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Abstract. The classic partitioning between slow-moving,
low-wavenumber planetary waves and fast-moving, high-
wavenumber synoptic waves is systematically extended by
means of a space—time spectral decomposition to character-
ize the day-to-day evolution of Rossby wave activity in the
upper troposphere. This technique is employed to study the
origin and the propagation of circumglobal Rossby wave pat-
terns (CRWPs), amplified Rossby waves stretching across
the Northern Hemisphere in the zonal direction and project-
ing primarily over few, dominant wavenumber—phase-speed
harmonics. Principal component analysis of daily anomalies
in spectral power allows for two CRWPs to emerge as leading
variability modes in the spectral domain during boreal win-
ter. These modes correspond to the baroclinic propagation of
Rossby wave packets (RWPs) from the Pacific to the Atlantic
storm track in a hemispheric flow configuration displaying
enhanced meridional gradients of geopotential height over
midlatitudes. The first CRWP is forced by tropical convec-
tion anomalies over the Indian Ocean and features the propa-
gation of amplified RWPs over northern midlatitudes, while
the second one propagates rapidly over latitudes between
35 and 55° N and appears to have extratropical origin. An
anomalous equatorward propagation of Rossby waves from
the Atlantic eddy-driven jet to the North African subtropi-
cal jet is observed for both CRWPs. The obtained results
highlight the substantial contribution of propagating RWPs
to CRWPs, hinting that the two features might have the same
nature.

1 Introduction

Most of the weather systems affecting northern midlatitudes
have their dynamical origin in the Atlantic and Pacific storm
track regions, located to the east of the main continental land-
masses and characterized by a particularly strong meridional
temperature gradient (e.g., Chang et al., 2002; Hakim, 2003).
The majority of extratropical cyclones form and track across
those regions while being steered by large-scale atmospheric
oscillations, known as Rossby waves, constituted by equator-
ward (troughs) and poleward (ridges) displacements of the
jet stream (Rossby, 1940; Lee and Held, 1993; Wirth et al.,
2018). The position and the activity of the Pacific and At-
lantic storm tracks, in terms of number, amplitude and prop-
agation of Rossby waves populating them, can vary substan-
tially across seasons and between different years (Grise et al.,
2013; Hoskins and Hodges, 2019a, b).

Understanding the mechanisms governing this variability
is a traditional field of research in weather and climate dy-
namics. A possible division of this research area could in-
volve a distinction between local mechanisms, at the level of
a single storm track, and hemispheric mechanisms, featuring
a coordination between the two. An example of local mech-
anism is the complex role played by background baroclin-
icity in enhancing, but also in suppressing, storm track ac-
tivity over the North Pacific (Schemm and Schneider, 2018;
Schemm et al., 2021). The onset of atmospheric blocking
events, characterized by the sudden inflation of large anticy-
clones that disrupt the usual, eastward Rossby wave prop-
agation, can also be seen as a local mechanism affecting
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storm track variability (e.g., Shutts, 1983; Altenhoff et al.,
2008; Martineau et al., 2017; Ferranti et al., 2018). On the
other hand, several hemispheric mechanisms connecting the
two storm tracks have been identified. There is robust evi-
dence that low-frequency tropical forcing, as the El Nifio—
Southern Oscillation (ENSO) or the Madden—Julian Oscilla-
tion (MJO), manifests itself first in anomalies over the North
Pacific storm track that are subsequently propagated, via the
forcing of transient Rossby waves, to the North Atlantic
storm track (Cassou, 2008; Henderson et al., 2016; Zheng
et al., 2018; Schemm et al., 2018; Gollan et al., 2019). How-
ever, interaction between the two storm tracks can in prin-
ciple result from purely extratropical forcing, for instance
in the form of baroclinically induced wave resonance (Yang
et al., 1997; Franzke et al., 2006). An interplay between
storm tracks is also related to hemispheric-scale, extratrop-
ical teleconnection patterns like the Northern Annular Mode
(e.g., Woollings and Hoskins, 2008; Riviere and Drouard,
2015) or the northern baroclinic annular mode (Thompson
and Li, 2015).

Other circulation patterns extending beyond the scale of
a single storm track are the so-called circumglobal Rossby
wave patterns (CRWPs), observed when a single Rossby
wave extends around a substantial portion of a latitude band
(White et al., 2021). The existence of CRWPs and their dif-
ferences from more usual Rossby wave packets (RWPs) is an
open research question, fueled by the potential role of CR-
WPs in causing extreme weather events. Concomitant sum-
mer temperature extremes in different regions of the North-
ern Hemisphere have been linked to the occurrence of slow-
moving, amplified, quasi-resonant planetary Rossby waves
(Petoukhov et al., 2013; Coumou et al., 2014; Kornhuber
etal., 2017, 2019, 2020; Xu et al., 2021). During boreal win-
ter, on the other hand, CRWPs stretching across the hemi-
sphere feature an interconnection between the Pacific and
the Atlantic storm track and an interplay between the polar
and the subtropical jet streams (Branstator, 2002; Franzke
et al., 2006; Davies, 2015; Harnik et al., 2016). In particu-
lar, Davies (2015) described how the repeated propagation
of a Rossby wave train from the Pacific to the Atlantic storm
track and then back to the Pacific storm track via the subtrop-
ical jet stream shaped the hemispheric wave pattern during
winter 2013/14, causing widespread extreme weather. This
so-called “weather chain” involved the repeated enhance-
ment of RWPs with the same phase (Rothlisberger et al.,
2019) and an interaction between the polar and subtropical
jet to ensure circumglobal connectivity, and it occurred in
conjunction with anomalous North Pacific sea surface tem-
peratures (Wang et al., 2014; Hartmann, 2015). Moreover,
Davies (2015) highlighted the contribution of several propa-
gating RWPs to the appearance of the CRWP by tracing them
in a Hovmoller diagram.

Despite these research efforts, substantial theoretical and
methodological challenges still hinder progress towards
shared definitions and methodologies to study CRWPs
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(White et al., 2021). The main issues concern the diagnosis of
circumglobal waveguides and the linkages between CRWPs
and more classical RWPs. The theory of quasi-resonant am-
plification for Rossby waves, developed by Petoukhov et al.
(2013) and employed in many successive studies to diag-
nose CRWPs, relies on Rossby wave ray tracing (Hoskins
and Karoly, 1981; Hoskins and Ambrizzi, 1993), an ap-
proach based on the Wentzel-Kramers—Brillouin (WKB) ap-
proximation. However, recent research work has discussed
the limits of these theoretical foundations when applied
to evaluate the presence of hemispheric-scale waveguides
(Wirth, 2020; Wirth and Polster, 2021). From the method-
ological point of view, many studies identify CRWPs in
time-averaged fields of upper-level wind or geopotential
height, usually employing weekly (Kornhuber et al., 2019),
biweekly (Kornhuber et al., 2017) or monthly means (e.g.,
Branstator, 2002; Petoukhov et al., 2013). The drawback of
this approach is that temporal averaging acts implicitly as
a low-pass filter and excludes RWPs and rapidly propagat-
ing transients from the analysis: this can lead to problems
when trying to diagnose CRWPs and circumglobal waveg-
uides (as discussed by Fragkoulidis et al., 2018). An example
of this issue appears in the topic of recurrent Rossby wave
packets, where the repeated genesis and eastward propaga-
tion of RWPs with similar longitudinal phase is observed
(e.g., Rothlisberger et al., 2019). Those propagating tran-
sients would appear as a stationary Rossby wave if a time
mean were to be taken, leading to a potential misunderstand-
ing of the nature of the phenomenon (see Ali et al., 2021,
their Fig. 1). A similar confusion could in principle occur
with CRWPs, as it is not fully clear how much of their time-
averaged signature results from the circumglobal propaga-
tion of RWPs rather than from mechanisms involving plan-
etary waves. An additional issue concerns the diagnosis of a
single, dominant wavenumber along a latitude circle to char-
acterize CRWPs (e.g., wave 5 versus wave 7), because non-
circumglobal, disconnected RWPs could also feature a clear
spectral projection on the same wavenumbers.

This study consists of an exploration of northern hemi-
spheric Rossby wave variability during boreal winter, with
a particular focus on CRWPs. The usual spectrum of zonal
wavenumbers describing the hemispheric flow is comple-
mented here by the inclusion of the temporal dimension in
the spectral analysis, which allows us to study the zonal
propagation of Rossby waves over a given period of time.
This technique can be used to explicitly separate the con-
tributions of slow and fast waves for each zonal wavenum-
ber, without the need of filtering. The first objective of this
study is to show that space—time spectral analysis can in-
dicate the presence of CRWPs. We assume that a CRWP,
if it is occurring, would project on a well-defined range of
zonal wavenumbers and phase speeds as picked up by the
spectral decomposition. This indirect approach allows us to
assess the presence of CRWPs with as few as possible a
priori assumptions about their nature or without having to

https://doi.org/10.5194/wcd-3-449-2022



J. Riboldi et al.: CRWPs emerging from space—time spectral analysis 451

explicitly diagnose the presence of waveguides, making the
results less dependent on subjective choices. We show that
hemispheric-scale Rossby wave patterns dominated by few,
selected wavenumber—phase-speed harmonics appear as ba-
sic modes of variability in the spectral domain and that such
patterns are associated with CRWPs. This first conclusion
leads to the second objective, which is to describe some dy-
namical features of the origin and propagation of the identi-
fied CRWPs and their connection with RWPs. The paper is
structured as follows: after a description of the spectral anal-
ysis and of the employed diagnostics, the patterns of spectral
variability and their associated large-scale circulation sig-
natures are discussed in general (Sect. 3) before focusing
specifically on the characteristics of the CRWPs highlighted
by the spectral analysis (Sect. 4). Some implications of the
results for CRWP research, as well as a few limitations of
the employed method, are discussed in Sect. 5. Conclusions
are summarized in Sect. 6, together with an outlook about
possible applications of space—time spectral analysis in the
context of climate dynamics.

2 Data and methods

The analysis is based on ERA-Interim reanalysis data (Dee
et al., 2011) between March 1979 and February 2019, for a
total length of 40 years. Spectral decomposition is performed
using a rapid Fortran-based fast Fourier transform routine,
developed in 1967 at MIT Lincoln Laboratory by Norman
Brenner, Charles Rader and Ralph Alter (Cooley and Tukey,
1965). Daily values of the Real-time Multivariate (RMM)
MJO index are obtained from the Australian Bureau of Me-
teorology.

