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Abstract14

It has been hypothesized that enhanced Arctic warming with respect to midlatitudes,15

known as Arctic Amplification, has led to a deceleration of eastward propagating Rossby16

waves, more frequent atmospheric blocking and extreme weather in recent decades. We17

employ a novel, daily climatology of Rossby wave phase speed between March 1979 and18

November 2018, based on upper-level wind data, to test this hypothesis and describe phase19

speed variability. The diagnostic distinguishes between periods of enhanced or reduced20

eastward wave propagation and is related to the occurrence of blocking and extreme tem-21

peratures over midlatitudes. While remaining tied to the upper-level geopotential gra-22

dient, decadal trends in phase speed did not accompany the observed reduction in the23

low-level temperature gradient. These results confirm the link between low phase speeds24

and extreme temperature events, but indicate that Arctic Amplification did not play a25

decisive role in modulating phase speed variability in recent decades.26

Plain Language Summary27

The Arctic is warming more rapidly than midlatitudes and the temperature dif-28

ference between those regions is being reduced. As a result, it has been hypothesized that29

the jet stream will decrease in intensity and its meanders will move more slowly east-30

ward, leading to more persistent or even extreme weather conditions. As the persistence31

of weather can substantially vary within and between seasons, assessing long-term changes32

is not trivial. To tackle this problem, we develop a “weather speedometer” and quan-33

tify the west-east displacements of jet meanders over Northern Hemisphere midlatitudes.34

This metric diagnoses whether jet meanders are on average propagating eastward (pos-35

itive values), stagnating or even retrogressing westward (negative values) on each day36

between March 1979 and November 2018. Using this metric, we confirm that low speed37

periods are related to temperature extremes over northern midlatitudes. We also assess38

that there has not been an overall decrease in the propagation of jet meanders despite39

the significant reduction of the meridional temperature difference observed in recent decades.40

Results suggest the need of an improved understanding of the factors determining the41

persistence of weather conditions and remind caution is needed when attributing recent42

extreme weather to an increased stagnation of jet stream meanders.43

1 Introduction44

The Arctic is warming more rapidly than the rest of the globe, a phenomenon known45

as Arctic Amplification (see Cohen, Zhang, et al. (2018) for a review). This phenomenon46

is due to the interaction of several processes: the observed reduction in sea ice (Screen47

& Simmonds, 2010; Taylor et al., 2018; Dai et al., 2019), changes in cloud cover and ra-48

diative balance over the Arctic (Bintanja et al., 2011; Gong et al., 2017) and anomalous49

circulation patterns bringing warm, moist air from lower latitudes to the region (Binder50

et al., 2017; Gimeno et al., 2019; Gong et al., 2020; Papritz, 2020).51

According to the most discussed hypothesis, enhanced high-latitude warming would52

influence midlatitude weather via a systematic increase in amplitude and reduction in53

the phase speed of Rossby waves. This effect would be due to a reduction of the Arctic-54

to-midlatitude geopotential gradient and by changes in the configuration of the jet stream55

(Francis & Vavrus, 2012; Ronalds et al., 2018). Rossby waves would then propagate more56

slowly eastward, increasing the stationarity of flow patterns related to weather extremes57

(Coumou et al., 2014; Screen & Simmonds, 2014; Hoskins & Woollings, 2015; Chen &58

Luo, 2019), including heatwaves in summer and cold spells in winter.59

Despite the documented correlation between Arctic warming and midlatitude ex-60

treme weather events (Francis & Vavrus, 2012; Kug et al., 2015; Cohen, Pfeiffer, & Fran-61

cis, 2018), a clear causal link between the two has not been established yet (Barnes, 2013;62
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Barnes et al., 2014; Cohen et al., 2014; Barnes & Polvani, 2015; Overland, 2016; Fran-63

cis, 2017; Screen et al., 2018; Cohen et al., 2019). Recent studies even suggest that anoma-64

lous high-latitude warming might be an effect, rather than the cause, of planetary-scale65

circulation patterns leading to midlatitude temperature extremes (McCusker et al., 2016;66

