be determined by the
nonlinear interaction of many factors, only one of
which is Arctic surface warming. While the latest

climate models suggest a possible role for Arctic
warming in modulating this response, all of these
competing influences must be considered if one is
interested in the ultimate fate of midlatitude weather.

CONCLUSIONS
Does rapid Arctic warming have tangible implications
for weather in lower latitudes? The jury is still out.
While there is a growing consensus in the model-based
literature that that Arctic warming can, in isolation,
significantly influence the midlatitude circulation, this
neither implies that it has in the past, nor that it will in
the future. This is because internal atmospheric vari-
ability may obscure the influence of Arctic warming
and/or the Arctic influence may be small compared
with other factors that control midlatitude weather.
We suggest that it useful to frame inquiries using the
‘Can it?’, ‘Has it?’, and ‘Will it?’ approach. The ‘Can
it?’ and ‘Will it?’ questions are potentially tractable as
we continue to improve our mechanistic understand-
ing of the high-to-mid- latitude connections, and as
our models improve in their ability to simulate the
related dynamics. However, the ‘Has it?’ is likely to
continue to be more challenging to answer given the
short observational record and large internal variabil-
ity of the midlatitude atmosphere.
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(Figure 5(d)). In addition, the jet latitude response is
negatively correlated with the degree of Arctic warm-
ing in winter (Figure 5(c)), suggesting that winter-
time Arctic amplification may reduce the magnitude
of the poleward shift driven by the tropical warming
(Figure 5(a)).
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not be explicitly determined from correlation analysis,
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While there is a growing consensus in the model-based
literature that that Arctic warming can, in isolation,
significantly influence the midlatitude circulation, this
neither implies that it has in the past, nor that it will in
the future. This is because internal atmospheric vari-
ability may obscure the influence of Arctic warming
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ity of the midlatitude atmosphere.
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degree of Arctic warming in spring and summer
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time Arctic amplification may reduce the magnitude
of the poleward shift driven by the tropical warming
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North America/North Atlantic jet-stream will speed
up or slow down by 2100 (Figure 5(b)), the model
spread of the response is highly correlated with the
degree of Arctic warming in spring and summer
(Figure 5(d)). In addition, the jet latitude response is
negatively correlated with the degree of Arctic warm-
ing in winter (Figure 5(c)), suggesting that winter-
time Arctic amplification may reduce the magnitude
of the poleward shift driven by the tropical warming
(Figure 5(a)).

Other studies have also concluded that the pro-
jected changes in the mid-tropospheric winds and
storm tracks are correlated with the magnitude of Arc-
tic warming.45–47 While we stress that causality can-
not be explicitly determined from correlation analysis,
these results suggest that future Arctic warming may
modulate the circulation response to increasing green-
house gas emissions. Nonetheless, the net response
of the circulation—i.e., our best estimate of what
ultimately will occur—may not be what is expected
from Arctic warming alone.

Synthesis
The response of the midlatitude jet-stream over the
21st century will ultimately be determined by the
nonlinear interaction of many factors, only one of
which is Arctic surface warming. While the latest

climate models suggest a possible role for Arctic
warming in modulating this response, all of these
competing influences must be considered if one is
interested in the ultimate fate of midlatitude weather.

CONCLUSIONS
Does rapid Arctic warming have tangible implications
for weather in lower latitudes? The jury is still out.
While there is a growing consensus in the model-based
literature that that Arctic warming can, in isolation,
significantly influence the midlatitude circulation, this
neither implies that it has in the past, nor that it will in
the future. This is because internal atmospheric vari-
ability may obscure the influence of Arctic warming
and/or the Arctic influence may be small compared
with other factors that control midlatitude weather.
We suggest that it useful to frame inquiries using the
‘Can it?’, ‘Has it?’, and ‘Will it?’ approach. The ‘Can
it?’ and ‘Will it?’ questions are potentially tractable as
we continue to improve our mechanistic understand-
ing of the high-to-mid- latitude connections, and as
our models improve in their ability to simulate the
related dynamics. However, the ‘Has it?’ is likely to
continue to be more challenging to answer given the
short observational record and large internal variabil-
ity of the midlatitude atmosphere.
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FIGURE 4 | The horizontal and vertical pattern of projected warming. Zonal-mean, multimodel mean air temperature response (shading) between
2076–2099 and 1980–2004 under RCP8.5 for 21 CMIP5 models in (a) winter (January–February–March) and (b) summer (July–August–September).
(Reprinted with permission from Ref 47. Copyright 2014 American Meteorological Society)

North America/North Atlantic jet-stream will speed
up or slow down by 2100 (Figure 5(b)), the model
spread of the response is highly correlated with the
degree of Arctic warming in spring and summer
(Figure 5(d)). In addition, the jet latitude response is
negatively correlated with the degree of Arctic warm-
ing in winter (Figure 5(c)), suggesting that winter-
time Arctic amplification may reduce the magnitude
of the poleward shift driven by the tropical warming
(Figure 5(a)).

Other studies have also concluded that the pro-
jected changes in the mid-tropospheric winds and
storm tracks are correlated with the magnitude of Arc-
tic warming.45–47 While we stress that causality can-
not be explicitly determined from correlation analysis,
these results suggest that future Arctic warming may
modulate the circulation response to increasing green-
house gas emissions. Nonetheless, the net response
of the circulation—i.e., our best estimate of what
ultimately will occur—may not be what is expected
from Arctic warming alone.