2.1 Space-time spectral analysis

Spectral analysis allows a decomposition of a given func-
tion over a basis of periodic harmonics: in this work, each
harmonic corresponds to a sinusoidal Rossby wave of zonal
wavenumber n and propagating eastward with phase speed
¢p. These harmonics are obtained from an interpolation, per-
formed at each latitude ¢, of the wavenumber—frequency har-
monics (n,w) resulting from space—time spectral analysis.
The technique is employed routinely to diagnose equatorial
waves and other circulations existing in the tropical region
(e.g., Wheeler and Kiladis, 1999; Lott et al., 2009). Applica-
tions to the extratropics have mainly described the climato-
logical characteristics of Rossby waves or their differing rep-
resentation in climate models (e.g., Dell’ Aquila et al., 2005).
Recent work (Sussman et al., 2020; Riboldi et al., 2020; Jolly
et al., 2021) employed space—time spectral analysis to model
and assess the presence of trends in the properties of Rossby
waves, confirming its usefulness in tackling research ques-
tions in climate dynamics.

https://doi.org/10.5194/wcd-3-449-2022

The employed procedure, detailed in the following para-
graphs, is the same as in Riboldi et al. (2020). In the first step
a double spectral analysis, in space and time, is performed
over the ERA-Interim data set of 250 hPa meridional wind
anomalies V' (A, t; ¢), with 6-hourly resolution between Jan-
uary 1979 and December 2019 and spatial resolution of
0.75° x 0.75°. Such anomalies are computed with respect to
the annual cycle of meridional wind, further smoothed us-
ing a 30 d moving average. The employed temporal and spa-
tial resolution can resolve harmonics of minimal zonal wave-
length of 1.5° and minimal frequencies corresponding to an
oscillation period of 12h. This level of detail allows a pre-
cise depiction of Rossby waves associated with rapid tran-
sients like moving extratropical cyclones (Wheeler and Ki-
ladis, 1999; Dell’ Aquila et al., 2005).

The flow is decomposed on each latitude circle as a linear
superposition of monochromatic, zonally propagating waves

N1/2  NL2

Vg = Y. Y Vg ™n, )

J=—Nt/2 n=—Nr/2

where V' (n,wj; @) € C are the spectral coefficients, A rep-
resents longitude in radians (from O to 27) and ¢ is time,
Ni, =480 is the number of grid points along a given lati-
tude circle on the considered grid, and w; = 27j/Nr is the
frequency, ranging in a time window of 61d (containing
Nt =244 6-hourly time steps). The spectral analysis was
performed in a sliding 2-month time window centered at
12 UTC of each day between the 1 February 1979 and the
30 November 2019. A double cosine tapering is applied to
the first and last 12d of the time series to minimize Gibbs
effect. The modules P(n,w;,¢) = V/V'* of the complex
coefficients obtained from the spectral analysis are an es-
timate of the density of spectral power and constitute the
so-called periodogram. By Parseval’s identity, each value of
the periodogram is proportional to the variance of the merid-
ional wind anomalies explained by the corresponding (n, w;)
harmonic. Each periodogram is smoothed 10 times in fre-
quency with a 1-2—1 running average to further reduce noise
(Wheeler and Kiladis, 1999; Small et al., 2014).

The periodogram P (n, w;; ¢) is then linearly interpolated
wacos ¢

along lines of constant phase speed ¢p = , where a =

6.371 x 10%m is the Earth’s radius, to obtain periodograms
in the wavenumber—phase-speed domain P (n, ¢p; ¢), follow-
ing the approach described in Randel and Held (1991). The
interpolation is performed on a range of phase speeds be-
tween —30 and +30ms~! in steps of Acp = Ims~!. The
periodograms are multiplied by a wavenumber- and latitude-
dependent scaling factor ﬁ before interpolation to pre-
serve variance during the transformation from the frequency
to the phase speed dimension (see Eq. 3b in Randel and
Held, 1991). A detailed explanation of the interpolation pro-
cedure is given in the Supplement (Text S1). The choice of
the phase speed range implies that harmonics with phase

Weather Clim. Dynam., 3, 449-469, 2022
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speed |cp| < Ims~ ! or lepl > 30ms~! at each latitude are
excluded, as already noticed by Randel and Held (1991).
This latitudinal dependence partly limits the harmonics that
the spectral analysis can resolve, with a more pronounced ef-
fect for quasi-stationary, low-wavenumber harmonics at low
latitudes: a detailed description of this effect is provided in
the Supplement (Text S2). Harmonics with ¢, = 0m s~! are
also not represented, because they correspond to waves with
null frequency and, therefore, infinite period.

As a final step, a global estimate S(n, ¢p) of the Rossby
wave spectrum over midlatitudes is obtained by summing
the wavenumber—phase-speed periodograms computed for
each latitude between 35.25 and 75° N (every 0.75°). The
integration across different latitudes acts as an additional
“smoother” and allows us to obtain less noisy spectra. This
broad latitudinal range has been chosen (1) to increase
the range of resolved wavenumber—phase-speed harmonics,
which is latitude-dependent (as detailed in Text S2 of the
Supplement), and (2) to account for intraseasonal and inter-
annual latitudinal variations in Rossby wave propagation and
storm track activity. Although a spectrum is attributed to ev-
ery single day, it is important to state that each spectrum re-
sults from an analysis over a time interval of 61d (37 if we
exclude the tapered days), with a substantial overlap between
consecutive days. Despite this apparent limitation, however,
the results outlined in this work indicate that the methodol-
ogy is able to sample a notable intraseasonal variability and
to precisely pinpoint time periods of anomalous spectral ac-
tivity at the daily to weekly scale. An alternative approach
would have consisted in performing first the latitudinal aver-
age of the wind anomalies and then a single spectral analy-
sis, as in Dell’ Aquila et al. (2005): however, meridional wind
anomalies can sometimes have opposite signs at different lat-
itudes for the same longitude, which would lead to the can-
cellation of the signal. Configurations of Rossby wave break-
ing and atmospheric blocking are two examples where this
effect might be particularly important: indeed, some block-
ing identification methods rely precisely on such a merid-
ional superposition of anomalies (e.g., Tibaldi and Molteni,
1990; Pelly and Hoskins, 2003; Davini et al., 2012).

All the daily spectra can be averaged to obtain seasonal
mean spectra, highlighting some basic characteristics as well
as the seasonal cycle of E(n,cp) across the different har-
monics (Fig. 1). The seasonal evolution of wavenumbers
and phase speeds across seasons is portrayed by the met-
rics [n] and [c], respectively: they are obtained by weight-
ing n and ¢, with respect to E(n,cp), as in Riboldi et al.
(2020). As intuitively expected, the average spectra are not
symmetric: more power is present for eastward-propagating
waves than for westward ones, with a maximum at wavenum-
bers n = 5-7 depending on the season. High wavenumbers
tend to exhibit more power in harmonics with high phase
speed, as predicted by the Rossby wave dispersion rela-
tionship. However, westward-propagating waves are also ac-
tive for most wavenumbers below n =8, and they reach
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their maximum power during winter: this is mostly due to
the westward propagation of disturbances at high latitudes,
where westerlies are generally weaker. We speculate that
atmospheric blocking and Rossby wave breaking also con-
tribute to this effect, because they are phenomena related to
a disruption of the normal eastward propagation of upper-
level troughs and ridges. The distribution of S(z, cp) is flat-
tened around the ¢y =0m s~! line during summer: this indi-
cates that the Rossby wave pattern governing weather condi-
tions over Northern Hemisphere midlatitudes is, on average,
more stationary during summer than in winter. The involved
wavenumbers are also generally higher during summer, with
intermediate values across the transition seasons (MAM and
SON). Although spectra have been computed across all sea-
sons, we will only focus on boreal winter (DJF) through the
rest of the paper.

2.2 Dynamical diagnostics

The circulation patterns associated with modes of spectral
variability are described making use of standard meteorolog-
ical variables such as potential vorticity (PV), geopotential
height and zonal wind. More elaborated diagnostics are also
employed in the paper, as atmospheric blocking frequency,
baroclinicity and transient meridional heat flux. The RWP di-
agnostic by Zimin et al. (2006) and the E vector by Hoskins
etal. (1983) are also used to study amplitude and propagation
of the RWPs associated with the identified CRWPs. These
less straightforward metrics are described in the following
paragraphs.

2.2.1 Atmospheric blocking

The anomaly-based blocking diagnostic by Schwierz et al.
(2004) is employed in this study. In this framework, at-
mospheric blocking corresponds to a negative anomaly of
vertically averaged PV (500-150 hPa, anomalies computed
with respect to monthly climatology). After smoothing with
a 2d running mean, blocking is identified as a closed re-
gion with a negative PV anomaly lower than —1.3 PV units
(PVU, 1PVU=10"°Km? kg~ s~1). Furthermore, this re-
gion must fulfill an overlap criterion: the minimum spa-
tial overlap of two closed regions delimited in two sub-
sequent 6-hourly time steps must be 70 % for at least 5
consecutive days. The output of this diagnostic is a two-
dimensional Boolean (0-1) field: composites of blocking fre-
quency can be computed by determining the percentage of
time steps where each grid point was occupied by a blocking.
Anomalies in blocking frequency value are then obtained by
subtracting the climatological blocking frequency, evaluated
over all considered winter days between December 1979 and
February 2019.
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Figure 1. Mean of daily wavenumber—phase-speed spectra of meridional wind anomaly at 250 hPa, computed along each latitude circle
between 35.25 and 75° N, every 0.75° N, during the four seasons: (a) DJF, (b) MAM, (c) JJA and (d) SON. Units of spectra are m2s 2 Ac L,
where Ac = 1 ms~! at 55° N, and values of S(n, ¢p) are multiplied by n because of the logarithmic scale adopted for the wavenumber axis.
Black dots indicate the phase speed [c], as in Riboldi et al. (2020), and the average wavenumber [n], both expressed as a weighted averages
with respect to spectral power. The respective values are reported in the top left corner of each plot.

2.2.2 Rossby wave packet amplitude and propagation

The amplitude of RWPs in the wavenumber range n = 4-15
is evaluated at each grid point using the diagnostics by Zimin
et al. (2006). To account for the possible non-zonal propaga-
tion of Rossby waves, the 250 hPa wind component orthog-
onal to a local approximation of the background flow (here,
a streamline of the mean wind averaged in a time window of
28 d centered at the date of interest) is employed in the com-
putation. This orthogonal wind component is first tapered in
space using a Gaussian filter centered at the grid point of
interest and then filtered using a Fourier transform to retain
only the considered wavenumbers. The modulus of the in-

https://doi.org/10.5194/wcd-3-449-2022

verse Fourier transform of the filtered wind is then the local
amplitude of the identified RWP envelope. As it represents
an amplitude, this metric is positive definite and is not af-
fected by cancellation problems, due to phase shifts between
ridges and troughs in the wave packet, when averaging differ-
ent time steps together. As noticed by Riboldi et al. (2019),
this metric does not follow a Gaussian distribution: standard-
ized anomalies of RWP amplitude are then computed with
respect to the amplitude logarithm.