Meleshko et al., 2016; Blackport et al., 2019; Wang et al., 2020; Gong et al., 2020; Black-67

port & Screen, 2020). However, despite such fundamental uncertainties, the hypothe-68

sis that AA has led or will lead to an increased frequency of weather extremes still pre-69

vails in divulgation and dissemination papers (Hamilton & Lemcke-Stampone, 2014; Fran-70

cis, 2018; McSweeney, 2019; Katz, 2019; Alfred Wegener Institute & Research, 2019).71

Several observational and modeling studies focused on possible changes in Rossby72

wave amplitude following Arctic Amplification, obtaining inconsistent results with re-73

spect to the employed amplitude metric (Francis & Vavrus, 2012; Barnes, 2013; Screen74

& Simmonds, 2013; Francis & Vavrus, 2015; Vavrus et al., 2017; Screen et al., 2018; Suss-75

man et al., 2020; Blackport & Screen, 2020). The recent study by Blackport and Screen76

(2020) concluded, using a combination of observational and model-based evidence, that77

Arctic Amplification did not significantly affect the amplitude of Rossby waves. The same78

study did not exclude, however, that Arctic Amplification could make Rossby waves slower.79

Fewer studies have investigated possible changes in the eastward propagation of80

Rossby waves in relation to Arctic Amplification. Two main approaches have been em-81

ployed: the direct calculation of phase speed estimates (Barnes, 2013; Coumou et al., 2015;82

Barnes & Polvani, 2015; Domeisen et al., 2018) and the use of proxies indirectly related83

to phase speed, like teleconnections (e.g., the Arctic Oscillation), atmospheric blocking84

or the zonally averaged zonal wind in the mid- to upper-troposphere (Barnes et al., 2014;85

Hassanzadeh & Kuang, 2015; Li & Luo, 2019). Barnes (2013) employed space/time spec-86

tral analysis to highlight the absence of robust phase speed trends for planetary (n=1-87

6) waves over the North Atlantic between 1980 and 2011; furthermore, the author no-88

ticed that phase speed and zonal wind trends did not necessarily have the same sign, es-89

pecially in summer. Coumou et al. (2015) focused on boreal summer and also confirmed90

the absence of significant phase speed trends (except for the n=10 wavenumber), using91

an alternative phase speed metric that, however, was based on a spectral analysis that92

did not explicitly separate fast from slow waves. Both these studies did not specifically93

link the developed phase speed metric to the circulation features causing extreme weather94

over midlatitudes, as atmospheric blocking and Rossby wave packets (Wirth et al., 2018;95

Röthlisberger & Martius, 2019; Röthlisberger et al., 2019; Fragkoulidis & Wirth, 2020).96

Methods employing indirect phase speed proxies, on the other hand, encountered diffi-97

culties related to the large inter-annual variability of the extratropical flow (Barnes et98

al., 2014) and to causality attribution, as it is not clear whether, e.g., atmospheric block-99

ing arises because of reduced eastward wave propagation or vice versa (Hassanzadeh &100

Kuang, 2015).101

The present study explores how intraseasonal circulation patterns at the synoptic/weekly102

time scale influence the interannual phase speed variability, helping to contextualize decadal103

phase speed trends. Employing a spectral-based phase speed diagnostic able to properly104

represent Rossby wave characteristics at different time scales, we investigate the evolu-105

tion and the variability of phase speed in the last 40 years and assess whether Arctic Am-106

plification was associated with decadal phase speed trends over midlatitudes. The first107

part of this study delineates the relationship between direct phase speed estimates and108

indirect phase speed proxies, by studying the circulation, blocking anomalies and extreme109

temperatures associated with high and low phase speeds in each season. The second part110

is dedicated to a detailed trend analysis, updated to 2018, to understand the drivers of111

phase speed variability in recent decades of Arctic Amplification.112
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2 Phase speed diagnostic113