Synthesis
The response of the midlatitude jet-stream over the
21st century will ultimately be determined by the
nonlinear interaction of many factors, only one of
which is Arctic surface warming. While the latest

climate models suggest a possible role for Arctic
warming in modulating this response, all of these
competing influences must be considered if one is
interested in the ultimate fate of midlatitude weather.

CONCLUSIONS
Does rapid Arctic warming have tangible implications
for weather in lower latitudes? The jury is still out.
While there is a growing consensus in the model-based
literature that that Arctic warming can, in isolation,
significantly influence the midlatitude circulation, this
neither implies that it has in the past, nor that it will in
the future. This is because internal atmospheric vari-
ability may obscure the influence of Arctic warming
and/or the Arctic influence may be small compared
with other factors that control midlatitude weather.
We suggest that it useful to frame inquiries using the
‘Can it?’, ‘Has it?’, and ‘Will it?’ approach. The ‘Can
it?’ and ‘Will it?’ questions are potentially tractable as
we continue to improve our mechanistic understand-
ing of the high-to-mid- latitude connections, and as
our models improve in their ability to simulate the
related dynamics. However, the ‘Has it?’ is likely to
continue to be more challenging to answer given the
short observational record and large internal variabil-
ity of the midlatitude atmosphere.
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North America/North Atlantic jet-stream will speed
up or slow down by 2100 (Figure 5(b)), the model
spread of the response is highly correlated with the
degree of Arctic warming in spring and summer
(Figure 5(d)). In addition, the jet latitude response is
negatively correlated with the degree of Arctic warm-
ing in winter (Figure 5(c)), suggesting that winter-
time Arctic amplification may reduce the magnitude
of the poleward shift driven by the tropical warming
(Figure 5(a)).

Other studies have also concluded that the pro-
jected changes in the mid-tropospheric winds and
storm tracks are correlated with the magnitude of Arc-
tic warming.45–47 While we stress that causality can-
not be explicitly determined from correlation analysis,
these results suggest that future Arctic warming may
modulate the circulation response to increasing green-
house gas emissions. Nonetheless, the net response
of the circulation—i.e., our best estimate of what
ultimately will occur—may not be what is expected
from Arctic warming alone.

Synthesis
The response of the midlatitude jet-stream over the
21st century will ultimately be determined by the
nonlinear interaction of many factors, only one of
which is Arctic surface warming. While the latest

climate models suggest a possible role for Arctic
warming in modulating this response, all of these
competing influences must be considered if one is
interested in the ultimate fate of midlatitude weather.

CONCLUSIONS
Does rapid Arctic warming have tangible implications
for weather in lower latitudes? The jury is still out.
While there is a growing consensus in the model-based
literature that that Arctic warming can, in isolation,
significantly influence the midlatitude circulation, this
neither implies that it has in the past, nor that it will in
the future. This is because internal atmospheric vari-
ability may obscure the influence of Arctic warming
and/or the Arctic influence may be small compared
with other factors that control midlatitude weather.
We suggest that it useful to frame inquiries using the
‘Can it?’, ‘Has it?’, and ‘Will it?’ approach. The ‘Can
it?’ and ‘Will it?’ questions are potentially tractable as
we continue to improve our mechanistic understand-
ing of the high-to-mid- latitude connections, and as
our models improve in their ability to simulate the
related dynamics. However, the ‘Has it?’ is likely to
continue to be more challenging to answer given the
short observational record and large internal variabil-
ity of the midlatitude atmosphere.
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Weaker	and	Wavier	Circula/on	Promotes	Extreme	Weather?	

Future	
Past	

Meridional	temperature	gradient	not	sole	
control	on	mid-la0tude	jet	(eddy-mean	
flow	feedbacks)	[Hoskins	&	Woolings	2015]	

Not	all	studies	find	sufficient	Arc0c	hea0ng	
from	sea	ice	loss	to	cause	significantly	
weaker/wavier	flow	[Perlwitz	et	al.	2015]	

Thermal	influence	of	wavier	circula0on	on	
cold	extremes	is	mi0gated	by	advec0on	of	
warmer	upstream	Arc0c	air	[Screen	2014]	

A	weaker,	wavier	circula0on	might	require	
a	stratospheric	pathway	[Kim	et	al.	2014	]	
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Impact	of	Amplified	Planetary	Waves	Differs	by	Region		
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Figure 1 | Planetary-wave amplitude anomalies during months of extreme weather. a,b, Normalized monthly time series of mid-latitude–(35�–60� N)
mean land-based absolute temperature anomalies (a) and absolute precipitation anomalies (b), 1979–2012. The 40 months with the largest values are
identified by circles and labelled on the lower x axis, and the green line shows the threshold value for extremes. c,d, Normalized wave amplitude anomalies,
for wave numbers 3–8, during 40 months of mid-latitude–mean temperature extremes (c) and precipitation extremes (d). The months are labelled on the
abscissa in order of decreasing extremity from left to right. Grey shading masks anomalies that are not statistically significant at the 90% confidence level;
specifically, anomalies with magnitude smaller than 1.64� , the critical value of a Gaussian (normal) distribution for a two-tailed probability p=0.1. Red
shading indicates wave numbers that are significantly amplified compared to average and blue shading indicates wave numbers that are significantly
attenuated compared to average.
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Figure 2 | The geographical regions used in this study. Black boxes show the regions and are labelled with their abbreviations. These regions were chosen
a priori on the basis of conventional (sub-)continental boundaries, are approximately equal in area, and together cover all the mid-latitude landmasses.

this is accompanied by positive anomalies in two other wave
numbers. As for temperature, this suggests a link between extreme
precipitation and significantly amplified planetary waves. However,
clearly not all months with temperature or precipitation extremes
are associated with significantly amplified, or attenuated, planetary-
wave amplitudes.