The propagation and the tilt of transient eddies at the level
of the jet stream are diagnosed using the E vector (Hoskins
et al., 1983; Trenberth, 1986) in the formulation by Schemm

Weather Clim. Dynam., 3, 449-469, 2022
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et al. (2018)
E=(E.E)= B (v*z_u*z‘)’_ml )

where the transient 250 hPa wind components u* and v* are
again defined with respect to 7 d running averages. The two
components of the E vector for that same day are computed
every 6h and then averaged to obtain a daily mean value
(as indicated by the overbar). The horizontal component E,
is linked to the group speed of transient eddies and can be
used to diagnose the preferred direction of propagation of
wave energy (Orlanski, 1998). The meridional component
Ey is linked to the tilt of transient eddies: equatorward-
pointing E vectors indicate anticyclonically tilted eddies,
while poleward-pointing E vectors indicate a cyclonic tilt.
Furthermore, as hinted by the similarities of E with the eddy
flux of zonal momentum, the divergence of E corresponds to
transfer of zonal momentum from the transients to the mean
flow.

2.2.3 Baroclinicity and transient meridional heat flux

The relationship of the identified spectral variability modes
with local and global baroclinicity is assessed using the met-
ric developed by Hoskins and Valdes (1990) and employed,
among others, by Ambaum and Novak (2014) to study its re-
lationship with meridional heat flux over the North Atlantic
storm track.

The baroclinicity metric is essentially a version of the
Eady growth rate for unstable baroclinic modes, evaluated at
each grid point from the 7 d running averages of zonal wind
(u), meridional wind (v) and potential temperature ®):

dv

dz

s =O.31£

N ; 3

where f is the Coriolis parameter,

() ()

is the average wind shear magnitude and

dv
dz

N= &)

SSTES
(oW
£ 8

is the average stratification. Vertical derivatives are evaluated
using centered finite differences between 700 and 850 hPa,
so that the value of s refers to the 775 hPa level. Differently
from Ambaum and Novak (2014), quantities averaged over
7 d have been employed to better represent the background
baroclinicity in which transients are evolving.

The meridional heat flux associated with transient eddies
(v*T*) is computed at each time step and grid point as the
product of transient wind and temperature components at
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700 hPa, both obtained by removing the corresponding 7d
running mean of wind and temperature. A 7d running av-
erage is then applied to this instantaneous quantity to better
compare it with the baroclinicity metric.

3 Variability in the spectral domain during boreal
winter

The variability in the distribution of spectral power across
the different (7, ¢p) harmonics is investigated with empirical
orthogonal functions (EOFs) for boreal winter only (DJF).
As a first step, spectral anomalies are computed with respect
to the climatological seasonal cycle of spectral power. This
is obtained by computing the average spectra for each calen-
dar day and then by applying over it a 30 d running mean.
Once the anomalies have been computed, standard principal
component (PC) analysis is performed over the 3610 winter
days between December 1979 and February 2019. The re-
sulting EOFs are consequently patterns of variability in the
(n, cp) space, corresponding to the enhancement of selected
harmonics with a given zonal scale and propagation.

3.1 EOF patterns

The three first EOFs explain together almost a third of the
total variance in spectral space (31.56 %, sum of respec-
tively 12.54 %, 9.97 % and 9.05 %); they are presented, to-
gether with the associated standardized PCs, in Fig. 2. The
first EOF shows a compact maximum for the harmonics
which already feature the highest average spectral power
during DJF, the ones encompassing wavenumbers n = 4-6
and weakly positive phase speeds (Fig. 1a). Positive values
of the associated principal component (PC1) correspond to
a particular enhancement of such harmonics, while the op-
posite holds for negative values: we notice that the distri-
bution of PCI is skewed towards positive values, meaning
that positive peaks have usually higher magnitude than neg-
ative ones (Fig. 2b). Eastward-propagating n = 4—6 harmon-
ics sit somehow in the middle between the classical plane-
tary and synoptic wave subsets and have already been shown
to be involved in circumglobal teleconnections during DJF
(e.g., Branstator, 2002; Davies, 2015). The second EOF fea-
tures a dipole in variability reminiscent of the distinction be-
tween planetary waves, having low wavenumber and phase
speed, and synoptic waves, having high wavenumbers and
rapidly propagating eastward (Fig. 2c). The positive phase
of the associated PC2 features a distinct maximum in spec-
tral power for zonal wavenumbers n = 6-8. The excited har-
monics have also higher phase speeds than PC1, indicating
an overall more rapid eastward propagation of the wave pat-
tern. The third EOF exhibits a tripole of anomalies in the
spectral domain, where harmonics having very low (n =2,
3) and high (n = 6-8) wavenumber co-vary with an eastward-
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propagating wave 5 (Fig. 2e). As for PC1, the distribution of
PC3 is skewed to the right (Fig. 2f).

3.2 Circulation anomalies regressed from PCs

A regression analysis linking each PC with daily 250 hPa
geopotential height, atmospheric blocking and RWP ampli-
tude anomalies is performed to highlight the main circulation
features associated with each spectral variability pattern. The
positive phase of PC1 corresponds to an enhanced geopoten-
tial gradient over the Pacific and the Atlantic storm track,
with a poleward-shifted jet stream (Fig. 3a). The higher lat-
itude of the subtropical anticyclones is highlighted by the
positive blocking frequency anomalies at lower latitudes than
climatology (Fig. 3b). Notably, these blocks do not appear to
be associated with a reversal of the meridional geopotential
gradient over the midlatitudes but instead with slow-moving
ridges located between 35-55° N, detected as blocking by
the Schwierz et al. (2004) identification algorithm (Fig. 3b).
Perhaps the most remarkable feature associated with a pos-
itive PC1 phase is the simultaneous positive anomalies of
RWP amplitude over the whole midlatitudes (Fig. 3c). These
amplified Rossby waves are slowly propagating eastward, as
they project on harmonics with ¢, < 10m s~

The positive phase of PC2 features an overall increased
meridional gradient of geopotential height at 250 hPa, which
is also displayed by the positive zonal wind anomalies
(Fig. 3d). It also features a reduced atmospheric blocking
activity, in particular over the North Atlantic (Fig. 3e). The
relationship of this PC with blocking is also proven by a sig-
nificant anti-correlation with the daily time series of blocking
area over the Northern Hemisphere (r = —0.53, p < 0.01).
While PC1 is associated with a pulsation in RWP amplitude,
PC2 seems more related to a latitudinal shift: positive PC2
values are related to enhanced RWP amplitude across mid-
latitudes, although at more southern latitudes than PC1, and
with reduced amplitudes over high latitudes (Fig. 3f). The
southward shift in RWP amplitude anomaly is likely related
to the equatorward displacement of the Icelandic and Aleu-
tian lows, possibly associated with the positive geopotential
height anomalies above the North Pole.

The positive phase of PC3 is associated with a reduction
of meridional geopotential gradient and with atmospheric
blocking, in particular over the North Atlantic (Fig. 3g, h).
Two separate regions of positive RWP amplitude anomalies
are observed if PC3 is positive: one over high latitudes (north
of 60°N) and one at lower latitudes (below 45°N). This
split in RWP pathways suggests the presence of two separate
Rossby waveguides (Fig. 3j).

4 Analysis of CRWP events

After having outlined the salient characteristics of the circu-
lation patterns associated with the main modes of spectral
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variability, we shift our focus on CRWP events. We select
events in the top and bottom 15 % of each PC to study, from a
composite perspective, some aspects of the origin and propa-
gation of the associated CRWPs. The considered events have
a minimum duration of 5 consecutive days, and the minimum
time separation between two consecutive events is at least of
10d.

As a first step, we analyze the degree of zonal symmetry
in the propagation of transient waves using the zonal compo-
nent of the E vector (Fig. 4). Events of particularly high PC1
and PC2 are associated with enhanced eastward propagation
of transient waves, as well as with positive anomalies in RWP
amplitude over a substantial portion of northern midlatitudes
(Fig. 4a, c). These features, together with the peculiar projec-
tion over few, distinct (7, ¢p) harmonics in the correspond-
ing EOFs suggest that these events correspond to CRWPs.
The other sets of events do not share such characteristics:
RWP amplitudes are significantly reduced over a broad por-
tion of midlatitudes during low PC1 events (Fig. 4b), while
E, and RWP amplitude anomalies are absent or localized to
smaller portions of the hemisphere for high/low PC3 or low
PC2 events (Fig. 4d—f). The identified patterns do not change
substantially if events in the top 20 % of top 10 % of the cor-
responding PCs are considered (not shown). The remaining
part of the paper will then be dedicated to the analysis of the
CRWPs associated with events of high PC1 and PC2, which
will be denoted as CRWP1 and CRWP2 (events are listed in
Tables S1 and S2 of the Supplement).

Lagged composites of E and RWP amplitude anomalies
are built with respect to the day of maximum PC1/PC2 in
each event (fmax) to visualize the circumglobal character of
wave propagation (Fig. 5). Their significance is assessed us-
ing a two-sided ¢ test with respect to the seasonal mean and
variance, both extrapolated from daily data. Both CRWPs
originate on the Pacific storm track as early as 3 d before fyax
(Fig. 5a, e). Significant standardized anomalies of RWP and
E, propagate from the Pacific to the Atlantic at time lags
closer to fax. Propagation occurs predominantly at high lat-
itudes for PC1 events (Fig. 5b, c), while RWPs stay at lower
latitudes during PC2 events (Fig. 5f, g) and eventually enter
the subtropical jet over North Africa (Fig. Sh). Interestingly,
both PC1 and PC2 events are associated with a stronger-than-
usual upper-level geopotential height gradient across midlat-
itudes (Fig. 3a, d), a feature that can be interpreted as a proxy
for the tropopause-level meridional PV gradient. This is con-
sistent with an enhanced “waveguidability” of the large-scale
flow, in the sense of a configuration that favors the zonal
propagation of Rossby waves (Manola et al., 2013; Wirth,
2020) and, therefore, the occurrence of CRWPs.