The midlatitude flow can be described as a superposition of waves across a broad114

range of frequencies and wavenumbers and the phase speed of each wave results from the115

ratio of the two. Therefore, building a global phase speed metric presupposes the knowl-116

edge of the spatial and temporal Rossby wave evolution over a given period of time. To117

obtain that, we perform a time/space spectral decomposition of the meridional wind at118

250 hPa, approximately the level of the jet stream, along each latitude circle between 35◦N119

and 75◦N across the ERA-Interim reanalysis dataset (March 1979-November 2018). Each120

date is associated with a time window of 61 days centred on the day of interest. Over121

this window, the signal is decomposed using a double Fourier transform onto a sum of122

harmonics with a-dimensional wavenumber n and angular frequency ω. For each lati-123

tude, the periodogram constituted by the square of the Fourier coefficients (Fig. S1a in124

the supplement) is interpolated in the phase speed (cp) domain (Randel & Held, 1991;125

Domeisen et al., 2018). An estimate of the spectrum is finally obtained by averaging the126

interpolated periodograms across latitude (Fig. S1b).127

A global estimate of the phase speed is then obtained by doing a weighted aver-128

age of the phase speeds of each harmonic in the range n = 1−15: the weights are the129

corresponding values of the spectrum, indicating which harmonics (n, cp) dominate the130

flow in the considered time window. Previous studies considered smaller wavenumber131

ranges (e.g., n=1-6), but in principle there is no reason to expect that eventual changes132

in wave propagation would affect only low wavenumbers. More details about spectral133

decomposition and phase speed computation are given in the Supplementary Text S2.134

The planetary scale patterns related to high and low phase speeds are investigated135

by compositing the 250 hPa-geopotential anomalies of the days in the top 5% and bot-136

tom 5% of phase speed values in each winter and summer (Fig. 1). Dates and values of137

phase speed maxima and minima for each season are listed in Supplementary Tables S1,138

S2, while anomaly computation and significance testing are described in Supplementary139

Text S3. Days of high phase speed during DJF are related to an enhanced meridional140

geopotential gradient over midlatitudes, that becomes particularly pronounced at the141

eastern edge of the Pacific and Atlantic storm track regions: this is indicated by a stronger142

than normal upper-level zonal wind (Fig. 1a). Conversely, periods of low phase speed fea-143

ture positive geopotential anomalies at high latitudes, with two separate maxima at the144

end of the storm tracks, and an overall reduction of the meridional geopotential gradi-145

ent and zonal wind over midlatitudes (Fig. 1b). A similar picture is obtained for boreal146

summer, especially in the North Atlantic sector: the composite features weaker geopo-147

tential and zonal wind anomalies, albeit of the same sign as in DJF (Fig. 1c,d). Individ-148

ual periods of high and low phase speed, centered around relative maxima and minima149

of the phase speed time series, have been analyzed singularly to ensure that the circu-150

lation patterns actually correspond to progressive or stationary waves (Fig. S2). Days151

with winter low phase speed indeed feature isolated, westward-propagating waves asso-152

ciated with anticyclonic anomalies at high latitudes (55-75◦N), likely related to atmo-153

spheric blocking events (Fig. S2c,e).154

3 Linkage with blocking and temperature extremes155

Since configurations of stationary and amplified flow are often associated with block-156

ing and extreme temperature events (Screen & Simmonds, 2014; Röthlisberger et al., 2016;157

Fragkoulidis et al., 2018; Röthlisberger et al., 2019), we analyzed composites of daily block-158

ing frequency anomaly for the days in the seasonal top 5% and bottom 5% of phase speed159

(four days in each season; Fig. 2a,b,d,e). Blocking frequency, computed employing the160

