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Mid-latitude dynamics and global warming

I The mid-latitude dynamics is driven by the equator-to-pole T gradient. . .

I . . . which is modi�ed by climate change, di�erently at surface and aloft.

How does the mid-latitude dynamics respond?

J. Cattiaux - Sinuosity of mid-latitude atmospheric �ow in a warming world JdC - March 2016



Introduction Methods Validation Results Conclusions Bonus

Mid-latitude dynamics and global warming

I The mid-latitude dynamics is driven by the equator-to-pole T gradient. . .

I . . . which is modi�ed by climate change, di�erently at surface and aloft.

How does the mid-latitude dynamics respond?

Held, 1993, BAMS.

J. Cattiaux - Sinuosity of mid-latitude atmospheric �ow in a warming world JdC - March 2016



Introduction Methods Validation Results Conclusions Bonus

Mid-latitude dynamics and global warming

I The mid-latitude dynamics is driven by the equator-to-pole T gradient. . .

I . . . which is modi�ed by climate change, di�erently at surface and aloft.

How does the mid-latitude dynamics respond?

Held, 1993, BAMS.

J. Cattiaux - Sinuosity of mid-latitude atmospheric �ow in a warming world JdC - March 2016



Introduction Methods Validation Results Conclusions Bonus

Mid-latitude dynamics and global warming

I The mid-latitude dynamics is driven by the equator-to-pole T gradient. . .

I . . . which is modi�ed by climate change, di�erently at surface and aloft.

How does the mid-latitude dynamics respond?

Held, 1993, BAMS.

J. Cattiaux - Sinuosity of mid-latitude atmospheric �ow in a warming world JdC - March 2016



Introduction Methods Validation Results Conclusions Bonus

The example of the NAO

2000s � Climate change projects onto NAO+ (obs, CMIP & exps).
Corti et al. (1999), Gillett et al. (2003), Hsu & Zwiers (2001), Miller et al. (2006), Palmer (1999).

2010s � Arctic ampli�cation forces NAO� (obs, CMIP & exps).
Cattiaux & Cassou (2013), Cohen et al. (2012, 2014), Deser et al. (2010), Francis & Vavrus (2012), Overland et al. (2011), Peings &
Magnusdottir (2013).

Compensating mechanisms or just decadal internal variability?
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Beyond the NAO

Towards a wavier jet stream? More blocking episodes?
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Beyond the NAO

Towards a wavier jet stream? More blocking episodes?

Francis & Vavrus, 2012, GRL.

Evidence linking Arctic amplification to extreme weather
in mid-latitudes

Jennifer A. Francis1 and Stephen J. Vavrus2

Received 17 January 2012; revised 20 February 2012; accepted 21 February 2012; published 17 March 2012.

[1] Arctic amplification (AA) – the observed enhanced
warming in high northern latitudes relative to the northern
hemisphere – is evident in lower-tropospheric temperatures
and in 1000-to-500 hPa thicknesses. Daily fields of 500 hPa
heights from the National Centers for Environmental Pre-
diction Reanalysis are analyzed over N. America and the
N. Atlantic to assess changes in north-south (Rossby) wave
characteristics associated with AA and the relaxation of pole-
ward thickness gradients. Two effects are identified that
each contribute to a slower eastward progression of Rossby
waves in the upper-level flow: 1) weakened zonal winds,
and 2) increased wave amplitude. These effects are particu-
larly evident in autumn and winter consistent with sea-ice
loss, but are also apparent in summer, possibly related to
earlier snow melt on high-latitude land. Slower progression
of upper-level waves would cause associated weather pat-
terns in mid-latitudes to be more persistent, which may lead
to an increased probability of extreme weather events that
result from prolonged conditions, such as drought, flooding,
cold spells, and heat waves. Citation: Francis, J. A., and S. J.
Vavrus (2012), Evidence linking Arctic amplification to extreme
weather in mid-latitudes, Geophys. Res. Lett., 39, L06801,
doi:10.1029/2012GL051000.