4.1 Origin and evolution
A first question concerns how these CRWPs are generated

and in particular which processes, happening in the tropics
and/or in the extratropics, are involved.
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Figure 2. (a, ¢, e) Loadings of the first three EOFs of daily spectral anomaly during DJF (shaded, arbitrary units). The climatological spectral
power is overlaid (black contours as in Fig. 1; only the 0.2, 0.4 and 0.6 m s7lAc™! levels). (b, d, f) Principal components associated with

each EOF (standardized).

4.1.1 CRWP1

The analysis of outgoing longwave radiation (OLR) sug-
gests that tropical convection anomalies might play a role
in the initiation of CRWP1 events. Lagged composites of
pentad-mean OLR indicate the presence of convective activ-
ity over the northeastern Indian Ocean in the 10 d before #;,x
(Fig. 6a). Following the mechanism described by Sardesh-
mukh and Hoskins (1988), the anomalously strong convec-
tion becomes the source of a negative vorticity anomaly at
upper levels over the Indian subcontinent that persists while
OLR anomalies progressively decay (Fig. 6¢). The same
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anomaly leads to an acceleration of the subtropical jet stream
on its northern flank, as evidenced by the zonal wind anoma-
lies (Fig. 6a, c). A zoom of Fig. 6 over Southeast Asia is por-
trayed in the Supplement (Fig. S3) to better highlight this se-
ries of steps. Meanwhile, a large-scale anticyclone intensifies
to the east of Japan, together with a cyclonic area in between
that anticyclone and the one over the Indian subcontinent, as
shown by the geopotential and vorticity anomalies (Fig. 6¢).
The anticyclone off the coast of Japan is the same one vis-
ible in the lagged regression analysis over the North Pacific
(Fig. 3a). The arc shape of the Rossby wave train originated
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Figure 3. Linear regression of anomalies in (a, d, f) 250 hPa geopotential, (b, e, h) blocking frequency and (c, f, j) RWP amplitude with
respect to the daily PC time series of (a—¢) EOF1, (d—f) EOF2 and (g-i) EOF3. The regressed 250 hPa zonal wind anomalies and the DJF
climatologies of blocking and RWP amplitude are overlaid over the respective plots (black contours). Bold black latitude circles indicate 35
and 75° N.
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Figure 4. Composites of pentad-mean standardized anomalies of Ey and logarithm of RWP amplitude at fmax of events respectively in the
top and bottom 15 % of (a, b) PC1, (c, d) PC2 and (e, f) PC3. Only significant standardized anomalies (p < 0.01) are shown, as well as
composite E vectors (black arrows) emanating from areas of significant E, anomalies. Bold black latitude circles indicate 35 and 75° N.
The composite of PV at 250 hPa is overlaid (black contours; only 1, 1.5 and 2 PVU)
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Figure 5. As in Fig. 4 but for lagged composites of daily mean standardized anomalies of E, and RWP amplitude, for high (a—d) PC1 and
(e-h) PC2 events, at time lags (a, €) tmax — 3d, (b, f) fmax — 1d, (¢, ) fmax + 1d and (d, h) fmax + 3 d.

from tropical convection becomes well visible more down-
stream, with a trough formed north of Canada and a ridge
centered over Newfoundland between lags —2d and +2d
(Fig. 6e). At positive lags, this Rossby wave train originating
from the tropics disappears, and a more zonal propagation
of wavenumbers 4 to 5 is noticeable over the midlatitudes
(Fig. 6e, g2).

The locations of the anomalous convection and of the
downstream anticyclone are reminiscent of the impact that
MJO phase 3 has on the midlatitude circulation (e.g., Jeong
et al., 2008; Henderson et al., 2016). To verify possible links,
we analyzed the median amplitude and the phase of the MJO
during CRWP1 events. The median MJO amplitude was
tested for significance using bootstrapping: medians exceed-
ing the 95th percentile of the bootstrapped distribution, ob-
tained after resampling 2500 times, were deemed significant.
To take into account possible seasonal variations of MJO am-
plitude, the calendar days of the random events were selected
in a 15d time window centered on the calendar day of each
max, While a random year between 1979 and 2019 (excluding
January—February 1979 and December 2019) was attributed.
A significantly amplified MJO propagating between phase 3
and 4 is indeed observed 7 d before . (Fig. 7a). This re-
sult is consistent with the lagged composite analysis, as MJO
phase 3 corresponds to convection anomalies between India
and Indonesia. The dynamical connection between an active
MJO phase 3—4 and the activity of the Pacific storm track is
achieved by the intensification and extension of the jet stream
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to the north of the diabatically influenced vorticity anomaly
over the Indian subcontinent (Fig. 6a, c). This would induce
quasi-geostrophic forcing for ascent and cyclogenesis at the
left exit of the jet and, consequently, downstream ridging re-
lated to the second anticyclone east of Japan (Jeong et al.,
2008). This result is also consistent with previous work that
connected phase 3 of the MJO to an enhanced activity of
the North Pacific storm track (Guo et al., 2017; Zheng et al.,
2018) and to a poleward displacement of the jet stream over
midlatitudes, first over the Pacific and then over the Atlantic
in the form of a positive phase of the North Atlantic Oscil-
lation (NAO; e.g., Henderson et al., 2016; Lin and Brunet,
2018; Fromang and Riviere, 2020). The positive upper-level
zonal wind anomalies visible over central Europe 4 to 8d
after fax (Fig. 6j), however, are not associated with signifi-
cantly positive NAO at positive lags (not shown).

4.1.2 CRWP2

The initiation of CRWP2 does not appear to be clearly re-
lated to tropical convection: only weak OLR anomalies are
observed over the Indian Ocean 8 to 4 d before 71« (Fig. 6b),
associated with a marginally significant MJO amplitude in
phase 3 (Fig. 7b). We notice incidentally that the MJO re-
mains active even after ., potentially indicating that the
low-latitude propagation of CRWP2 might affect tropical
convection (as suggested already by, e.g., MacRitchie and
Roundy, 2016; Chen et al., 2017; Hong et al., 2017). On
the other hand, the Icelandic and the Aleutian lows are par-
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Figure 6. Lagged composites of significant (p < 0.01, two-sided ¢ test) pentad-mean standardized anomalies of OLR and 250 hPa relative
vorticity (shaded) for (left) CRWP1 and (right) CRWP2 events for the pentads centered at (a, b) tmax — 6d, (¢, d) tmax — 3 d, (e, ) fmax,
(g, h) tmax +3 d and (j, k) tmax + 6 d. Stippling is added on top of vorticity anomalies to better distinguish them in case of overlap. Contours
of pentad-mean 250 hPa geopotential height anomalies (black contours, between —80 and +80 m every 20 m excluding zero) and positive
250 hPa zonal wind anomalies (purple contours, between 4 and 7 m s Lin steps of 1 m s~1) are overlaid.

ticularly active and located slightly more equatorward than
CRWPI events in the period before ryqx (Fig. 6d, f). High-
latitude positive geopotential anomalies are also visible, as
in the regression analysis (Fig. 3d). Although no clear trig-
gering mechanism can be pinpointed for CRWP2, we no-
tice that the equatorward displacement of both the Icelandic
and Aleutian lows leads to a strengthening of the upper-level
geopotential gradients at their southern side and to a reduc-
tion in the tilt of the Atlantic storm track, both factors that
could increase the capability to zonally duct RWPs and sup-
port the occurrence of CRWPs. The extratropical nature of
CRWP2 could also be hinted by the high phase speed of
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the harmonics involved in it (see Fig. 2¢), while the tropical
forcing leading to CRWP1 would be associated with longer
timescales and, therefore, with a projection on slower har-
monics.

4.2 Effect on meridional heat flux and baroclinicity

Time series of standardized anomalies of 7 d averaged baro-
clinicity at 775hPa and transient meridional eddy heat flux
at 700 hPa were analyzed to verify the baroclinic nature of
wave propagation during CRWP1 and CRWP2 events. These
quantities are averaged over three regions: one corresponding
to the North Pacific storm track (30-50° N, 130-180° E), one
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Figure 7. Time series of median amplitude and corresponding phase of Real-time Multivariate (RMM) MJO index values for the set of
(a) CRWP1 and (b) CRWP2 events, evaluated between fmax — 15 d and fmax + 15 d (connected by red line). The values between the 10th and
90th percentile of the bootstrapped MJO amplitude distribution are also depicted (gray region): empty red dots indicate amplitudes exceeding

the 95th percentile of the null distribution.

to the North Atlantic storm track (30-50° N, 80-30° W, as in
Ambaum and Novak, 2014) and one over the 35-75° N lati-
tudinal band where spectral analysis was performed (boxes
depicted in Fig. 9). As done for MJO amplitude, the me-
dian of the distributions of baroclinicity and heat flux stan-
dardized anomalies were tested for significance using boot-
strapping. Medians exceeding the 95th percentile of the boot-
strapped distribution, obtained after resampling 2500 times,
were deemed significant.

4.2.1 CRWP1

The passage of CRWP1 is associated with significantly re-
duced values of baroclinicity over the two main storm track
regions: first in the North Pacific in the 8 d preceding fpax
(Fig. 8a) and then in the North Atlantic in the 8 d after fiax
(Fig. 8c). A significant increase in eddy meridional heat flux
occurs in the same time intervals, indicating enhanced pole-
ward heat transport by baroclinic eddies. This increase is par-
ticularly strong when considering the broad 35-75° N latitu-
dinal belt, although the corresponding decrease in baroclin-
icity is not statistically significant (Fig. 8b). The dynamical
origin of these tendencies is explained by lagged compos-
ites of heptad-mean heat flux and baroclinicity. They illus-
trate how the development of the previously discussed anti-
cyclone over the western North Pacific coincides with sig-
nificantly enhanced meridional heat fluxes (Fig. 9a). Further-
more, the composites show that the significant reduction of
baroclinicity occurs on the southern side of the same anti-
cyclone, as easterlies act to reduce the usual westerly wind
shear that is present over the storm track region. A similar
mechanism is apparent for the anticyclone subsequently de-
veloping over the North Atlantic around #,x, Whose devel-
opment is preceded by anomalously strong meridional heat
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fluxes over eastern North America (Fig. 9b) and followed by
a significant reduction of baroclinicity at its southern side
(Fig. 9¢). The full series of lagged composites for CRWP1
has been added to the Supplement (Fig. S4). The amplifica-
tion of the anticyclones could be due to the enhanced up-
stream baroclinic activity, indicated by the anomalous heat
fluxes, which would result in a meridional amplification of
downstream Rossby waves. Given that these anticyclones co-
incide with low-latitude blocking (Fig. 3b), we also notice
that upstream eddy activity is important for blocking devel-
opment and maintenance, both from a dry dynamics (e.g.,
Shutts, 1983) and a moist dynamics (e.g., Steinfeld and Pfahl,
2019) point of view. As a final remark, we observe that the
spatial pattern of meridional heat fluxes around #,x resem-
bles the one regressed onto the northern baroclinic annular
mode (see Thompson and Li, 2015, their Fig. 6b), sparking
the hypothesis that the latter can be related to CRWP1.

