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Enhanced warming in the Arctic could change circulation 
patterns in the mid-latitudes by reducing the pole-to-mid-
latitude thermal gradient (1–3). This hypothesis, which was 
first proposed in the 1970s based on model experiments (4, 
5), has recently received considerable attention due to rapid 
observed warming in the Arctic (6–9), associated with a 
decline in sea-ice and other factors (1, 3, 10). 

Most studies addressing the link between Arctic change 
and mid-latitude weather have focused on winter circula-
tion. The extra heat stored in the ocean owing to sea-ice loss 
is released into the atmosphere by late autumn or early win-
ter when air temperatures drop below sea surface tempera-
tures. Consequently, the largest absolute increases in Arctic 
geopotential height have been detected for autumn and win-
ter (6), consistent with climate-model simulations (11). Au-
tumn has, at least in the western half of the hemisphere, 
also seen a reduction in the zonal-mean flow (6, 12). This 
might cause a slowdown in wave propagation (6), but the 
results are sensitive to the exact metrics used to describe 
waves (12, 13). Thus, whether observed changes in geopoten-
tial height have affected mid-latitude Rossby waves remains 
disputed (6, 12–14). 

Here we study changes in mid-latitude circulation in bo-
real summer instead. Though the oceanic heat flux is small-
er in this season (11), Arctic amplification has reduced the 
pole-to-mid-latitude temperature gradient (1) and Arctic 
geopotential heights have increased (6). These changes are 
likely related to the earlier loss of snow cover over land and 
increased Arctic sea-surface temperatures where sea-ice has 
been lost (7). In recent summers, mid-latitude circulation 
has been dominated by a negative Arctic Oscillation index, 

i.e., anomalously small pressure 
differences between mid- and 
high-latitudes (7, 15–17). Moreo-
ver, several recent heat waves, 
like in Russia in 2010, were asso-
ciated with persistent hemi-
spheric circulation patterns (15, 
16, 18). 

Generally, the large-scale 
mid-latitude atmosphere dynam-
ics [supplementary materials 
(SM) text S4] are characterized 
by (i) fast-traveling free Rossby 
waves (the so called synoptic 
transients) with zonal wave 
numbers typically larger than 6, 
and (ii) quasi-stationary Rossby 
waves with normally smaller 
wave numbers as a response to 
quasi-stationary diabatic and 
orographic forcing (15, 19–21). 
We focus on the first. These 
waves are associated with synop-
tic-scale cyclones (storms) and 

anticyclones (high-pressure systems) which form the storm 
track regions in the mid-latitudes. They have a relatively fast 
phase-velocity (i.e., eastward propagation) and cause weath-
er variability on timescales of less than a week. Typically, 
the intensity of synoptic-scale wave (or eddy) activity is es-
timated by applying a 2.5-6 day bandpass filter to high-
resolution wind field data (22–24). This way the total eddy 
kinetic energy (EKE) is extracted which is a measure for the 
interplay between intensity and frequency of high and low 
pressure systems associated with fast-traveling Rossby 
waves. Due to the quasi-stationary nature of thermally and 
orographically forced waves, as analyzed in related studies 
(15, 16, 25, 26), they have lower frequencies and are thus 
excluded from our EKE computations (SM text S4). 

We calculate EKE in the Northern Hemisphere from dai-
ly ERA-Interim wind fields (27) using a 2.5-6 day bandpass 
filter [see (23, 24, 28)]. We limit our analysis to the satellite 
covered period (post-1979) to minimize the effects of chang-
es in observing system (SM text S2). The 1979-2013 period 
has seen a steady decline in summertime EKE (Fig. 1A). This 
decline is statistically significant at the 1%-level and ob-
served at all pressure levels with the strongest relative 
changes in the lower to mid-troposphere (figs. S1 to S4 and 
table S1). Moreover, it occurs over the full hemisphere and 
over all relevant latitudes (fig. S5). The observed changes are 
thus not due to a North-South shift of storm tracks but due 
to a spatially homogeneous weakening. Other reanalysis 
products give similar results (figs. S6 to S11). For the other 
seasons, trends in EKE are also downwards but none are 
significant (figs. S12 to S17). 

The decline in summer EKE is accompanied by a long-
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term decline in the zonal-mean zonal wind (U, Fig. 1B). 
Again this weakening of the zonal flow is seen at all alti-
tudes and in different reanalysis products (figs. S1 to S4 and 
S6 to S10). The long-term weakening of the zonal flow is 
consistent with the decline in the pole-to-mid-latitude 
thermal gradient. This is shown by the downward trend of 
similar magnitude in thermal wind UT (Fig. 1C), which de-
pends on changes in the temperature gradient only (eq. S2). 