Schwierz et al. (2004) diagnostic, is defined at each grid point as the ratio between the161

number of blocked days and the total number of considered days, while anomalies are162

computed with respect to the respective seasonal mean. We notice that DJF days with163
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(a) (b)

(c) (d)

Figure 1. High- and low-phase speed days Composite of 250 hPa geopotential heights

(black contours, between 940 dam and 1060 dam every 20 dam) and zonal wind anomalies (purple

contours, only -10 m s−1, -5 m s−1, +5 m s−1, +10 m s−1 isotachs, negative contours dashed) asso-

ciated with the days in the (a) top 5% and (b) bottom 5% of phase speed values in each of the

39 winters between 1979/1980 and 2017/2018. Significant anomalies (top 1%) with respect to the

bootstrapped null distribution are shaded, according to the color scale. (c-d) Same as above, but

relative to the 40 boreal summers between 1979 and 2018. Black bold circles indicate the 35◦N

and 75◦N parallel.
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(a) (b)
(c)

(d) (e)
(f)

Figure 2. Low phase speeds are related to blocking and extreme temperatures

Composite of blocking frequency anomalies during the days in the (a) top 5% and (b) bottom

5% of phase speed values in each of the 39 winters between 1979/1980 and 2017/2018. Climato-

logical blocking frequency is indicated by the black solid lines (starting from 0.05, every 0.05).

(c) Box-and-whiskers diagrams of 2-m temperature MEX values for the same subsets of bottom

5% (red) and top 5% (blue) phase speed days, with the DJF MEX distribution plotted for refer-

ence (black). The line in each box marks the median value, while the star marks the mean value.

The lower (upper) whisker marks the lower (upper) decile of each distribution, while the lower

(upper) bound of the box shows the lower (upper) quartile. (d-f) Same as (a-c), but relative to

the 40 boreal summers between 1979 and 2018. Black bold circles indicate the 35◦N and 75◦N

parallel.
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Figure 3. Variability of phase speed in the latest 40 years Evolution of phase speed

related to the total (n=1-15) wave range for all days between March 1979 and November 2018

(black thin line). Blue dots correspond to values of average DJF phase speed, red dots to average

JJA phase speed. Thick lines correspond to linear regression for yearly (black), DJF (blue) and

JJA (red) means. The light blue vertical stripe highlights the 2009/2010 winter.

high phase speed are characterized by a general diminution of blocking activity with re-164

spect to climatology, with the exception of a few positive blocking frequency anomalies165

over the west Pacific (Fig. 2a). The opposite pattern is observed for low phase speed days,166

with enhanced blocking occurrence, especially at the northern end of the storm tracks167

(Fig. 2b). The same observations hold during JJA, with increased (decreased) high-latitude168

blocking during periods of low (high) phase speed (Fig. 2d,e). This relationship can be169

understood when picturing blocking as a persistent, large-scale anticyclonic flow anomaly:170

high-latitude blocking is related to easterlies over midlatitudes, that reduce the strength171

of the midlatitude westerlies and displace them equatorward. The suppression/enhancement172

of blocking activity during high/low phase speed days remains visible employing the Davini173

et al. (2012) and Woollings et al. (2018) blocking diagnostics (cf. Supplementary Figs.174

S3, S4 and Supplementary Text S4).175

The link between phase speed and extreme events is discussed using the midlat-176

itude extreme index (MEX) introduced by Coumou et al. (2014), that provides a global177

measure of the temperature variance over Northern Hemisphere midlatitudes (35-75◦N178

in this study; MEX calculation is described in Supplementary Text S5). High values of179

MEX correspond to widespread 2-meter temperature standardized anomalies, both cold180

and warm, over the considered region; conversely, low values of the index indicate smaller181

than normal anomalies. Days of low DJF phase speed feature significantly higher MEX182

values than high phase speed days (Fig. 2c; t-test on the mean of MEX logarithm, p <183