4.2.2 CRWP2

As for CRWP1, CRWP2 events are also associated with
anomalously positive peaks in meridional heat flux, first over
the North Pacific storm track (Fig. 8d) and then over the
North Atlantic (Fig. 8f). These peaks are contextual to a
reduction in background baroclinicity, although no signifi-
cant anomalies are detected. This observation confirms the
baroclinic nature of CRWP2, too. Lagged composites de-
pict meridional heat flux anomalies occurring first over the
Pacific and then over North America, at latitudes generally
lower than PC1 (Fig. 9d—e), and no significant anomalies of
baroclinicity in the two storm track regions.
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Figure 8. Medians of standardized anomalies of 7 d mean, area-averaged baroclinicity s (blue line) and meridional heat flux v*T* (red line)
for the considered set of (a—c) CRWP1 and (d—f) CRWP2 events, at different lead times with respect to tmax, for (a, d) the North Pacific
storm track (30-50° N, 130-180° E), (b, e) the whole mid-to-high latitudes (35-75° N) and (c, f) the North Atlantic storm track (30-50° N,
80-30° W) regions. The length of the orange bars indicates the interquartile range of the heat flux distribution, as well as the width of the
blue shading for s. Empty (filled) dots indicate anomalies exceeding the 95th (99th) percentile of the respective bootstrapped distributions.

4.3 Propagation to the subtropical jet

Lagged composites highlight that enhanced RWP amplitudes
persist over North Africa and the Middle East at positive lags,
while their amplitude keeps decreasing elsewhere (Fig. 5d,
h). This would suggest a propagation of RWPs from the mid-
latitude jet over the Atlantic to the subtropical jet over North
Africa. To verify this hypothesis, composites of E vector,
RWP amplitude and PV are computed for the considered set
of events in the days following fiy,x.-

The propagation of CRWP2 and, although to a minor
extent, of CRWP1 is associated with significant negative
anomalies of the meridional component of E, indicating
positive momentum fluxes and enhanced anticyclonic ori-
entation of transient eddies at the entrance of the subtropi-
cal jet over the Iberian Peninsula and western North Africa
(Fig. 10). Following the close link between the group ve-
locity direction relative to the mean flow and the E vector
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(Hoskins et al., 1983), the significant anomalies of E, log-
ically co-occur with the equatorward propagation of signif-
icant RWP amplitude anomalies from the North Atlantic to
North Africa as seen in the lagged composites of Ey, between
tmax + 1 d and fpax + 3 d (Fig. 10a—f). The transfer of RWPs
from the North Atlantic to the subtropical jet bears some re-
semblance with one of the case studies discussed by Ahmadi-
Givi et al. (2014), underlining the role played by anticyclonic
wave breaking to “close the circle” and connect the Atlantic
with the Pacific storm track via the subtropical jet. This re-
sult is in agreement with Branstator (2002), who identified a
circumglobal teleconnection from a PC analysis over a low-
latitude region occupied by the subtropical jet (0—45° N, 0-
120° E), apparently unrelated to the main storm tracks. Sim-
ilarly, Davies (2015) was able to close their weather chain
by tracking wind anomalies at low latitudes along the sub-
tropical jet back to the Pacific storm track, imposing to their
pattern a periodicity of approximately 10d.
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700 hPa transient meridional heat flux v*T* (shaded), together with heptad-mean geopotential height anomalies (brown contours; only —40,
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obtain the time series of Fig. 8 was performed, are indicated in red. Bold black latitude circles indicate 35 and 75° N.

5 Discussion
5.1 Broader implications

The performed analysis indicates that eastward-propagating
RWPs are present during periods of CRWP1 and CRWP2.
Those RWPs propagate from the Pacific to the Atlantic storm
track and then to the subtropical jet over North Africa. Their
passage is associated with enhanced meridional heat fluxes,
indicative of their baroclinic nature. The wavenumbers in-
volved in the identified CRWPs are consistent with the ones
discussed by previous research (n = 4—6; Branstator, 2002;
Davies, 2015) and the large-scale flow configuration features
enhanced meridional gradients of geopotential height over
both storm tracks, suggesting the presence of jet-level waveg-
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uides over a broad portion of the hemisphere (Martius et al.,
2010; Manola et al., 2013; Wirth, 2020).

These observations indicate that CRWPs are systemati-
cally connected with the propagation of RWPs, at least dur-
ing boreal winter. More in general, the results support the hy-
pothesis that a CRWP can be shaped by the circumglobal ex-
tension of a RWP under large-scale flow conditions featuring
a significant “waveguidability” in the zonal direction. In this
context, planetary or quasi-stationary waves would still be
responsible to shape the hemispheric-scale waveguides and
create the conditions favorable to circumglobal RWP propa-
gation (as hinted by Wirth and Polster, 2021). The correct-
ness of this hypothesis, however, would need to be assessed
in future research work.
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of transient eddies) and logarithm of RWP amplitude (green for positive, magenta for negative values) for (left) CRWP1 and (right) CRWP2
events at (a, b) +1d, (¢c,d) +2d, (e, f) +3 d and (g, h) +4 d with respect to fmax. The composite of PV at 250 hPa is overlaid (black contours;
only 1, 1.5 and 2PVU), as well as the composite E vectors (black arrows) and DJF mean E vectors (green arrows) emanating from areas of

significant Ey anomalies.

5.2 Limitations

A limitation of the employed approach is the fact that har-
monics with ¢y =0m s~! are not resolved by the spec-
tral analysis, and quasi-stationary waves are only partly re-
solved for small zonal wavenumbers (see Text S2 for fur-
ther details). This limitation could emphasize the role of non-
stationary transients with respect to quasi-stationary waves,
with the former being picked up more clearly by the EOF
analysis. This problem, however, affects most significantly
lower wavenumbers than the ones involved in the identified
CRWPs. We cannot fully exclude the existence of a CRWP
projecting for most of its lifetime over harmonics with ¢y, =
0ms~! and, therefore, not captured by the employed spectral
analysis. These CRWPs could not emerge due to the previ-
ously discussed incapability of the space—time spectral anal-
ysis to fully resolve quasi-stationary waves. However, the hy-
pothesis that a CRWP described by a perfectly stationary cir-
cumglobal wave with wavenumbers n = 4-6, as for CRWPI,
over a period of 61d (or even of 37d excluding tapering)
seems unrealistic: such a CRWP should feature some degree

Weather Clim. Dynam., 3, 449—-469, 2022

of propagation, albeit slow, that would be captured by the
employed methodology (otherwise it would need to emerge
everywhere at the same time). The alternative nature of a
quasi-stationary CRWP with respect to a RWP propagating
along the jet stream would also need to be theoretically justi-
fied: a possibility would be the quasi-resonant amplification
of planetary waves (Petoukhov et al., 2013), a framework
whose applicability has been, however, recently questioned
(Wirth, 2020).

This study is not a systematic classification of all possi-
ble CRWPs. The use of EOF analysis is indeed not appro-
priate for that purpose, as other CRWPs are bound to ap-
pear in higher-order EOFs. In this study we have limited our-
selves to the first two EOFs only, which exhibit the simplest
patterns in the spectral space and explain the highest vari-
ances. More in general, the approach is based on the implicit
assumption that CRWPs, if they exist, must feature consis-
tent spectral properties across a broad portion of the hemi-
sphere, strong enough to be picked up by the spectral analy-
sis. The enhancement of few wavenumber—phase-speed har-
monics in the same time interval would ensure that a sin-
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gle Rossby wave (or RWP, in case of multiple wavenumbers
and frequencies) with those harmonics is the one shaping the
CRWP. On the other hand, the enhancement of several har-
monics in different portions of the spectrum would be an in-
dication of uncoordinated Rossby wave activity across the
hemisphere, i.e., not belonging to a CRWP. This assump-
tion might be simplistic: it cannot be excluded, for instance,
that uncoordinated RWPs could project by chance on simi-
lar wavenumber—phase-speed harmonics or that, conversely,
a CRWP undergoing strong meridional amplification could
project on a broader range of harmonics than expected. The
compositing of several CRWP events mitigates the impact of
this limitation on the results, but defining more precise spec-
tral fingerprints or adding further constraints (e.g., in terms
of RWP location or magnitude across the hemisphere) would
likely be needed before applying this approach to compile a
synoptic climatology of CRWPs.

6 Conclusions and outlook

Space-time spectral analysis can provide a compact charac-
terization of the Rossby waves propagating above Northern
Hemispheric midlatitudes in a given time interval. It allows
us to assess which harmonics contribute the most to the evo-
lution of the hemispheric flow pattern, evaluating its shape
and zonal propagation at the same time. This approach pro-
vides a favorable framework to study CRWPs, as the Rossby
wave trains constituting them project clearly on distinct har-
monics in the spectral domain. We compiled a climatology
of the spectral signatures of midlatitude Rossby waves and
let CRWPs emerge from it as variability patterns with a
prominent, well-defined signal in the spectral domain. The
first two spectral variability patterns identified with this ap-
proach are indeed related to the zonal propagation of signif-
icantly amplified, transient Rossby waves over a significant
portion of the hemisphere. Such CRWPs are embedded in
a hemispheric-scale circulation pattern characterized by en-
hanced upper-tropospheric, meridional gradients of geopo-
tential height. We reiterate that these CRWPs emerge from
the analysis of spectral properties of midlatitude Rossby
waves, without imposing any explicit constraint about the
presence of circumglobal waveguides or filtering for specific
wavenumbers or timescales.