Figure 3a shows the probability density function (PDF) of am-
plitude anomalies for each of wave numbers 3–8 in each of the
40 months of extreme temperature. Months of extreme temperature

over mid-latitudes are associated with significantly amplified plane-
tary waves, in the sense that positive amplitude anomalies occur rel-
atively more often during months of extreme temperature than they
do climatologically. The di�erence in mean amplitude anomalies,
between extrememonths and climatology, is very highly statistically
significant (p<0.001). The di�erence in amplitude variance is also
highly significant (p< 0.01), with greater variance in months of
extreme temperature than climatologically. This increase in variance
is primarily due to larger frequencies at the positive tail of the
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Impact	of	amplified	planetary	waves	
on	extreme	weather	differs	by	region	

Extreme	heat	Extreme	cold	 Extreme	wet	Extreme	dryness	



direct atmospheric response to a warm and a cold
Arctic. According to Kug et al (2015), the warm arctic
surface condition over the East Siberian-Chukchi Sea
often accompanies upper-level anticyclonic and
downstream cyclonic anomalies over NA during the
winter (December–February). In the late autumn,
however, there is no pronounced downstream
response over NA (supplementary figure 2(a)). It is
interesting that in spite of the smaller downstream
impact of the warm Arctic during the late autumn, the
downstream branch of the PDO response strengthens
and results in a colder NA under the warm Arctic
condition, as shown infigure 2. In order to clarify these
nonlinear rectification impacts, we compared the
PDO teleconnection patterns during the warm and the
cold arctic years after removing the direct atmospheric
responses to the arctic surface conditions (figure 3).
This was implemented by calculating linear regres-
sions onto the PDO index for the subdivision of data
according to the sign of the ART2 index. Since the
linear regression uses deviations from the temporal
average of a variable, the regression coefficients solely
for cold (warm) arctic years indicate the PDO tele-
connection pattern in which the general circulation
features of the cold (the warm) arctic years are
removed.

Interestingly, the ridge over northwestern NA and
the downstream trough show noteworthy differences
between figures 3(a) and (b) regarding the shape and
the location. The ridge extends westward corresp-
onding to the warm arctic condition, and the center of
the downstream trough is shifted westward as well. In
figure 3(b), a steeper slope between the ridge and the
downstream trough enables the stronger northerly
winds to bring colder advection over central NA. In
the observations, we see much colder SAT anomalies
prevailing over central NA. The model results also
reproduce the similar characteristics of the

atmospheric circulation (figures 3(d) and (e)). The
only difference from the observations is that the mag-
nitudes of the cold anomalies over NA are almost
comparable between the warm and the cold arctic
conditions in the model. However, the spatial dis-
tribution of cold anomalies seems consistent with that
of the observations in which the cold anomaly dom-
inates more over the central northern NA region
under thewarm arctic condition. Thewarm anomalies
over Alaska show more pronounced differences
between the cold and the warm arctic conditions and
the observations and model outputs are quite con-
sistent. Figures 3(c) and (f), the difference maps
between the warm and the cold arctic conditions,
show the distinct impacts of the PDO more clearly.
These can be interpreted as nonlinear rectification
impacts of the warm Arctic on the teleconnection pat-
tern relevant to the +PDO. The consistency between
the observations and the model supports that the
warm arctic modulation on the midlatitude tele-
connection pattern is not simply due to the linear
combination of the direct atmospheric responses to
arctic surface warming and the PDO. It is possibly due
to the underlying nonlinear process.

The altered Rossby wave patterns in figure 3might
be attributed to different tropical Pacific origins. As
the SAT anomalies given in figure 3 suggest, however,
there is no noteworthy characteristic in the tropical
Pacific.While an El Niño-like anomaly seems stronger
in the warm arctic regression of the observations, it is
not the same in the model output. Rather than sug-
gesting a tropical source, the different responses to the
arctic conditions may be related more to the atmo-
spheric internal process in the extratropics. A large
portion of the extratropical low-frequency variability
is attributed to internal mechanisms such as baro-
tropic instability and transient eddy forcing (Hoskins
and Karoly 1981, Held 1983, Luo et al 2016). The

Figure 3.Observed Z300 (contour) and SAT (shading) anomalies regressed onto PDO index for (a) cold arctic (40 years) and (b)warm
arctic (22 years) years, respectively. Temperature anomalies, which are significant at a 95% confidence level, were shaded only. (c)
Difference between (a) and (b). (d)–(f) are same as (a)–(c) except for theCM2.1 output with 149 cold and 151warmarctic years. The
thick black contour denotes the zero line, and contour intervals are 15 m (10 m) for the observations (themodel). Note that the scales
are different between observation andmodel.
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Different	Regional	Responses	to	Sea	Ice	Loss	
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Figure 2 | Relationships between Arctic temperature and SAT over the NH extratropics. a,b, Correlation coe�cients of SAT anomalies with respect to
de-trended monthly ART1 (a) and ART2 indices (b) during December–February for the period 1979/1980–2013/2014 from the reanalysis data. Shading
denotes significant values at the 95% confidence level based on a Student’s t-test. c,d, Lead–lag regression coe�cients of a moving 31-day-mean SAT over
East Asia (80�–130� E, 35�–50� N) with respect to the normalized ART1 index (c), and over North America (80�–120� W, 40�–55� N) with respect to the
normalized ART2 index (d). Correlation coe�cients that are statistically significant at the 95% confidence level are indicated with filled circles.