0.01). Conversely, periods of rapidly propagating waves are linked to significantly fewer184

temperature extremes than climatology. Consistent results emerge for boreal summer185

(Fig. 2f), confirming the link between reduced eastward propagation of Rossby waves and186

extreme temperatures, also pointed out by previous work about quasi-resonant Rossby187

wave amplification (Kornhuber, Osprey, et al., 2019; Kornhuber, Comou, et al., 2019).188

4 Trend analysis and link with Arctic Amplification189

The daily and seasonal evolution of phase speed shows a large variability (Fig. 3).190

Rossby waves tend to propagate faster eastward in winter than in summer and this is191

likely due to the different strength of the background flow. A notable low-speed event192
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is winter 2009/2010, that features the absolute minimum in seasonally averaged winter193

phase speed (c = 4.38 m s−1, highlighted in light blue in Fig. 3) in the whole dataset.194

That winter, characterized by extremely negative values of the Arctic Oscillation index,195

featured particularly harsh conditions and repeated cold spells over North America and196

Europe (Jung et al., 2011; Sprenger et al., 2017).197

Trend analysis, performed using the Theil-Sen linear trend estimate and the Mann-198

Kendall significance test, shows that no significant phase speed trend has emerged from199

the year-to-year variability during the last 40 years, neither in the yearly mean (-0.015 m s−1 (40yr)
−1

,200

p=0.90) nor when considering winter and summer seasonal averages (Fig. 3). The ab-201

sence of trend is confirmed when considering estimates of phase speed drawn separately202

from the planetary (n = 1-6) and synoptic (n = 7-15) portion of the spectrum (Supple-203

mentary Fig. S5). No significant trend is found even if maxima or minima of phase speed204

over consecutive 7-day or 14-days time periods are considered (Supplementary Fig. S6;205

the duration of 7 days corresponds to the decorrelation time of the phase speed time se-206

ries). Finally, the time distance between high and low phase speed periods (lasting at207

least 7 consecutive days above/below the 90th/10th percentile) does not exhibit signif-208

icant trends either, indicating that such events have not become more or less frequent209

in recent decades (Supplementary Fig. S7).210

We investigate now, using two different metrics, the relationship between the phase211

speed metric and Arctic Amplification. The first metric considers the difference in 850 hPa212

temperature between middle (35◦N-65◦N) and high latitudes (65◦N-90◦N), a quantity213

that significantly decreased in the latest 39 winters because of Arctic Amplification (Sup-214

plementary Fig. S8a). The second metric evaluates the difference in 250 hPa geopoten-215

tial anomalies between the same latitudinal bands, trying to highlight the upper-level216

effect of the low-level temperature increase: this quantity exhibits a negative, but non-217

significant trend during DJF (Supplementary Fig. S8b). The phase speed metric is strongly218

correlated (+0.62 Pearson correlation coefficient) with the meridional difference of 250 hPa219

geopotential throughout the whole year (see Supplementary Table S3), and correlated220

to a lesser extent (+0.48) with the 850 hPa temperature difference.221

Given that Arctic Amplification emerged in recent decades, we examine also phase222

speed trends over shorter time periods (Fig. 4). Two main sets of significantly negative223

(p<0.05) phase speed trends are visible for DJF, both referring to time intervals start-224

ing between 1986 and 1992. The first one corresponds to short-lived (15 to 20 years) trends225

ending before winter 2006/07, in periods with no significant temperature difference trend226

(Fig. 4a,c); the second one corresponds to longer periods (around 25-30 years) ending be-227

tween winters 2009/10 and 2017/18. Although the Theil-Sen trend estimator is less sen-228

sitive to outliers than other methods, it should be noticed that high values of seasonally229

averaged phase speed were recorded between winters 1987/88 and 1992/93 (Fig. 3) and230

this likely contributes to the negative trends mostly starting in this time period. Notably,231

no significant long-term phase speed trend is visible in periods starting after winter 1993/94,232

despite the significant Arctic Amplification observed since. The absence of a strong as-233

sociation between Arctic-to-midlatitude temperature difference trends and phase speed234

trends is an evidence towards the conclusion that the former did not drive the latter.235