The first mode of spectral variability during boreal win-
ter corresponds to an eastward-traveling CRWP stretching
from the Pacific to the Atlantic storm track and that in-
volves exclusively zonal wavenumbers between n =4 and
n = 6. The second mode of spectral variability features a se-
lective enhancement of wavenumbers larger than or equal to
n = 6 concomitant to a suppression of slow harmonics with
lower wavenumbers, and it corresponds to the rapid eastward
propagation of a CRWP over lower midlatitudes. The CR-
WPs related to these two modes are identified respectively as
CRWP1 and CRWP2.
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The analyzed CRWPs share some common features and
bear some differences. Both originate first in the North Pa-
cific storm track and then propagate to the North Atlantic
one. Their propagation is associated with positive anomaly of
low-level meridional heat flux over the same regions, which
is indicative of the baroclinic activity associated with the
traveling RWPs. Both CRWPs, but in particular CRWP2,
propagate from the North Atlantic to the subtropical jet over
North Africa, suggesting a potential role of the subtropical
jet as a connector between the Atlantic and the Pacific storm
tracks. Speaking of differences between the two patterns,
CRWP?2 propagates at overall lower latitudes, and its prop-
agation is more rapid than for CRWP1. The main difference,
however, lies in their origin: tropical convection in the In-
dian Ocean likely plays an important role in the initiation of
CRWP1, as evidenced by the significant OLR anomalies reg-
istered in the region before CRWP1 events and by the sim-
ilarity of the circulation pattern to the one following strong
MIJO events in phase 3. On the other hand, CRWP2 events
occur together with a concomitant intensification and slight
equatorward shift of the Icelandic and Aleutian lows, which
might contribute to a reduction in the tilt of the storm tracks
(in particular of the Atlantic) and favor a more zonal propa-
gation of RWPs.

We speculate that configurations of enhanced meridional
gradients of geopotential height might support the occur-
rence of CRWPs; this hypothesis needs to be investigated in
future work to assess which properties of the large-scale flow
can favor circumglobal RWP propagation. A similar analysis
to the one performed in this piece of work can be proposed
for boreal summer to study warm-season CRWPs: however,
performing a circumglobal spectral analysis might not be
as appropriate because the two storm tracks are less con-
nected and are associated with weaker waveguides in sum-
mer with respect to winter (Branstator and Teng, 2017; Teng
and Branstator, 2019). Overall, this study is a first effort to
systematically connect midlatitude circulation variability at
the hemispheric scale with its spectral signature. This fin-
gerprint of the large-scale circulation can be employed to
characterize the shape and propagation of Rossby waves in
a global fashion, without the need of filtering, and pave the
way to new quantitative tools (as the global phase speed met-
ric developed by Riboldi et al., 2020). Being applied on grid-
ded output of standard meteorological quantities, the method
can be easily implemented in climate models to highlight po-
tential biases in the representation of CRWPs or other circu-
lation features, like atmospheric blocking, and assess their
possible alterations under different global warming scenar-
i0s.

Code availability. The code for analysis is available from the cor-
responding author upon request.
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Data availability. The results of this study are based
on data from the ERA-Interim reanalysis, available at
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/
reanalysis-datasets/era-interim(last access: 8 November 2019,
ECMWEF, 2011). Daily MJO data for the considered period are ob-
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Other diagnostics employed and produced during the analysis are
available from the authors upon request.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/wcd-3-449-2022-supplement.

Author contributions. JR wrote the manuscript and, together with
ER, developed the concept of the project and executed the analy-
sis. FL contributed to the development of the spectral analysis tool
and, together with FD’A and GR, supported the implementation of
the project, the interpretation of the results and the editing of the
manuscript.

Competing interests. The contact author has declared that neither
they nor their co-authors have any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We thank three anonymous reviewers and the
editor, Nili Harnik, for their thoughtful and helpful comments about
the first version of the manuscript. The atmospheric blocking data
set has been kindly provided by the Institute of Atmospheric and
Climate Science of ETH Zurich. The authors would also like to
thank Dim Coumou and Gabriele Messori for the feedback on pre-
vious version of this work.

Financial support. This research has been supported by funding
from the JPI Climate/Belmont Forum project GOTHAM (grant
nos. ANR-15-JCLI-0004-01 and 01LP1611A).

Review statement. This paper was edited by Nili Harnik and re-
viewed by three anonymous referees.

References

Ahmadi-Givi, F.,, Nasr-Esfahany, M., and Mohebalhojeh, A. R.:
Interaction of North Atlantic baroclinic wave packets and the
Mediterranean storm track, Q. J. Roy. Meteor. Soc., 140, 754—
765, https://doi.org/10.1002/qj.2171, 2014.

Weather Clim. Dynam., 3, 449-469, 2022

Ali, S. M., Martius, O., and Rothlisberger, M.: Recurrent Rossby
wave packets modulate the persistence of dry and wet spells
across the globe, Geophys. Res. Lett., 48, ¢2020GL091452,
https://doi.org/10.1029/2020GL091452, 2021.

Altenhoff, A. M., Martius, O., Croci-Maspoli, M., Schwierz, C., and
Davies, H. C.: Linkage of atmospheric blocks and synoptic-scale
Rossby waves: a climatological analysis, Tellus A, 60, 1053—
1063, https://doi.org/10.1111/j.1600-0870.2008.00354.x, 2008.

Ambaum, M. H. P. and Novak, L.: A nonlinear oscillator describing
storm track variability, Q. J. Roy. Meteor. Soc., 140, 2680-2684,
https://doi.org/10.1002/qj.2352, 2014.

Branstator, G.: Circumglobal teleconnections, the jet stream
Waveguide, and the North Atlantic Oscillation, J. Cli-
mate, 15, 1893-1910, https://doi.org/10.1175/1520-
0442(2002)015<1893:CTTISW>2.0.CO;2, 2002.

Branstator, G. and Teng, H.: Tropospheric waveguide telecon-
nections and their seasonality, J. Atmos. Sci., 74, 1513-1532,
https://doi.org/10.1175/JAS-D-16-0305.1, 2017.

Cassou, C.: Intraseasonal interaction between the Madden—Julian
Oscillation and the North Atlantic Oscillation, Nature, 455, 523—
527, https://doi.org/10.1038/nature07286, 2008.

Chang, E. K. M., Lee, S., and Swanson, K. L.: Storm Track Dynam-
ics, J. Climate, 15, 2163-2183, https://doi.org/10.1175/1520-
0442(2002)015<02163:STD>2.0.C0O;2, 2002.

Chen, X., Li, C., Ling, J., and Tan, Y.: Impact of East Asian win-
ter monsoon on MJO over the equatorial western Pacific, Theor.
Appl. Climatol., 127, 551-561, https://doi.org/10.1007/s00704-
015-1649-x, 2017.

Cooley, J. W. and Tukey, J. W.: An algorithm for the machine cal-
culation of complex Fourier series, Math. Comp., 19, 297-301,
https://doi.org/10.1090/S0025-5718-1965-0178586-1, 1965.

Coumou, D., Petoukhov, V., Rahmstorf, S., Petri, S., and
Schellnhuber, H. J.: Quasi-resonant circulation regimes and
hemispheric synchronization of extreme weather in bo-
real summer, P. Natl. Acad. Sci. USA, 111, 12331-12336,
https://doi.org/10.1073/pnas.1412797111, 2014.

Davies, H.: Weather chains during the 2013/2014 winter and their
significance for seasonal prediction, Nat. Geosci., 8, 833-837,
https://doi.org/10.1038/nge02561, 2015.

Davini, P., Cagnazzo, C., Gualdi, S., and Navarra, A.: Bidi-
mensional diagnostics, variability, and trends of North-
ern Hemisphere blocking, J. Climate, 25, 6496-6509,
https://doi.org/10.1175/JCLI-D-12-00032.1, 2012.

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V.,
Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally,
A. P, Monge-Sanz, B. M., Morcette, J.-J., Park, B.-K., Peubey,
C., de Rosnay, P., Tavolato, C., Thepaut, J.-N., and Vitart, F.: The
ERA-Interim reanalysis: Configuration and performance of the
data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553-597,
https://doi.org/10.1002/q;.828, 2011.

Dell’ Aquila, A., Lucarini, V., Ruti, P., and Calmanti, S.: Hayashi
spectra of the Northern Hemisphere mid-latitude atmospheric
variability in the NCEP-NCAR and ECMWEF reanalyses,
Clim. Dynam., 25, 639-652, https://doi.org/10.1007/s00382-
005-0048-x, 2005.

https://doi.org/10.5194/wcd-3-449-2022


https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim
http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt
http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt
https://doi.org/10.5194/wcd-3-449-2022-supplement
https://doi.org/10.1002/qj.2171
https://doi.org/10.1029/2020GL091452
https://doi.org/10.1111/j.1600-0870.2008.00354.x
https://doi.org/10.1002/qj.2352
https://doi.org/10.1175/1520-0442(2002)015<1893:CTTJSW>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<1893:CTTJSW>2.0.CO;2
https://doi.org/10.1175/JAS-D-16-0305.1
https://doi.org/10.1038/nature07286
https://doi.org/10.1175/1520-0442(2002)015<02163:STD>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<02163:STD>2.0.CO;2
https://doi.org/10.1007/s00704-015-1649-x
https://doi.org/10.1007/s00704-015-1649-x
https://doi.org/10.1090/S0025-5718-1965-0178586-1
https://doi.org/10.1073/pnas.1412797111
https://doi.org/10.1038/ngeo2561
https://doi.org/10.1175/JCLI-D-12-00032.1
https://doi.org/10.1002/qj.828
https://doi.org/10.1007/s00382-005-0048-x
https://doi.org/10.1007/s00382-005-0048-x

J. Riboldi et al.: CRWPs emerging from space—time spectral analysis 467

European Centre for Medium-range Weather Forecast (ECMWEF):
The ERA-Interim reanalysis dataset, Copernicus Climate
Change Service (C3S), https://www.ecmwf.int/en/forecasts/
datasets/archive-datasets/reanalysis-datasets/era-interim  (last
access: 8 November 2019), 2011.

Ferranti, L., Magnusson, L., Vitart, F., and Richardson, D. S.: How
far in advance can we predict changes in large-scale flow leading
to severe cold conditions over Europe?, Q. J. Roy. Meteor. Soc.,
144, 17881802, https://doi.org/10.1002/qj.3341, 2018.

Fragkoulidis, G., Wirth, V., Bossmann, P., and Fink, A. H.

Linking Northern Hemisphere temperature extremes to
Rossby wave packets, Q. J. Roy. Meteor. Soc., 144, 553-566,
https://doi.org/10.1002/qj.3228, 2018.

Franzke, C., Fraedrich, K., and Lunkeit, F.: Low-frequency variabil-
ity in a simplified atmospheric global circulation model: Storm-
track induced “spatial resonance”, Q. J. Roy. Meteor. Soc., 126,
2691-2708, https://doi.org/10.1002/qj.49712656905, 2006.

Fromang, S. and Riviere, G.: The effect of the Madden—Julian
Oscillation on the North Atlantic Oscillation using ideal-
ized numerical experiments, J. Atmos. Sci., 77, 1613-1635,
https://doi.org/10.1175/JAS-D-19-0178.1, 2020.