winter11,17,18,22–24. A reduction of autumn sea ice is generally followed
by warm Arctic SAT in winter (Supplementary Figs 3 and 4). This
often leads to the so-called ‘warm Arctic–cold continent’ pattern23

forced via stationary Rossby waves11. It is further suggested that
more frequent and persistent episodes of atmospheric blocking
occur10,15,17, with downstream responses of enhanced cyclonic activ-
ity9,18 and possibly weakening of the polar vortex due to an enhanced
upward propagation of planetary waves8. Accordingly, Arctic sea-
ice information may be useful for improving climate prediction
in NH extratropical regions25. However, atmospheric responses to
Arctic sea-ice variations are complex, depending on background
atmospheric states and seasons9,22, which may weaken statistical re-
lationships with extratropical climate variations. Furthermore, it has
recently been recognized that extratropical impacts depend highly
on the regional structure of the anomalous Arctic climate state16,26.

In high latitudes, surface heat flux forcing and low-level
baroclinicity associated with sea-ice loss and other anomalous
Arctic climate states are important for modulating the slow-varying
atmospheric circulation8,18,22. Modelling studies showed that these
sea-ice variations are related to regional SAT patterns17,21,22 that are
easy to observe and have relatively high predictability. To investigate
the observed connections between Arctic warming and regional
extratropical cold winters, we define two Arctic temperature (ART)
indices: ART1, which averages SAT over the Barents–Kara Sea
region (30�–70� E, 70�–80� N), and ART2, which averages SAT over
the East Siberian–Chukchi Sea region (160� E–160� W, 65�–80� N).
These two regions exhibit the strongest warming trends since 1998
(Fig. 1b), but de-trended correlations between the two indices are
almost zero (Fig. 1c).

Figure 2 shows correlations between the de-trended monthly
ART indices and SAT from 1979 to 2014. Both indices exhibit strong
positive correlations over their own regions, but show di�erent
correlation patterns in much of the NH extratropics. For ART1,

negative correlations prevail over most of Eurasia (Fig. 2a), and
are particularly strong over East Asia. This indicates that when the
Arctic SAT gets warmer over the Barents–Kara Sea region, East Asia
experiences cold winters, consistent with previous studies9,11,18.

On the other hand, the ART2 index is negatively correlated
with SAT anomalies over North America (Fig. 2b). The negative
correlation is strongest over most of Canada and the central and
eastern parts of the United States. The correlation coe�cient
between monthly ART2 and North American SAT in the region
shown in Fig. 2b is close to �0.65, suggesting that North American
winter SAT anomalies are strongly negatively correlated with
SAT anomalies in the East Siberian–Chukchi Sea region. These
relationships are fairly robust even for long-term historical data
(Supplementary Fig. 2).

Figure 2c,d shows lead–lag relationships between the ART
indices and East Asian and North American SAT calculated from a
moving 31-day-mean ERA-Interim data set27. As shown in Fig. 2c,d,
ART1 tends to precede the maximum East Asian SAT response
by about 15 days, and ART2 shows the strongest relationship with
NorthAmerica SAT, about 5 days ahead. These results imply that the
atmospheric circulation anomalies associated with the continental
cooling over both regions are related to the regional Arctic warming
in the upstream regions, suggesting that regional patterns of Arctic
warming/cooling may be crucial for understanding extratropical
NH winter climate variability.

Figure 3 shows the atmospheric circulation anomalies asso-
ciated with regional Arctic warming. Warm conditions over the
Barents–Kara Sea region (ART1) are associated with negative sea-
level pressure (SLP) anomalies over the central Arctic and strong
positive anomalies over western Russia (Fig. 3a). The positive SLP
anomalies over western Russia develop from the coastal regions of
the Barents–Kara Sea, slightly southward of the ART1 centre, to
the central Eurasian continent. Once the anomalous anticyclonic
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Figure 2 | Relationships between Arctic temperature and SAT over the NH extratropics. a,b, Correlation coe�cients of SAT anomalies with respect to
de-trended monthly ART1 (a) and ART2 indices (b) during December–February for the period 1979/1980–2013/2014 from the reanalysis data. Shading
denotes significant values at the 95% confidence level based on a Student’s t-test. c,d, Lead–lag regression coe�cients of a moving 31-day-mean SAT over
East Asia (80�–130� E, 35�–50� N) with respect to the normalized ART1 index (c), and over North America (80�–120� W, 40�–55� N) with respect to the
normalized ART2 index (d). Correlation coe�cients that are statistically significant at the 95% confidence level are indicated with filled circles.

winter11,17,18,22–24. A reduction of autumn sea ice is generally followed
by warm Arctic SAT in winter (Supplementary Figs 3 and 4). This
often leads to the so-called ‘warm Arctic–cold continent’ pattern23

forced via stationary Rossby waves11. It is further suggested that
more frequent and persistent episodes of atmospheric blocking
occur10,15,17, with downstream responses of enhanced cyclonic activ-
ity9,18 and possibly weakening of the polar vortex due to an enhanced
upward propagation of planetary waves8. Accordingly, Arctic sea-
ice information may be useful for improving climate prediction
in NH extratropical regions25. However, atmospheric responses to
Arctic sea-ice variations are complex, depending on background
atmospheric states and seasons9,22, which may weaken statistical re-
lationships with extratropical climate variations. Furthermore, it has
recently been recognized that extratropical impacts depend highly
on the regional structure of the anomalous Arctic climate state16,26.