On the other hand, significant trends in upper-level geopotential difference co-occur236

more precisely with phase speed trends than with low-level temperature difference trends237

(Fig. 4e). This is consistent with the higher correlation existing between phase speed and238

meridional geopotential difference, and with the fact that high (low) phase speeds oc-239

cur during periods of increased (decreased) meridional geopotential gradient at upper240

levels, as previously discussed. While long-term geopotential increase due to global warm-241

ing is observed everywhere (Supplementary Fig. S9a), periods of significant negative trends242

in geopotential gradient correspond to a temporary weakening of the positive trend at243

low latitudes only (between 35-65◦N; see Supplementary Figs. S9b,c): this highlights the244

potential role of non-Arctic processes in modulating phase speed variability.245
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(a) (b)

(c) (d)

(e) (f)

Figure 4. Short-term trends of phase speed and Arctic Amplification (a) DJF trends

in phase speed metric as a function of start year (vertical axis) and end year (horizontal axis),

expressed as the integrated phase speed change over the considered time interval with respect

to the seasonal mean phase speed value. Only trends computed from time intervals longer than

15 years are plotted. Stippling (open circles) indicates statistically significant trends at the 95%

(90%) confidence level. (b) As in (a), but for JJA. (c-d) As in (a-b), but for trends in zonally av-

eraged 850 hPa temperature difference (35-65◦N minus 65-90◦N). (e-f) As in (c-d), but for trends

in zonally averaged 250 hPa geopotential difference (35-65◦N minus 65-90◦N). In DJF plots, the

initial and final years refer to December: for instance, the values corresponding to 1979 refer to

trends starting in winter 1979/1980.
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During summer, weak but significant negative phase speed trends are observed for246

periods with ending years between 2013-2016, regardless of the starting year (Fig. 4b).247

Interestingly, these negative trends do not co-occur with periods of significant negative248

reductions of temperature and geopotential gradient (Figs. 4d,f). It is therefore unlikely249

that the evolution of the Arctic-to-midlatitude temperature gradient drove such trends.250

In addition, the fact that Arctic Amplification is mostly a winter phenomenon, and that251

during summer the midlatitude waveguide is less defined and intermittent, makes less252

grounded the hypothesis of a link between Arctic Amplification and phase speed reduc-253

tion in the warm season.254

5 Summary and open points255

A newly developed, spectral-based metric indicates that there has not been a sys-256

tematic diminution in the phase speed of Rossby waves over the Northern Hemisphere257

in the last 40 years. Intermittent negative trends have been observed in selected peri-258

ods between 1988 and 2017, in winter as well as in summer: they have been associated259

with a contextual reduction of the meridional geopotential gradient at upper levels dur-260

ing winter, but not necessarily with a concomitant reduction of the low-level tempera-261

ture gradient. These observations do not support the hypothesis that the low-level re-262

duction of the meridional temperature gradient, due to Arctic Amplification, has led to263

a reduction in the phase speed of Rossby waves. On the other hand, it is shown that pe-264

riods of reduced Rossby wave phase speed are systematically related to atmospheric block-265

ing and temperature extremes, regardless of Arctic Amplification. These results high-266

light the role of the interannual and intraseasonal variability of phase speed in induc-267

ing extreme weather across seasons, rather than of a long-term phase speed reduction268

linked to Arctic Amplification.269

The short-term, negative phase speed trends observed during DJF occur in time270

periods featuring also positive trends of Rossby wave amplitude, as assessed by Blackport271

and Screen (2020) (see their Fig. 2c). The same study concluded that such amplitude trends272

resulted from inter-annual variability, and that wave activity modulated the meridional273