1. Introduction

[2] During the past few decades the Arctic has warmed
approximately twice as rapidly as has the entire northern
hemisphere [Screen and Simmonds, 2010; Serreze et al.,
2009], a phenomenon called Arctic Amplification (AA).
The widespread warming resulted from a combination of
increased greenhouse gases and positive feedbacks involving
sea ice, snow, water vapor, and clouds [Stroeve et al., 2012].
The area of summer sea ice lost since the 1980s would cover
over 40% of the contiguous United States. As autumn freeze-
up begins, the extra solar energy absorbed during summer in
these vast new expanses of open water is released to the
atmosphere as heat, thus raising the question of not whether
the large-scale atmospheric circulation will be affected, but
how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev
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[1] Previous studies have suggested that Arctic ampli-
fication has caused planetary-scale waves to elongate
meridionally and slow down, resulting in more frequent
blocking patterns and extreme weather. Here trends in the
meridional extent of atmospheric waves over North America
and the North Atlantic are investigated in three reanaly-
ses, and it is demonstrated that previously reported posi-
tive trends are likely an artifact of the methodology. No
significant decrease in planetary-scale wave phase speeds
are found except in October-November-December, but this
trend is sensitive to the analysis parameters. Moreover, the
frequency of blocking occurrence exhibits no significant
increase in any season in any of the three reanalyses, further
supporting the lack of trends in wave speed and meridional
extent. This work highlights that observed trends in mid-
latitude weather patterns are complex and likely not simply
understood in terms of Arctic amplification alone. Citation:
Barnes, E. A. (2013), Revisiting the evidence linking Arctic ampli-
fication to extreme weather in midlatitudes, Geophys. Res. Lett., 40,
4734–4739, doi:10.1002/grl.50880.

1. Introduction
[2] Near-surface Arctic temperatures have been warming

at an accelerated rate relative to the midlatitudes and trop-
ics [Serreze et al., 2009; Screen and Simmonds, 2010]. This
“Arctic amplification,” namely, the differential warming of
the pole relative to lower latitudes, may alter midlatitude
weather patterns by influencing the meridional tempera-
ture gradient and static stability, which largely drive the
weather systems. Recent studies have investigated whether
Arctic amplification has increased the frequency of observed
extreme weather events [Liu et al., 2012; Francis and
Vavrus, 2012]. Liu et al. [2012] suggest that recent Arctic
sea ice loss (which may be linked to Arctic amplifica-
tion through a positive feedback process; see Screen and
Simmonds [2010] for details) has caused an increase in
snowfall over the United States and Europe through an
increase in the frequency of blocking events. These block-
ing patterns are slow-moving (or stationary) waves that can
persist for days and up to weeks, often bringing extreme
weather to nearby regions [e.g., Black et al., 2004; Dole
et al., 2011]. Similarly, Francis and Vavrus [2012] (FV12

Additional supporting information may be found in the online version
of this article.
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hereafter) suggest that atmospheric Rossby waves have elon-
gated meridionally in recent decades due to Arctic amplifica-
tion. They hypothesize that these elongated waves propagate
more slowly and favor more extreme weather conditions.
They speculate that as the earth continues to warm, Arctic
amplification will increasingly influence the North Atlantic
atmospheric circulation, potentially causing more extreme
weather in association with the slower waves.

[3] Motivated by these previous studies linking Arctic
amplification to increased slow-moving Atlantic weather
patterns, we seek to answer the following three questions:
(1) Have wave extents increased over the past 30 years?
(2) Have the phase speeds of large-scale atmospheric
waves decreased? (3) Has the frequency of blocking events
increased?

2. Methods
[4] To address the questions outlined above, we analyze

wave properties using three reanalyses. The analysis cov-
ers the time period 1980–2011, and we compare trends
in the European Centre for Medium-Range Weather Fore-
casts’s Era-Interim reanalysis [Dee et al., 2011], the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) Reanalysis [Kalnay
et al., 1996], and NASA’s Modern-Era Retrospective Anal-
ysis for Research and Applications (MERRA) reanalysis
[Rienecker et al., 2011]. Specifically, we focus on daily
mean 500 hPa geopotential height (Z500) but also present
results using daily mean 250 hPa meridional wind (v250)
and monthly mean 500 hPa zonal wind (u500). Linear inter-
polation is used to obtain smooth contours from the gridded
data. Trends are calculated using linear least squares regres-
sion, and the trends significantly different from 0 are deter-
mined using a two-sided t test at 90% and 95% confidence.
We focus on the region that includes much of North America
and the Atlantic Ocean basin (AtlanticNA; 230ıE–350ıE;
30ıN–70ıN) and note that this region is similar to the region
studied by FV12. Meridional geopotential height extents are
calculated using two different metrics:

[5] 1. The first metric is denoted as “SeaMaxMin” (sea-
sonal maximum and minimum) and is similar but not iden-
tical to the method of FV12 (to be discussed). We will
demonstrate that this metric does not capture the meridional
extent of individual waves but rather the seasonal meridional
excursions of the isopleths. SeaMaxMin extents are calcu-
lated using the seasonal maximum and minimum latitudes
reached by individual Z500 isopleths. Specifically, for each
season s, at each longitude �, we find the maximum latitude
�max(s,�) and minimum latitude �min(s,�) obtained by a spe-
cific Z500 isopleth over that season. The meridional extent
is then calculated as �max(s,�) – �min(s,�). An example of
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Beyond the NAO

Towards a wavier jet stream? More blocking episodes?