In high latitudes, surface heat flux forcing and low-level
baroclinicity associated with sea-ice loss and other anomalous
Arctic climate states are important for modulating the slow-varying
atmospheric circulation8,18,22. Modelling studies showed that these
sea-ice variations are related to regional SAT patterns17,21,22 that are
easy to observe and have relatively high predictability. To investigate
the observed connections between Arctic warming and regional
extratropical cold winters, we define two Arctic temperature (ART)
indices: ART1, which averages SAT over the Barents–Kara Sea
region (30�–70� E, 70�–80� N), and ART2, which averages SAT over
the East Siberian–Chukchi Sea region (160� E–160� W, 65�–80� N).
These two regions exhibit the strongest warming trends since 1998
(Fig. 1b), but de-trended correlations between the two indices are
almost zero (Fig. 1c).

Figure 2 shows correlations between the de-trended monthly
ART indices and SAT from 1979 to 2014. Both indices exhibit strong
positive correlations over their own regions, but show di�erent
correlation patterns in much of the NH extratropics. For ART1,

negative correlations prevail over most of Eurasia (Fig. 2a), and
are particularly strong over East Asia. This indicates that when the
Arctic SAT gets warmer over the Barents–Kara Sea region, East Asia
experiences cold winters, consistent with previous studies9,11,18.

On the other hand, the ART2 index is negatively correlated
with SAT anomalies over North America (Fig. 2b). The negative
correlation is strongest over most of Canada and the central and
eastern parts of the United States. The correlation coe�cient
between monthly ART2 and North American SAT in the region
shown in Fig. 2b is close to �0.65, suggesting that North American
winter SAT anomalies are strongly negatively correlated with
SAT anomalies in the East Siberian–Chukchi Sea region. These
relationships are fairly robust even for long-term historical data
(Supplementary Fig. 2).

Figure 2c,d shows lead–lag relationships between the ART
indices and East Asian and North American SAT calculated from a
moving 31-day-mean ERA-Interim data set27. As shown in Fig. 2c,d,
ART1 tends to precede the maximum East Asian SAT response
by about 15 days, and ART2 shows the strongest relationship with
NorthAmerica SAT, about 5 days ahead. These results imply that the
atmospheric circulation anomalies associated with the continental
cooling over both regions are related to the regional Arctic warming
in the upstream regions, suggesting that regional patterns of Arctic
warming/cooling may be crucial for understanding extratropical
NH winter climate variability.

Figure 3 shows the atmospheric circulation anomalies asso-
ciated with regional Arctic warming. Warm conditions over the
Barents–Kara Sea region (ART1) are associated with negative sea-
level pressure (SLP) anomalies over the central Arctic and strong
positive anomalies over western Russia (Fig. 3a). The positive SLP
anomalies over western Russia develop from the coastal regions of
the Barents–Kara Sea, slightly southward of the ART1 centre, to
the central Eurasian continent. Once the anomalous anticyclonic
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Figure 3 | Atmospheric circulation anomalies linked to Arctic
temperature. Linear regression of sea-level pressure (Pa) (a,b) and
300 hPa geopotential height (m) (c,d) with respect to de-trended monthly
ART1 (a,c) and ART2 indices (b,d) during December–February for the
period of 1979/1980–2013/2014. Shading denotes significant values at
95% confidence level based on a Student’s t-test.

flow is established, it develops further and expands to the east
owing to anomalous cold advection at the climatologically cold
surface28. The eastward expansion of the anomalous west-Russian
anticyclone is linked to an intensified Siberian High, leading to cold
advection and frequent occurrence of cold events over East Asia28,29.
It is noteworthy from Fig. 3a,c that significant positive anomalies
appear over the North Atlantic, centred near 40� N, upstream of the
ART1 region. Likewise, significant negative anomalies are evident
over the subtropical North Pacific, upstream of the ART2 region.
These statistical results suggest that regional Arctic warming and
their downstream teleconnection patterns could be influenced by
such upstreamdisturbances30. The role of the upstreamdisturbances
in the Arctic-to-extratropical connections needs further study (for
example, Supplementary Fig. 5).

The upper-level circulation shows that the anomalous
west-Russian anticyclone is quasi-equivalent barotropic, and
accompanies anomalous cyclonic flow in the downstream region of
far eastern Siberia (Fig. 3c). This cyclonic anomaly can be explained
by Rossby wave propagation from the upstream anticyclonic
anomaly. Such an upper cyclonic anomaly implies an intensified
andwestward-shiftedAsian trough, closely related to a stronger East
Asian winter monsoon with more frequent cold extreme events29.