Gollan, G., Bastin, S., and Greatbatch, R. J.: Tropical precipitation
influencing boreal winter midlatitude blocking, Atmos. Sci. Lett.,
20, €900, https://doi.org/10.1002/as1.900, 2019.

Grise, K. M., Son, S.-W., and Gyakum, J. R.: Intraseasonal and in-
terannual variability in North American storm tracks and its rela-
tionship to equatorial Pacific variability, Mon. Weather Rev., 141,
3610-3625, https://doi.org/10.1175/MWR-D-12-00322.1, 2013.

Guo, Y., Shinoda, T., Lin, J.,, and Chang, E. K. M.: Varia-
tions of Northern Hemisphere storm track and extratropical cy-
clone activity associated with the Madden—Julian Oscillation,
J. Climate, 30, 4799-4818, https://doi.org/10.1175/JCLI-D-16-
0513.1, 2017.

Hakim, G. J.: Developing wave packets in the
North  Pacific storm track, Mon. Weather Rev.,
131, 2824-2837, https://doi.org/10.1175/1520-
0493(2003)131<2824:DWPITN>2.0.C0O;2, 2003.

Harnik, N., Messori, G., Caballero, R., and Feldstein, S. B.: The
Circumglobal North American wave pattern and its relation to
cold events in eastern North America, Geophys. Res. Lett., 43,
11015-11023, https://doi.org/10.1002/2016GL070760, 2016.

Hartmann, D. L.: Pacific sea surface temperature and the
winter of 2014, Geophys. Res. Lett., 42, 1894-1902,
https://doi.org/10.1002/2015GL063083, 2015.

Henderson, S. A., Maloney, E. D., and Barnes, E. A.: The
influence of the Madden—Julian Oscillation on Northern
Hemisphere winter blocking, J. Climate, 29, 45974616,
https://doi.org/10.1175/JCLI-D-15-0502.1, 2016.

Hong, C.-C., Hsu, H.-H., Tseng, W.-L., Lee, M.-Y., Chow, C.-
H., and Jiang, L.-C.: Extratropical Forcing Triggered the 2015
Madden—Julian Oscillation—El Nifio Event, Sci. Rep., 7, 46692,
https://doi.org/10.1038/srep46692, 2017.

Hoskins, B. J. and Ambrizzi, T.. Rossby Wave Propaga-
tion on a realistic longitudinally varying flow, J. At-
mos. Sci., 50, 1661-1671, https://doi.org/10.1175/1520-
0469(1993)050<1661:RWPOAR>2.0.CO;2, 1993.

Hoskins, B. J. and Hodges, K. I.: The annual cycle of Northern
Hemisphere storm tracks. Part I: Seasons, J. Climate, 32, 1743—
1760, https://doi.org/10.1175/JCLI-D-17-0870.1, 2019a.

https://doi.org/10.5194/wcd-3-449-2022

Hoskins, B. J. and Hodges, K. 1.: The annual cycle of Northern
Hemisphere storm tracks. Part II: Regional Detail, J. Climate, 32,
1761-1775, https://doi.org/10.1175/JCLI-D-17-0871.1, 2019b.

Hoskins, B. J. and Karoly, D. J.: The steady linear response
of a spherical atmosphere to thermal and orographic Forcing,
J. Atmos. Sci., 38, 1179-1196, https://doi.org/10.1175/1520-
0469(1981)038<1179:TSLROA>2.0.CO;2, 1981.

Hoskins, B. J. and Valdes, P. J.: On the existence of Storm-Tracks,
J. Atmos. Sci., 47, 1854-1864, https://doi.org/10.1175/1520-
0469(1990)047<1854:0TEOST>2.0.C0O;2, 1990.

Hoskins, B. J., James, I. N., and White, G. H.: The shape, propaga-
tion and mean-flow interaction of large-scale weather systems,
J. Atmos. Sci., 40, 1595-1612, https://doi.org/10.1175/1520-
0469(1983)040<1595: TSPAMF>2.0.CO;2, 1983.

Jeong, J.-H., Kim, B.-M., Ho, C.-H., and Noh, Y.-H.: System-
atic variation in wintertime precipitation in East Asia by MJO-
induced extratropical vertical motion, J. Climate, 21, 788-801,
https://doi.org/10.1175/2007JCLI1801.1, 2008.

Jolly, E., D’Andrea, F., Riviere, G., and Fromang, S.: Link-
ing warm Arctic winters, Rossby waves, and cold spells: An
idealized numerical study, J. Atmos. Sci., 78, 2783-2799,
https://doi.org/10.1175/JAS-D-20-0088.1, 2021.

Kornhuber, K., Petoukhov, V., Petri, S., Rahmstorf, S., and Coumou,
D.: Evidence for wave resonance as a key mechanism for gener-
ating high—amplitude quasi—stationary waves in boreal summer,
Clim. Dynam., 49, 1961-1979, https://doi.org/10.1007/s00382-
016-3399-6, 2017.

Kornhuber, K., Osprey, S., Coumou, D., Petri, S., Petoukhov,
V., Rahmstorf, S., and Gray, L.: Extreme weather events
in early summer 2018 connected by a recurrent hemi-
spheric wave-7 pattern, Environ. Res. Lett., 14, 054002,
https://doi.org/10.1088/1748-9326/ab13bf, 2019.

Kornhuber, K., Comou, D., Vogel, E., Lesk, C., Donges, J. F,
Lehmann, J., and Horton, R. M.: Amplified Rossby waves en-
hance risk of concurrent heatwaves in major breadbasket regions,
Nat. Clim. Chang., 10, 48-53, https://doi.org/10.1038/s41558-
019-0637-z, 2020.

Lee, S. and Held, 1. M.: Baroclinic wave pack-
ets in models and observations, J. Atmos. Sci.,
50, 1413-1428, https://doi.org/10.1175/1520-
0469(1993)050<1413:BWPIMA>2.0.CO;2, 1993.

Lin, H. and Brunet, G.: Extratropical response to the MJO: Non-
linearity and sensitivity to the initial State, J. Atmos. Sci., 75,
219-234, https://doi.org/10.1175/JAS-D-17-0189.1, 2018.

Lott, F., Kuttippurath, J., and Vial, F.: A Climatology of the
gravest waves in the equatorial lower and middle strato-
sphere: Method and results for the ERA-40 Re-Analysis
and the LMDz GCM, J. Atmos. Sci.,, 66, 1327-1346,
https://doi.org/10.1175/2008JAS2880.1, 2009.

MacRitchie, K. and Roundy, P. E.: The two-way relation-
ship between the Madden—Julian oscillation and anticyclonic
wave breaking, Q. J. Roy. Meteor. Soc., 142, 2159-2167,
https://doi.org/10.1002/qj.2809, 2016.

Manola, I., Selten, F., de Vries, H., and Hazeleger, W.: “Waveguid-
ability” of idealized jets, J. Geophys. Res.-Atmos., 118, 10432—
10440, https://doi.org/10.1002/jgrd.50758, 2013.

Martineau, P., Chen, G., and Burrows, D. A.: Wave events: Cli-
matology, trends, and relationship to Northern Hemisphere win-

Weather Clim. Dynam., 3, 449-469, 2022


https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim
https://doi.org/10.1002/qj.3341
https://doi.org/10.1002/qj.3228
https://doi.org/10.1002/qj.49712656905
https://doi.org/10.1175/JAS-D-19-0178.1
https://doi.org/10.1002/asl.900
https://doi.org/10.1175/MWR-D-12-00322.1
https://doi.org/10.1175/JCLI-D-16-0513.1
https://doi.org/10.1175/JCLI-D-16-0513.1
https://doi.org/10.1175/1520-0493(2003)131<2824:DWPITN>2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131<2824:DWPITN>2.0.CO;2
https://doi.org/10.1002/2016GL070760
https://doi.org/10.1002/2015GL063083
https://doi.org/10.1175/JCLI-D-15-0502.1
https://doi.org/10.1038/srep46692
https://doi.org/10.1175/1520-0469(1993)050<1661:RWPOAR>2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050<1661:RWPOAR>2.0.CO;2
https://doi.org/10.1175/JCLI-D-17-0870.1
https://doi.org/10.1175/JCLI-D-17-0871.1
https://doi.org/10.1175/1520-0469(1981)038<1179:TSLROA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038<1179:TSLROA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047<1854:OTEOST>2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047<1854:OTEOST>2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040<1595:TSPAMF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040<1595:TSPAMF>2.0.CO;2
https://doi.org/10.1175/2007JCLI1801.1
https://doi.org/10.1175/JAS-D-20-0088.1
https://doi.org/10.1007/s00382-016-3399-6
https://doi.org/10.1007/s00382-016-3399-6
https://doi.org/10.1088/1748-9326/ab13bf
https://doi.org/10.1038/s41558-019-0637-z
https://doi.org/10.1038/s41558-019-0637-z
https://doi.org/10.1175/1520-0469(1993)050<1413:BWPIMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050<1413:BWPIMA>2.0.CO;2
https://doi.org/10.1175/JAS-D-17-0189.1
https://doi.org/10.1175/2008JAS2880.1
https://doi.org/10.1002/qj.2809
https://doi.org/10.1002/jgrd.50758

468 J. Riboldi et al.: CRWPs emerging from space—time spectral analysis

ter blocking and weather extremes, J. Climate, 30, 5675-5697,
https://doi.org/10.1175/JCLI-D-16-0692.1, 2017.

Martius, O., Schwierz, C., and Davies, H. C.: Tropopause-
Level Waveguides, J. Atmos. Sci., 67, 866-879,
https://doi.org/10.1175/2009JAS2995.1, 2010.

Orlanski, I.: Poleward deflection of storm tracks, J. At-
mos. Sci., 55, 2577-2602, https://doi.org/10.1175/1520-
0469(1998)055<2577:PDOST>2.0.CO;2, 1998.

Pelly, J. L. and Hoskins, B. J.: A new perspective on block-
ing, J. Atmos. Sci., 60, 743-755, https://doi.org/10.1175/1520-
0469(2003)060<0743:ANPOB>2.0.CO;2, 2003.

Petoukhov, V., Rahmstorf, S., Petri, S., and Schellnhu-

ber, H. J.: Quasiresonant amplification of planetary
waves and recent Northern Hemisphere weather ex-
tremes, P. Natl. Acad. Sci. USA, 110, 5336-5341,

https://doi.org/10.1073/pnas.1222000110, 2013.