temperature gradient during those periods rather than the opposite. These results can-274

not be simply applied to the present analysis of phase speed, but the decoupling between275

intermittent trends in geopotential gradient and multidecadal trends in low-level tem-276

perature gradient suggest that the latter is not sufficient to explain the observed decadal277

phase speed variations.278

This decoupling between trends in meridional upper-level geopotential gradient and279

low-level temperature gradient is not surprising. First of all, upper-level geopotential evo-280

lution is governed by a complex budget between processes happening in the whole at-281

mospheric column, as detailed by the quasi-geostrophic geopotential tendency equation,282

and by the effect of diabatically induced a-geostrophic circulations (Steenburgh & Holton,283

1993; Holton, 2004). This consideration indicates the need of detailed dynamical diag-284

nostics to precisely constrain the effects of Arctic Amplification on the upper tropospheric285

flow. In addition, poleward-moving extratropical cyclones can lead to anomalous heat286

and moisture transport to the Arctic without a pronounced reversal of the meridional287

geopotential gradient (Perlwitz et al., 2015; Binder et al., 2017; Wernli & Papritz, 2018;288

Wang et al., 2020; Hong et al., 2020).289

Finally, this study did not explicitly address the potential role of upper-level warm-290

ing in tropical regions, that may counteract the effects of Arctic Amplification on the291

jet stream in the so-called “tug-of-war” (Barnes & Polvani, 2015; Screen et al., 2018).292

A preliminary analysis indicates that short-term phase variability in meridional geopo-293

tential gradient at upper-levels was mostly driven by lower latitudes, while Arctic geopo-294

tential increased steadily (Supplementary Fig. S9). Performing sensitivity runs in gen-295
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eral circulation models with prescribed forcing can make the drivers of phase speed vari-296

ability more explicit.297
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Atmospheric moisture transport and the decline in Arctic sea ice. Wiley Inter-382

disciplinary Reviews: Climate Change, 10 , 10:e588. doi: 10.1002/wcc.588383

Gong, T., Feldstein, S., & Lee, S. (2017). The role of downward infrared radiation384

in the recent Arctic winter warming trend. J. Climate, 30 , 4937–4949. doi: 10385

.1175/JCLI-D-16-0180.1386

Gong, T., Feldstein, S. B., & Lee, S. (2020). Rossby wave propagation from387

the Arctic into the midlatitudes: Does it arise from in situ latent heating388

or a trans-Arctic wave train? J. Climate, 33 , 3619–3633. doi: 10.1175/389

JCLI-D-18-0780.1390

Hamilton, L. C., & Lemcke-Stampone, M. (2014). Arctic warming and your weather:391

public belief in the connection. Int. J. Climatol., 34 , 1723–1728. doi: 10.1002/392

joc.3796393

Hassanzadeh, P., & Kuang, Z. (2015). Blocking variability: Arctic Amplification394

versus Arctic Oscillation. Geophys. Res. Lett., 42 , 8586–8595. doi: 10.1002/395

2015GL065923396

Holton, J. (2004). An introduction to dynamic meteorology (4th ed., Vol. 88). Aca-397

demic Press.398

Hong, J., Kim, B., Baek, E., Kim, J., Zhang, X., & Kim, S. (2020). A critical role of399

extreme Atlantic windstorms in Arctic warming. Asia-Pacific J. Atmos. Sci.,400

56 , 17–28. doi: doi.org/10.1007/s13143-019-00123-y401

–12–



manuscript submitted to —

Hoskins, B., & Woollings, T. (2015). Persistent extratropical regimes and climate ex-402

tremes. Curr. Climate Change Rep., 1 , 115–124. doi: 10.1007/s40641-015-0020403

-8404

Jung, T., Vitart, F., Ferranti, L., & Morcrette, J.-J. (2011). Origin and predictabil-405