Circulation patterns associated with ART2 are seemingly di�er-
ent from those with ART1. For example, the SLP responses over the
Arctic are opposite. However, there is great dynamical similarity,
particularly in the downstream regions. There is an anomalous
equivalent barotropic anticyclone near the Arctic warming area and
anomalous cyclonic flow in the downstream regions (Fig. 3b,d).
The anomalous anticyclone implies a weakened Aleutian Low and
more frequent North Pacific blocking events31. Associated northerly
winds bring cold Arctic air into northern North America.

The above results clearly indicate that regional warming over the
Arctic Ocean can a�ect extratropical climate in the downstream re-
gion by inducing a downstream teleconnection pattern. To substan-
tiate the Arctic-to-extratropical connections in the observations,

Figure 4 | Modelling support on the relationships between Arctic
temperature and SAT over the NH extratropics. a,b, SAT anomalies
regressed on de-trended monthly ART1 (a) and ART2 indices (b) during
December–February for the period 1979/1980–2012/13 from observation
(contour) and CM2.1 model experiments (shaded). The pattern correlation
coe�cients between the observation and the model experiments over
30�–90� N are denoted in the upper right side of the figure. c,d, Regression
coe�cients of SAT over the East Asia region on the ART1 index (c) and SAT
over the North America region on the ART2 index (d) during
December–February in the 39 CMIP5 simulations. Red and orange bars
show the coe�cients from the observation and the CM2.1 model
experiments, respectively. Green bars show the coe�cients from the
CMIP5 models, and blue bars denote the multi-model ensemble mean. The
scale bars represent a range of 95% confidence levels from internal
variability using a Monte Carlo approach.

idealizedmodel experiments were carried out using a coupled global
climate model (GCM). In the six model experiments, sea surface
temperature (SST) in the Arctic region was restored to the historical
SST but themodel was fully coupledwith the oceans in other regions
(see Methods). The sea-ice concentration simulated in the model
mostly follows the observational evolution, indicating that sea ice
quickly adjusts to the SST evolution.

For these model simulations, a similar correlation analysis of
de-trended ART1 and ART2 with SAT is performed (Fig. 4a,b).
Figure 4a shows that, for ART1, the model gives a similar pattern
of negative correlation of SAT over the Eurasian continent, the
negative correlation being again strong over East Asia. The pattern
correlation between the observations and the model simulation is
0.90, indicating high similarity between model responses and the
observations. More importantly, the model quantitatively repro-
duces the regression coe�cient of the observations (compare red
and orange bars in Fig. 4c). For ART2, the model simulation also
captures the overall negative SAT correlation over northern North
America well. The pattern correlation between the observation and
model simulation is very high at 0.90, although regression coe�-
cient is underestimated (Fig. 4d). In addition to the SAT pattern,
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not imply causality. Kretschmer et al. (6) 

recently used the concept of causal effect 

networks to overcome this limitation. They 

found that a loss of Barents/Kara sea ice 

(which induces local warming) can indeed 

be considered a causal driver of a weak-

ened tropospheric polar vortex.

Another aspect of the debate has focused 

on what numerical models predict. Many 

studies have attempted to model the re-

sponse of the mid-latitude circulation to 

Arctic warming, usually induced through 

reduced sea-ice extent. The results have 

generally been inconclusive, showing only 

that the answer depends sensitively on the 

model setup. The only result that seems to 

consistently emerge is a cooling in central 

Asia (much as seen in recent decades; see 

the second figure) resulting from loss of 

Barents/Kara sea ice (7). This result can 

be understood in terms of the circulation 

response to a local warming. It matches 

the observationally determined causal rela-

tionship (6) and could account for the at-

tribution of the observed increase in cold 

extremes in central Asia to circulation 

changes (8).

Comprehensive climate models do not pro-

vide any indication of increased wintertime 

cold events in northern mid-latitudes in re-

sponse to climate change, suggesting that any 

such tendency arising from Arctic warming 

(if it exists) is overwhelmed by other factors. 

However, it remains unclear whether the 

models represent the relevant physical pro-

cesses in a sufficiently accurate way for the 

results to be considered as definitive. Mod-

els with stronger Arctic warming have a ten-

dency toward surface pressure increases over 

northern Eurasia (9), broadly consistent with 

the results reported by Kretschmer et al. (6) 

and Mori et al. (7).

Given the current model projections and 

the impossibility of ruling out natural vari-

ability as the explanation for the observed be-

havior in recent decades, the null hypothesis 

is certainly a scientifically defensible position 

(10). However, multiple lines of evidence sup-

port the hypothesis of an Arctic�mid-latitude 

connection in central Asia, although not in 

the eastern United States. Moreover, the ei-

ther/or dichotomy between a forced response 

to climate change and natural variability is 

overly simplistic. For example, the meanders 

in the tropospheric polar vortex induced by 

teleconnections from Pacific sea surface tem-

perature variations can be expected to be 

larger if the vortex is weaker. Thus, it is pos-

sible that variability and the forced response 

to climate change act together to affect ex-

treme weather. 