While the relative decrease in EKE has been by 8-15% 
(depending on pressure level) over the 35 year period, the 
zonal flow weakened by only 4-6% (table S1). A similar rela-
tionship between changes in EKE and zonal flow is seen in 
future projections of CMIP5 climate models. Under a high-
emission scenario, summer EKE declines, primarily due to 
decreased vertical wind shear associated with weakening of 
the zonal-mean flow (24). This projected reduction in EKE is 
spatially homogeneous, similar to the observed changes. 
Regression analysis of future changes in EKE and in zonal 
flow for individual CMIP5 models reveals a significant line-
ar relationship (Fig. 2). The regression slope of ~1.4 indi-
cates that a reduction in U is associated with a more 
pronounced reduction in EKE. This is seen at all pressure 
levels with the regression slope increasing with altitude (fig. 
S18). Increased static stability plays a role as well (24, 29), 
which explains why the linear regression crosses the y-axis 
at negative values: Even for zero change in U, increased 
static stability in a warmer climate causes EKE to decline. 
The observed relative changes in U and EKE over the past 
35 years map reasonably well on the regression of projected 
future changes (Fig. 2). 

The pronounced weakening in EKE should also be re-
flected in changed wave characteristics. To test this, we ap-
ply spectral analysis to the North-South wind component v 
in daily wind field data and calculate amplitude (Av), phase 
speed and period for wave numbers 1-15 (SM text S1.1). This 
way, fast-moving and quasi-stationary waves are not explic-
itly separated (as in EKE by using bandpass filtering) but 
since we use daily data, mean wave amplitudes will be dom-
inated by fast-moving waves (SM text S4). The results are 
therefore comparable with EKE. We determine the wave 
quantities for the North-South wind component v averaged 
over 35°N-70°N and Av thus reflects wind speeds with units 
of m/s. 

The amplitude of all wave numbers except 7 have de-
clined, with significant reductions in wave 1, 3, 4, 6, 10 and 
in the mean amplitude of all waves. These changes are ro-
bust, detected in ERA-Interim, NCEP-NCAR, and for differ-
ent pressure levels with the strongest changes in the mid-
troposphere (Fig. 3A and fig. S19). This vertical pattern is 
consistent with the more-pronounced changes in EKE, U 
(table S1) and poleward temperature gradient (1) in the low-
er troposphere. The mean amplitude declined by -5% over 
1979-2013 (Fig. 3A), similar to the relative reduction in U 
(fig. S1B). This is consistent with the seasonal correlation of 
these quantities (Fig. 3B) which shows that – to a first order 

– daily anomalies in mean Av scale with those in U. This 
positive correlation is expected as daily wind fields, and 
thus Av, will be dominated by transient eddies because their 
kinetic energy is nearly an order of magnitude larger than 
that of quasi-stationary waves (30). Transient eddies are not 
only forced by the zonal flow via vertical shear (and thus 
baroclinicity) but can also accelerate it via the eddy-driven 
jet (1, 31), explaining the positive correlation between U and 
Av (SM text S4). The reduction of -5% in mean wind speed 
(Av) implies a –10% reduction in kinetic energy, which is in 
good agreement with the bandpass filtered results. 

Wave 10 has seen a significant reduction in both ampli-
tude and phase speed (Fig. 3A), which dropped respectively 
by –11% and –20% over the 1979–2013 period, with both 
negative trends acting to reduce EKE. A reduction in ampli-
tude means lower wind speeds associated with weaker high 
and low pressure synoptic weather systems and thus lower 
EKE. A reduced phase speed implies more persistent synop-
tic weather systems and fewer of them over the full season. 
The probability-density distribution of wave period shows 
that wave periods in the EKE-relevant range (2.5-6 days) are 
dominated by wave 10 (fig. S21). During roughly half of all 
summer days, wave 10 had a wave period within this range. 
This suggests that the reduction in amplitude and phase 
speed of wave 10 contributed substantially to the reduction 
in EKE. 

Summer EKE declined by 8-15% over the last decades 
whereas the CMIP5 models project similar changes only by 
the end of the 21st century under a high-emission scenario 
(24). Either the climate models under-predict dynamical 
changes, or multi-decadal variability played a role in the 
observed changes. In the other seasons dynamics weakened 
as well but, here, significant changes are only detected for 
the zonal-mean flow in autumn (SM text S3). Though the 
Arctic has warmed most in winter (1), the strongest changes 
in the meridional temperature gradient within the mid-
latitudes occurred in summer, followed by autumn (fig. S17). 
Therefore UT and U itself weakened most in those seasons 
(fig. S17). The smaller year-to-year variability in these sea-
sons (and especially in summer), as compared to winter, 
improves signal-to-noise ratios making trend-detection pos-
sible at an earlier stage (fig. S15). Likewise, variability in 
summer EKE is only half that of the other seasons (fig. 
S16B) and hence the signal-to-noise ratio is much larger for 
summer. In fact, summer EKE has weakened by more than 
two standard deviations over 1979–2013 (fig. S16C). There-
fore, contrary to previous suggestions (1–3), the influence of 
Arctic amplification on mid-latitude weather is unlikely to 
be limited to autumn and winter only. 