Francis & Vavrus, 2015, ERL.
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Evidence for a wavier jet stream in response to rapid Arctic warming
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Abstract
Newmetrics and evidence are presented that support a linkage between rapidArctic warming, relative
toNorthern hemispheremid-latitudes, andmore frequent high-amplitude (wavy) jet-stream config-
urations that favor persistent weather patterns.We find robust relationships among seasonal and
regional patterns of weaker poleward thickness gradients, weaker zonal upper-level winds, and amore
meridionalflowdirection. These results suggest that as the Arctic continues towarm faster than else-
where in response to rising greenhouse-gas concentrations, the frequency of extremeweather events
caused by persistent jet-streampatterns will increase.

This paper builds on the proposed linkage between

Arctic amplification (AA)—defined here as the

enhanced sensitivity of Arctic temperature change

relative to mid-latitude regions—and changes in the

large-scale, upper-level flow in mid-latitudes [1, 2].

Widespread Arctic change continues to intensify, as

evidenced by continued loss of Arctic sea ice [3];

decreasing mass of Greenland’s ice sheet [4], rapid

decline of snow cover on Northern hemisphere

continents during early summer [5], and the contin-

ued rapid warming of the Arctic relative to mid-

latitudes. While these events are driven by AA, they

also amplify it: melting ice and snow expose the dark

surfaces beneath, which reduces the surface albedo,

further enhances the absorption of insolation, and

exacerbates melting. Expanding ice-free areas in the

Arctic Ocean also lead to additional evaporation that

augments warming andArctic precipitation [6].
Traditionally AA is measured as the change in sur-

face air temperature in the Arctic relative to either the

Northern hemisphere or the globe [7]. It arises owing

to a variety of factors, including the loss of sea-ice and

snow, increased water vapor, a thinner and more frac-

tured ice cover, and differences between the Arctic and

lower latitudes in the behavior of lapse-rate and radia-

tive feedbacks [8–13]. Here we do not address the rela-

tive importance of various factors causing AA, but it is

clear from the height-latitude anomalies of air tem-

perature, geopotential, and zonal wind (figure 1) that

AA results in large part from near-surface heating,

although contributions from poleward heat transport

may also play a role [14].
Seasonal time series and trends in AA based on two

metrics and varying initial years are presented in
figure 2. The more traditional method of assessing AA
is to subtract changes in near-surface (1000 hPa) air
temperature anomalies in mid-latitudes (60–30°N)
from those in the Arctic (left side of figure 2). A posi-
tive value of AA indicates that the Arctic is warming
faster than mid-latitudes. Both the time series and
progressive 15 year trends (figure 2, bottom) indicate
an increasingly positive AA in all seasons, particularly
in fall and winter, in agreement with previous analyses
[8]. Starting in the 1990s, coincident with an acceler-
ated decline in Arctic sea-ice extent [3], AA values and
trends became positive in all four seasons for the first
time since the beginning of the modern data record in
the late 1940s, illustrating the Arctic’s enhanced sensi-
tivity to global warming.

The right side of figure 2 presents an alternative
metric for AA based on the difference in the
1000–500 hPa thickness change in the Arctic relative
to that in mid-latitudes (same zones as for the tradi-
tional method). Arguably the thickness difference is
more relevant for assessing the effects of AA on the
large-scale circulation, as it represents differences in
warming over a deeper layer of the atmosphere that
should more directly influence winds at upper levels.
Several recent autumns have exhibited strong warm-
ing anomalies in some mid-latitude areas, contribut-
ing to the weakened positive trend after 2007. It is
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hereafter) suggest that atmospheric Rossby waves have elon-
gated meridionally in recent decades due to Arctic amplifica-
tion. They hypothesize that these elongated waves propagate
more slowly and favor more extreme weather conditions.
They speculate that as the earth continues to warm, Arctic
amplification will increasingly influence the North Atlantic
atmospheric circulation, potentially causing more extreme
weather in association with the slower waves.

[3] Motivated by these previous studies linking Arctic
amplification to increased slow-moving Atlantic weather
patterns, we seek to answer the following three questions:
(1) Have wave extents increased over the past 30 years?
(2) Have the phase speeds of large-scale atmospheric
waves decreased? (3) Has the frequency of blocking events
increased?