The question is not whether Arctic 

changes are affecting mid-latitudes but 

rather how and by how much. Framing 

studies in this way will avoid polarization 

and aid progress. It is encouraging to see 

recent collaborations between scientists 

from what might be considered opposing 

camps (11); this sort of productive interac-

tion will move the science, and with it the 

public discourse, forward.        j
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A matter of time
Over the past 50 years, average winter temperatures (December, January, and February) show the warming over land and enhanced warming over the Arctic  expected 
from climate change. Departures from this behavior in the past 25 years may be due to natural variability, an altered climate-change response caused  by sea ice declines, 
or a combination of the two. Data and graphics from (12).
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not imply causality. Kretschmer et al. (6) 

recently used the concept of causal effect 

networks to overcome this limitation. They 

found that a loss of Barents/Kara sea ice 

(which induces local warming) can indeed 

be considered a causal driver of a weak-

ened tropospheric polar vortex.

Another aspect of the debate has focused 

on what numerical models predict. Many 

studies have attempted to model the re-

sponse of the mid-latitude circulation to 

Arctic warming, usually induced through 

reduced sea-ice extent. The results have 

generally been inconclusive, showing only 

that the answer depends sensitively on the 

model setup. The only result that seems to 

consistently emerge is a cooling in central 

Asia (much as seen in recent decades; see 

the second figure) resulting from loss of 

Barents/Kara sea ice (7). This result can 

be understood in terms of the circulation 

response to a local warming. It matches 

the observationally determined causal rela-

tionship (6) and could account for the at-

tribution of the observed increase in cold 

extremes in central Asia to circulation 

changes (8).

Comprehensive climate models do not pro-

vide any indication of increased wintertime 

cold events in northern mid-latitudes in re-

sponse to climate change, suggesting that any 

such tendency arising from Arctic warming 

(if it exists) is overwhelmed by other factors. 

However, it remains unclear whether the 

models represent the relevant physical pro-

cesses in a sufficiently accurate way for the 

results to be considered as definitive. Mod-

els with stronger Arctic warming have a ten-

dency toward surface pressure increases over 

northern Eurasia (9), broadly consistent with 

the results reported by Kretschmer et al. (6) 

and Mori et al. (7).

Given the current model projections and 

the impossibility of ruling out natural vari-

ability as the explanation for the observed be-

havior in recent decades, the null hypothesis 

is certainly a scientifically defensible position 

(10). However, multiple lines of evidence sup-

port the hypothesis of an Arctic�mid-latitude 

connection in central Asia, although not in 

the eastern United States. Moreover, the ei-

ther/or dichotomy between a forced response 

to climate change and natural variability is 

overly simplistic. For example, the meanders 

in the tropospheric polar vortex induced by 

teleconnections from Pacific sea surface tem-

perature variations can be expected to be 

larger if the vortex is weaker. Thus, it is pos-

sible that variability and the forced response 

to climate change act together to affect ex-

treme weather. 

The question is not whether Arctic 

changes are affecting mid-latitudes but 

rather how and by how much. Framing 

studies in this way will avoid polarization 

and aid progress. It is encouraging to see 

recent collaborations between scientists 

from what might be considered opposing 

camps (11); this sort of productive interac-

tion will move the science, and with it the 

public discourse, forward.        j
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A matter of time
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from climate change. Departures from this behavior in the past 25 years may be due to natural variability, an altered climate-change response caused  by sea ice declines, 
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not imply causality. Kretschmer et al. (6) 

recently used the concept of causal effect 

networks to overcome this limitation. They 

found that a loss of Barents/Kara sea ice 

(which induces local warming) can indeed 

be considered a causal driver of a weak-

ened tropospheric polar vortex.

Another aspect of the debate has focused 

on what numerical models predict. Many 

studies have attempted to model the re-

sponse of the mid-latitude circulation to 

Arctic warming, usually induced through 

reduced sea-ice extent. The results have 

generally been inconclusive, showing only 

that the answer depends sensitively on the 

model setup. The only result that seems to 

consistently emerge is a cooling in central 

Asia (much as seen in recent decades; see 

the second figure) resulting from loss of 

Barents/Kara sea ice (7). This result can 

be understood in terms of the circulation 

response to a local warming. It matches 

the observationally determined causal rela-

tionship (6) and could account for the at-

tribution of the observed increase in cold 

extremes in central Asia to circulation 

changes (8).

Comprehensive climate models do not pro-

vide any indication of increased wintertime 

cold events in northern mid-latitudes in re-

sponse to climate change, suggesting that any 

such tendency arising from Arctic warming 

(if it exists) is overwhelmed by other factors. 

However, it remains unclear whether the 

models represent the relevant physical pro-

cesses in a sufficiently accurate way for the 

results to be considered as definitive. Mod-

els with stronger Arctic warming have a ten-

dency toward surface pressure increases over 

northern Eurasia (9), broadly consistent with 

the results reported by Kretschmer et al. (6) 

and Mori et al. (7).

Given the current model projections and 

the impossibility of ruling out natural vari-

ability as the explanation for the observed be-

havior in recent decades, the null hypothesis 

is certainly a scientifically defensible position 

(10). However, multiple lines of evidence sup-

port the hypothesis of an Arctic�mid-latitude 

connection in central Asia, although not in 

the eastern United States. Moreover, the ei-

ther/or dichotomy between a forced response 

to climate change and natural variability is 

overly simplistic. For example, the meanders 

in the tropospheric polar vortex induced by 

teleconnections from Pacific sea surface tem-

perature variations can be expected to be 

larger if the vortex is weaker. Thus, it is pos-

sible that variability and the forced response 

to climate change act together to affect ex-

treme weather. 