In summer, synoptic storms transport moist and cool air 
from the oceans to the continents bringing relief during 
periods of oppressive heat. Low cyclone activity over Europe 
in recent years has led to more persistent weather (32, 33) 
contributing to prolonged heat waves. Regression analysis 
between EKE and near-surface temperature for summer 
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months reveals that over mid-latitude continental regions 
these quantities are negatively correlated (Fig. 4A). Thus, 
hot summer months are associated with low EKE (SM text 
S5). Over most of Eurasia and the U.S., the negative regres-
sion slope is significant at the 5%-level. In these storm track 
affected regions, EKE in the 10% hottest months was only 
about half its summer climatological value (Fig. 4B and figs. 
S22 to S24). Low cyclone activity (and thus low EKE) im-
plies that cool maritime air masses become less frequent 
creating favorable conditions for the build-up of heat and 
drought over continents. This likely prolongs the duration of 
blocking weather systems, as for example during the Rus-
sian heat wave of 2010 (18, 34). In particular, the record-
breaking July temperatures over Moscow were associated 
with extremely low EKE (Fig. 4B). 

Recent studies emphasized the importance of quasi-
stationary waves for summer heat extremes (15, 16, 25, 35), 
showing that the frequency of wave-resonance events asso-
ciated with high-amplitude quasi-stationary waves has in-
creased since the onset of rapid Arctic amplification in 2000 
(16). Here we show that the amplitude of fast-moving waves 
has steadily decreased and also the rate in this weakening 
seems to have increased since 2000 (fig. S25). Both these 
observations are consistent with more persistent summer 
weather (SM text S6). Low monthly EKE implies low weath-
er variability within that month indicating persistent 
weather conditions, consistent with quasi-stationary waves. 
The long-term reduction in EKE should lead to a reduction 
in weather variability on short timescales (less than a week), 
in agreement with the reduced intra-seasonal daily temper-
ature variance observed (36) and theoretical arguments (37). 
However, our results show that low EKE is associated with 
heat extremes on monthly timescales. Therefore, on such 
longer time scales variability might actually increase due to 
a reduction in EKE. This seems consistent with Huntingford 
et al. (38) who report that the largest increase in inter-
annual seasonal temperature variance occurred in the mid-
latitude boreal summer. To test this hypothesis, studies are 
needed which quantify both inter-annual and intra-annual 
variability on all relevant sub-seasonal timescales. 

This study shows that boreal summer circulation has 
weakened together with a reduction in the pole-to-mid-
latitude temperature gradient. This has made weather more 
persistent and hence favored the occurrence of prolonged 
heat extremes. 
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Fig. 1. Weakening summer circulation in the mid-latitudes. Absolute changes in (A) 
eddy kinetic energy EKE, (B) zonal wind U, and (C) thermal wind UT over 1979–2013 
in summer (JJA). Variables are calculated at 500 mb and averaged over 35°N-70°N 
and all longitudes with gray lines plotting observations, solid black lines the linear 
trend and dashed black lines the +/− 1 residual standard error range. Slope and P 
values for the trend estimates are given in the panels. 
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Fig. 2. Relationship between relative changes in EKE and U in climate 
model projections. Percentage change in future (2081–2100, under 
scenario RCP8.5) relative to 1981–2000 for individual CMIP5 climate 
models. Both quantities are averaged over 35°N-70°N, all longitudes 
and over 850 mb-250 mb (mass-weighted). The solid black line shows 
the linear fit with slope and P value given in the panel. Relative changes 
in EKE and U in the ERA-Interim data are given for the 1979–2013 
period. 
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Fig. 3. (A) Trends in planetary wave amplitudes (Av, red) and phase speed (black) at 500 mb in summer 
for wave numbers 1-15 and for the mean of all waves (M) in units of percentage change per 35 years, i.e., 
the period 1979–2013. Solid circles indicate 5% statistical significance, gray-filled circles 10% statistical 
significance and open circles are not significant. (B) 2D probability density distribution of daily deviations 
(in percentage change of their annual-mean climatological values) of the zonal flow and the mean 
amplitude of waves 1-15. The bisecting line is shown in black. 
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Fig. 4. Regression analysis between EKE and near-surface temperature during summer months (June, July, 
August). (A) Slope of the regression analysis. Both variables were linearly detrended and stippling indicates 
significance at the 5%-level. (B) EKE plotted against near-surface temperature anomaly for Moscow [red dot in 
(A)] for individual summer months, showing that the 10% coldest summer months (left of the vertical blue 
dotted line) have a substantially higher EKE (14 m2/s2, i.e., the horizontal blue dashed line) and the 10% warmest 
months (right of the vertical red dotted line) a substantially lower EKE (5.7 m2/s2, i.e., the horizontal red dashed 
line). Red and purple circles indicate, respectively, July and August 2010. 
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