2. Methods
[4] To address the questions outlined above, we analyze

wave properties using three reanalyses. The analysis cov-
ers the time period 1980–2011, and we compare trends
in the European Centre for Medium-Range Weather Fore-
casts’s Era-Interim reanalysis [Dee et al., 2011], the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) Reanalysis [Kalnay
et al., 1996], and NASA’s Modern-Era Retrospective Anal-
ysis for Research and Applications (MERRA) reanalysis
[Rienecker et al., 2011]. Specifically, we focus on daily
mean 500 hPa geopotential height (Z500) but also present
results using daily mean 250 hPa meridional wind (v250)
and monthly mean 500 hPa zonal wind (u500). Linear inter-
polation is used to obtain smooth contours from the gridded
data. Trends are calculated using linear least squares regres-
sion, and the trends significantly different from 0 are deter-
mined using a two-sided t test at 90% and 95% confidence.
We focus on the region that includes much of North America
and the Atlantic Ocean basin (AtlanticNA; 230ıE–350ıE;
30ıN–70ıN) and note that this region is similar to the region
studied by FV12. Meridional geopotential height extents are
calculated using two different metrics:

[5] 1. The first metric is denoted as “SeaMaxMin” (sea-
sonal maximum and minimum) and is similar but not iden-
tical to the method of FV12 (to be discussed). We will
demonstrate that this metric does not capture the meridional
extent of individual waves but rather the seasonal meridional
excursions of the isopleths. SeaMaxMin extents are calcu-
lated using the seasonal maximum and minimum latitudes
reached by individual Z500 isopleths. Specifically, for each
season s, at each longitude �, we find the maximum latitude
�max(s,�) and minimum latitude �min(s,�) obtained by a spe-
cific Z500 isopleth over that season. The meridional extent
is then calculated as �max(s,�) – �min(s,�). An example of

4734

�previously reported trends are likely an

artifact of the methodology [. . . ] the

frequency of blocking occurrence exhibits no

signi�cant increase.�
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Beyond the NAO

Towards a wavier jet stream? More blocking episodes?

Francis & Vavrus, 2015, ERL.

Environ. Res. Lett. 10 (2015) 014005 doi:10.1088/1748-9326/10/1/014005

LETTER

Evidence for a wavier jet stream in response to rapid Arctic warming

JenniferAFrancis1 and Stephen JVavrus2
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Abstract
Newmetrics and evidence are presented that support a linkage between rapidArctic warming, relative
toNorthern hemispheremid-latitudes, andmore frequent high-amplitude (wavy) jet-stream config-
urations that favor persistent weather patterns.We find robust relationships among seasonal and
regional patterns of weaker poleward thickness gradients, weaker zonal upper-level winds, and amore
meridionalflowdirection. These results suggest that as the Arctic continues towarm faster than else-
where in response to rising greenhouse-gas concentrations, the frequency of extremeweather events
caused by persistent jet-streampatterns will increase.

This paper builds on the proposed linkage between

Arctic amplification (AA)—defined here as the

enhanced sensitivity of Arctic temperature change

relative to mid-latitude regions—and changes in the

large-scale, upper-level flow in mid-latitudes [1, 2].

Widespread Arctic change continues to intensify, as

evidenced by continued loss of Arctic sea ice [3];

decreasing mass of Greenland’s ice sheet [4], rapid

decline of snow cover on Northern hemisphere

continents during early summer [5], and the contin-

ued rapid warming of the Arctic relative to mid-

latitudes. While these events are driven by AA, they

also amplify it: melting ice and snow expose the dark

surfaces beneath, which reduces the surface albedo,

further enhances the absorption of insolation, and

exacerbates melting. Expanding ice-free areas in the

Arctic Ocean also lead to additional evaporation that

augments warming andArctic precipitation [6].
Traditionally AA is measured as the change in sur-