The question is not whether Arctic 

changes are affecting mid-latitudes but 

rather how and by how much. Framing 

studies in this way will avoid polarization 

and aid progress. It is encouraging to see 

recent collaborations between scientists 

from what might be considered opposing 

camps (11); this sort of productive interac-

tion will move the science, and with it the 

public discourse, forward.        j
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not imply causality. Kretschmer et al. (6) 

recently used the concept of causal effect 

networks to overcome this limitation. They 

found that a loss of Barents/Kara sea ice 

(which induces local warming) can indeed 

be considered a causal driver of a weak-

ened tropospheric polar vortex.

Another aspect of the debate has focused 

on what numerical models predict. Many 

studies have attempted to model the re-

sponse of the mid-latitude circulation to 

Arctic warming, usually induced through 

reduced sea-ice extent. The results have 

generally been inconclusive, showing only 

that the answer depends sensitively on the 

model setup. The only result that seems to 

consistently emerge is a cooling in central 

Asia (much as seen in recent decades; see 

the second figure) resulting from loss of 

Barents/Kara sea ice (7). This result can 

be understood in terms of the circulation 

response to a local warming. It matches 

the observationally determined causal rela-

tionship (6) and could account for the at-

tribution of the observed increase in cold 

extremes in central Asia to circulation 

changes (8).

Comprehensive climate models do not pro-

vide any indication of increased wintertime 

cold events in northern mid-latitudes in re-

sponse to climate change, suggesting that any 

such tendency arising from Arctic warming 

(if it exists) is overwhelmed by other factors. 

However, it remains unclear whether the 

models represent the relevant physical pro-

cesses in a sufficiently accurate way for the 

results to be considered as definitive. Mod-

els with stronger Arctic warming have a ten-

dency toward surface pressure increases over 

northern Eurasia (9), broadly consistent with 

the results reported by Kretschmer et al. (6) 

and Mori et al. (7).

Given the current model projections and 

the impossibility of ruling out natural vari-

ability as the explanation for the observed be-

havior in recent decades, the null hypothesis 

is certainly a scientifically defensible position 

(10). However, multiple lines of evidence sup-

port the hypothesis of an Arctic�mid-latitude 

connection in central Asia, although not in 

the eastern United States. Moreover, the ei-

ther/or dichotomy between a forced response 

to climate change and natural variability is 

overly simplistic. For example, the meanders 

in the tropospheric polar vortex induced by 

teleconnections from Pacific sea surface tem-

perature variations can be expected to be 

larger if the vortex is weaker. Thus, it is pos-

sible that variability and the forced response 

to climate change act together to affect ex-

treme weather. 

The question is not whether Arctic 

changes are affecting mid-latitudes but 

rather how and by how much. Framing 

studies in this way will avoid polarization 

and aid progress. It is encouraging to see 

recent collaborations between scientists 

from what might be considered opposing 

camps (11); this sort of productive interac-

tion will move the science, and with it the 

public discourse, forward.        j
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A matter of time
Over the past 50 years, average winter temperatures (December, January, and February) show the warming over land and enhanced warming over the Arctic  expected 
from climate change. Departures from this behavior in the past 25 years may be due to natural variability, an altered climate-change response caused  by sea ice declines, 
or a combination of the two. Data and graphics from (12).
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Past	25	Years	DJF	Temps	

GISTEMP	team	2016	

Is	Barents-Kara	warming	due	simply	to	local	
sea	ice	loss	or	upstream	Atlan0c	SSTs?		
[Sato	et	al.	2014]	

Or	is	atmosphere	hea0ng	driving	the	ice	loss?		
[Sorokina	et	al.	2016]	

Is	teleconnec0on	caused	by	tropospheric	Rossby	
waves	or	via	stratosphere?	[Kim	et	al.	2014]	

Is	Asian	cooling	trend	just	internal	variability?	
[McCusker	et	al.	2016,	Sun	et	al.	2016]	



Where	do	We	Stand	Now?	



We	are	in	the	“pre-consensus”	stage	of	a	theory	that	there	are	links	
between	the	rapid	warming	of	the	Arc=c	and	some	severe	weather	
events	since	2007.		--Jim	Overland	
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We	are	in	the	“pre-consensus”	stage	of	a	theory	that	there	are	links	
between	the	rapid	warming	of	the	Arc=c	and	some	severe	weather	
events	since	2007.		--Jim	Overland	

Where	do	We	Stand	Now?	

Canonical	El	Niño	 2015-16	‘Godzilla’	El	Niño	

The	ques=on	is	not	whether	Arc=c	changes	are	affec=ng	mid-la=tudes	
but	rather	how	and	by	how	much. 	--Ted	Shepherd,	Science	(Sep	2016)	

Winter	Precipita0on	Anomaly	(%)	





Different	Seasonal	PaPerns	of	Sea	Ice	Loss	



What	about	Atmospheric	Blocking?	

Greenhouse	forcing	generally	leads	to	less	
blocking	in	models	[Barnes	and	Polvani	2015]	

But	increasing	waviness	has	been	detected	
[Francis-Vavrus	2015,	Di	Capua-Coumou	2016]	

Also	evidence	of	more	high-la0tude	blocking	
[Hanna	et	al.	2013,	2014]	



Warm	Arc/c-Cold	Con/nents	PaPern	
November	17,	2016	

Air	temperature	
anomaly	(K)	