ity of the extreme negative NAO winter of 2009/10. Geophys. Res. Lett., 38 .406

doi: 10.1029/2011GL046786407

Katz, C. (2019). Warming at the poles will soon be felt globally in rising408

seas, extreme weather. National Geographic. Retrieved from https://409

www.nationalgeographic.com/science/2019/12/arctic/410

Kornhuber, K., Comou, D., Vogel, E., Lesk, C., Donges, J. F., Lehmann, J., &411

Horton, R. M. (2019). Amplified Rossby waves enhance risk of concur-412

rent heatwaves in major breadbasket regions. Nat. Clim. Chang.. doi:413

10.1038/s41558-019-0637-z414

Kornhuber, K., Osprey, S., Coumou, D., Petri, S., Petoukhov, V., Rahmstorf, S., &415

Gray, L. (2019). Extreme weather events in early summer 2018 connected by416

a recurrent hemispheric wave-7 pattern. Environ. Res. Lett., 14 , 054002. doi:417

10.1088/1748-9326/ab13bf418

Kug, J.-S., Jeong, J.-H., Jang, Y.-S., Kim, B.-M., Folland, C. K., Min, S.-K., & Son,419

S.-W. (2015). Two distinct influences of Arctic warming on cold winters over420

North America and East Asia. Nature Geosci., 8 . doi: 10.1038/ngeo2517421

Li, M., & Luo, D. (2019).422

Sci. China Earth Sci.(62), 1329-1339. doi: doi.org/10.1007/s11430-018-9350-9423

McCusker, K. E., Fyfe, J. C., & Sigmond, M. (2016). Twenty-five winters of unex-424

pected Eurasian cooling unlikely due to Arctic sea-ice loss. Nature Geosci., 9 ,425

838-842. doi: 10.1038/ngeo2820426

McSweeney, R. (2019). How is Arctic warming linked to the ‘polar vortex’ and other427

extreme weather? Retrieved from https://www.carbonbrief.org/qa-how-is428

-arctic-warming-linked-to-polar-vortext-other-extreme-weather429

Meleshko, V. P., Johannessen, O. M., Baidin, A. V., Pavlova, T. V., & Govorkova,430

V. A. (2016). Arctic amplification: does it impact the polar jet stream? Tellus431

A, 68 , 32330. doi: 10.3402/tellusa.v68.32330432

Overland, J. E. (2016). A difficult Arctic science issue: Midlatitude weather linkages.433

Polar Science, 10 , 210–216. doi: https://doi.org/10.1016/j.polar.2016.04.011434

Papritz, L. (2020). Arctic lower-tropospheric warm and cold extremes: Horizontal435

and vertical transport, diabatic processes, and linkage to synoptic circulation436

features. J. Climate, 33 , 993–1016. doi: 10.1175/JCLI-D-19-0638.1437

Perlwitz, J., Hoerling, M., & Dole, R. (2015). Arctic tropospheric warming: Causes438

and linkages to lower latitudes. J. Climate, 28 , 2154–2167. doi: 10.1175/JCLI439

-D-14-00095.1440

Randel, W. J., & Held, I. M. (1991). Phase speed spectra of transient eddy fluxes441

and critical layer absorption. J. Atmos. Sci., 48 , 688–697. doi: 10.1175/1520442

-0469(1991)048〈0688:PSSOTE〉2.0.CO;2443

Ronalds, B., Barnes, E., & Hassanzadeh, P. (2018). A barotropic mechanism for444

the response of jet stream variability to Arctic amplification and sea ice loss. J.445

Climate, 31 , 7069–7085. doi: 10.1175/JCLI-D-17-0778.1446
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Röthlisberger, M., & Martius, O. (2019). Quantifying the local effect of Northern451

Hemisphere atmospheric blocks on the persistence of summer hot and dry452

spells. Geophys. Res. Lett., 46 , 10101–10111. doi: 10.1029/2019GL083745453
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