face air temperature in the Arctic relative to either the

Northern hemisphere or the globe [7]. It arises owing

to a variety of factors, including the loss of sea-ice and

snow, increased water vapor, a thinner and more frac-

tured ice cover, and differences between the Arctic and

lower latitudes in the behavior of lapse-rate and radia-

tive feedbacks [8–13]. Here we do not address the rela-

tive importance of various factors causing AA, but it is

clear from the height-latitude anomalies of air tem-

perature, geopotential, and zonal wind (figure 1) that

AA results in large part from near-surface heating,

although contributions from poleward heat transport

may also play a role [14].
Seasonal time series and trends in AA based on two

metrics and varying initial years are presented in
figure 2. The more traditional method of assessing AA
is to subtract changes in near-surface (1000 hPa) air
temperature anomalies in mid-latitudes (60–30°N)
from those in the Arctic (left side of figure 2). A posi-
tive value of AA indicates that the Arctic is warming
faster than mid-latitudes. Both the time series and
progressive 15 year trends (figure 2, bottom) indicate
an increasingly positive AA in all seasons, particularly
in fall and winter, in agreement with previous analyses
[8]. Starting in the 1990s, coincident with an acceler-
ated decline in Arctic sea-ice extent [3], AA values and
trends became positive in all four seasons for the first
time since the beginning of the modern data record in
the late 1940s, illustrating the Arctic’s enhanced sensi-
tivity to global warming.

The right side of figure 2 presents an alternative
metric for AA based on the difference in the
1000–500 hPa thickness change in the Arctic relative
to that in mid-latitudes (same zones as for the tradi-
tional method). Arguably the thickness difference is
more relevant for assessing the effects of AA on the
large-scale circulation, as it represents differences in
warming over a deeper layer of the atmosphere that
should more directly influence winds at upper levels.
Several recent autumns have exhibited strong warm-
ing anomalies in some mid-latitude areas, contribut-
ing to the weakened positive trend after 2007. It is
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�as the Arctic continues to warm faster than

elsewhere [. . . ] the frequency of extreme

weather events caused by persistent

jet-stream patterns will increase.�

Barnes?
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The use of isohypses

I Flow waviness assessed from latitudinal range of a given Z500 iso-contour.

Example of March 15, 2016
c Wetterzentrale.

  

Limitations

1. Min. and max. latitudes poorly characterize the whole trajectory.

2. Isohypse position a�ected by both seasonal cycle and climate change.
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The concept of sinuosity applied to mid-latitude �ow

I Sinuosity: length of the trajectory divided by the length of the straight line.

Illustrations from Wikipedia

  

I Selected isohypse: for each day, the Z500 average over 30�70 �N.

Example of January 6, 2010 (ERAI Z500)
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The concept of sinuosity applied to mid-latitude �ow

I Sinuosity: length of the trajectory divided by the length of the straight line.

Illustrations from Wikipedia

  

I Selected isohypse: for each day, the Z500 average over 30�70 �N.

Example of January 6, 2010 (ERAI Z500)
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Annual cycle of sinuosity

Selected isohypse �5400 m in winter, and �5800 m in summer.

Greater sinuosity in spring.

ERAI 1979�2014Longitude (° W)
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Annual cycle obtained by averaging over the 36 years for each day, and smoothing by splines.
Shading indicates �1�.
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Annual cycle of sinuosity

Selected isohypse �5400 m in winter, and �5800 m in summer.

Greater sinuosity in spring.
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Link with more classical metrics

In the North-Atlantic, highly correlated with blocking1, zonal2 and NAO3 indices.
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1 Tibaldi and Molteni index computed on ERAI Z500 (link).
2 ERAI Z500 di�erence between 20�50 �N and 60�90 �N (Woolings 2008).
3 Station-based Hurrell index (link).
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Recent trends
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Projected changes

CMIP5 changes
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Projected changes
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Projected changes Zoom on extremes
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Link with temperature changes

High sinuosity decrease (ENS1) , strong high-tropospheric tropical warming, strong

low-stratospheric polar cooling, weak Arctic Ampli�cation.
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b. Ensemble mean of ∆U (colors) and U (contours).
c. Di�erence ENS1�ENS2 of ∆T (colors) and ∆U (contours).
d. Scatter plot ∆SIN vs. ∆Grad(T).

∆ = RCP85 � HIST.
Grad(T) = T[0�55N] � T[55�90N] (vertically averaged).
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Link with other circulation indices

Inter-annual relationships con�rmed by inter-model dispersion.
[contradicts Hassanzadeh & Kuang (2015)?]

No link between recent trends and projected changes.
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Concluding remarks

So far:

I Sinuosity is an interesting metric.

I Recent trends support a wavier jet stream, but the projected response to climate

change is opposite.

I The model dispersion is partially explained by the model-dependent response of

the equator-to-pole T gradient.

I The model dispersion con�rms the slower gets wavier paradigm.

Next:

I Di�erent time scales?

I Characterization of the persistence? (day-to-day distance between contours?)

I Link with surface weather extremes?

I Any idea welcome. . .
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Fin.
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Validation
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Trends and changes
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Sensitivity to latitude

Isophypse latitude (° N)
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