Randel, W. J. and Held, I. M.: Phase speed spectra of
transient eddy fluxes and critical layer absorption, J.
Atmos. Sci., 48, 688-697, https://doi.org/10.1175/1520-
0469(1991)048<0688:PSSOTE>2.0.CO;2, 1991.

Riboldi, J., Grams, C. M., Riemer, M., and Archambault, H. M.:
A phase locking perspective on Rossby wave amplification and
atmospheric blocking downstream of recurving western North
Pacific tropical cyclones, Mon. Weather Rev., 147, 567-589,
https://doi.org/10.1175/MWR-D-18-0271.1, 2019.

Riboldi, J., Lott, F., D’ Andrea, F., and Riviere, G.: On the Linkage
Between Rossby Wave Phase Speed, Atmospheric Blocking, and
Arctic Amplification, Geophys. Res. Lett., 47, e2020GL087796,
https://doi.org/10.1029/2020GL087796, 2020.

Riviere, G. and Drouard, M.: Dynamics of the Northern Annu-
lar Mode at weekly time scales, J. Atmos. Sci., 72, 4569—4590,
https://doi.org/10.1175/JAS-D-15-0069.1, 2015.

Rossby, C.-G.: Planetary flow patterns in the atmosphere, Q. J. Roy.
Meteor. Soc., 66, 68—87, 1940.

Rothlisberger, M., Frossard, L., Bosart, L. F., Keyser, D., and Mar-
tius, O.: Recurrent synoptic-scale Rossby wave patterns and their
effect on the persistence of cold and hot spells, J. Climate, 32,
3207-3226, https://doi.org/10.1175/JCLI-D-18-0664.1, 2019.

Sardeshmukh, P. D. and Hoskins, B. J.: The generation of
global rotational flow by steady idealized tropical divergence,
J. Atmos. Sci., 45, 1228-1251, https://doi.org/10.1175/1520-
0469(1988)045<1228:TGOGRF>2.0.CO;2, 1988.

Schemm, S. and Schneider, T.: Eddy lifetime, number, and diffu-
sivity and the suppression of eddy kinetic energy in midwinter,
J. Climate, 31, 5649-5665, https://doi.org/10.1175/JCLI-D-17-
0644.1, 2018.

Schemm, S., Rivieére, G., Ciasto, L. M., and Li, C.: Extrat-
ropical cyclogenesis changes in connection with tropospheric
ENSO teleconnections to the North Atlantic: Role of sta-
tionary and transient Waves, J. Atmos. Sci., 75, 3943-3964,
https://doi.org/10.1175/JAS-D-17-0340.1, 2018.

Schemm, S., Wernli, H., and Binder, H.: The storm-track sup-
pression over the western North Pacific from a cyclone
life-cycle perspective, Weather Clim. Dynam., 2, 55-69,
https://doi.org/10.5194/wcd-2-55-2021, 2021.

Schwierz, C., Croci-Maspoli, M., and Davies, H. C.: Perspica-
cious indicators of atmospheric blocking, Geophys. Res. Lett.,
31, L06125, https://doi.org/10.1029/2003GL019341, 2004.

Weather Clim. Dynam., 3, 449-469, 2022

Shutts, G. J.: The propagation of eddies in diffluent jetstreams: Eddy
vorticity forcing of “blocking” flow fields, Q. J. Roy. Meteor.
Soc., 109, 737-761, https://doi.org/10.1002/qj.49710946204,
1983.

Small, R., Tomas, R., and Bryan, F.: Storm track response to ocean
fronts in a global high-resolution climate model, Clim. Dynam.,
43, 805828, https://doi.org/10.1007/s00382-013-1980-9, 2014.

Steinfeld, D. and Pfahl, S.: The role of latent heating in atmospheric
blocking dynamics: a global climatology, Clim. Dynam., 53,
6159-6180, https://doi.org/10.1007/s00382-019-04919-6, 2019.

Sussman, H., Raghavendra, A., Roundy, P, and Dai, A.
Trends in northern midlatitude atmospheric wave power
from 1950 to 2099, Clim. Dynam., 54, 2903-2918,
https://doi.org/10.1007/s00382-020-05143-3, 2020.

Teng, H. and Branstator, G.: Amplification of waveguide telecon-
nections in the Boreal summer, Curr. Clim. Change Rep., 5, 421—
432, https://doi.org/10.1007/s40641-019-00150-x, 2019.

Thompson, D. W. J. and Li, Y.: Baroclinic and barotropic annular
variability in the Northern Hemisphere, J. Atmos. Sci., 72, 1117—
1136, https://doi.org/10.1175/JAS-D-14-0104.1, 2015.

Tibaldi, S. and Molteni, F.: On the operational predictability of
blocking, Tellus A, 42, 343-365, https://doi.org/10.1034/j.1600-
0870.1990.t01-2-00003.x, 1990.

Trenberth, K. E.: An assessment of the impact of tran-
sient eddies on the zonal flow during a blocking episode
using localized Eliassen—Palm flux diagnostics, J. At-
mos. Sci., 43, 2070-2087, https://doi.org/10.1175/1520-
0469(1986)043<2070:AAOTIO>2.0.CO;2, 1986.

Wang, S.-Y., Hipps, L., Gillies, R. R., and Yoon, J.-H.: Prob-
able causes of the abnormal ridge accompanying the 2013—
2014 California drought: ENSO precursor and anthropogenic
warming footprint, Geophys. Res. Lett., 41, 3220-3226,
https://doi.org/10.1002/2014GL059748, 2014.

Wheeler, M. C. and Hendon, H. H.: An All-Season Real-

Time Multivariate MJO Index: Development of an
Index for Monitoring and Prediction, Mon. Weather
Rev., 132, 1917-1932,  https://doi.org/10.1175/1520-

0493(2004)132<1917:AARMMI>2.0.CO:;2, 2004 (data
available at:  http://www.bom.gov.au/climate/mjo/graphics/
rmm.74toRealtime.txt, last access: 20 May 2021).

Wheeler, M. and Kiladis, G. N.: Convectively coupled
equatorial waves: Analysis of clouds and tempera-
ture in the wavenumber—frequency domain, J. At-
mos. Sci., 56, 374-399, https://doi.org/10.1175/1520-
0469(1999)056<0374:CCEWAO>2.0.CO;2, 1999.

White, R. H., Kornhuber, K., Martius, O., and Wirth, V.:
From atmospheric waves to heatwaves: A waveguide perspec-
tive for understanding and predicting concurrent, persistent
and extreme extratropical weather, B. Am. Meteorol. Soc.,
https://doi.org/10.1175/BAMS-D-21-0170.1, online first, 2021.

Wirth, V.: Waveguidability of idealized midlatitude jets and the lim-
itations of ray tracing theory, Weather Clim. Dynam., 1, 111—
125, https://doi.org/10.5194/wcd-1-111-2020, 2020.

Wirth, V. and Polster, C.: The problem of diagnosing jet waveguid-
ability in the presence of large-amplitude eddies, J. Atmos. Sci.,
78, 3137-3151, https://doi.org/10.1175/JAS-D-20-0292.1, 2021.

Wirth, V., Riemer, M., Chang, E. K. M., and Martius, O.: Rossby
wave packets on the midlatitude waveguide — A review, Mon.

https://doi.org/10.5194/wcd-3-449-2022


https://doi.org/10.1175/JCLI-D-16-0692.1
https://doi.org/10.1175/2009JAS2995.1
https://doi.org/10.1175/1520-0469(1998)055<2577:PDOST>2.0.CO;2
https://doi.org/10.1175/1520-0469(1998)055<2577:PDOST>2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060<0743:ANPOB>2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060<0743:ANPOB>2.0.CO;2
https://doi.org/10.1073/pnas.1222000110
https://doi.org/10.1175/1520-0469(1991)048<0688:PSSOTE>2.0.CO;2
https://doi.org/10.1175/1520-0469(1991)048<0688:PSSOTE>2.0.CO;2
https://doi.org/10.1175/MWR-D-18-0271.1
https://doi.org/10.1029/2020GL087796
https://doi.org/10.1175/JAS-D-15-0069.1
https://doi.org/10.1175/JCLI-D-18-0664.1
https://doi.org/10.1175/1520-0469(1988)045<1228:TGOGRF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<1228:TGOGRF>2.0.CO;2
https://doi.org/10.1175/JCLI-D-17-0644.1
https://doi.org/10.1175/JCLI-D-17-0644.1
https://doi.org/10.1175/JAS-D-17-0340.1
https://doi.org/10.5194/wcd-2-55-2021
https://doi.org/10.1029/2003GL019341
https://doi.org/10.1002/qj.49710946204
https://doi.org/10.1007/s00382-013-1980-9
https://doi.org/10.1007/s00382-019-04919-6
https://doi.org/10.1007/s00382-020-05143-3
https://doi.org/10.1007/s40641-019-00150-x
https://doi.org/10.1175/JAS-D-14-0104.1
https://doi.org/10.1034/j.1600-0870.1990.t01-2-00003.x
https://doi.org/10.1034/j.1600-0870.1990.t01-2-00003.x
https://doi.org/10.1175/1520-0469(1986)043<2070:AAOTIO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1986)043<2070:AAOTIO>2.0.CO;2
https://doi.org/10.1002/2014GL059748
https://doi.org/10.1175/1520-0493(2004)132<1917:AARMMI>2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132<1917:AARMMI>2.0.CO;2
http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt
http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt
https://doi.org/10.1175/1520-0469(1999)056<0374:CCEWAO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<0374:CCEWAO>2.0.CO;2
https://doi.org/10.1175/BAMS-D-21-0170.1
https://doi.org/10.5194/wcd-1-111-2020
https://doi.org/10.1175/JAS-D-20-0292.1

J. Riboldi et al.: CRWPs emerging from space—time spectral analysis 469

Weather Rev., 146, 1965-2001, https://doi.org/10.1175/MWR-
D-16-0483.1, 2018.

Woollings, T. and Hoskins, B.: Simultaneous Atlantic—Pacific
blocking and the Northern Annular Mode, Q. J. Roy. Meteor.
Soc., 134, 1635-1646, https://doi.org/10.1002/qj.310, 2008.

Xu, P, Wang, L., Vallis, G. K., Geen, R., Screen, J. A., Wu, P,
Ding, S., Huang, P, and Chen, W.: Amplified waveguide tele-
connections along the Polar Front Jet favor summer tempera-
ture extremes over Northern Eurasia, Geophys. Res. Lett., 48,
€2021GL093735, https://doi.org/10.1029/2021GL093735, 2021.

Yang, S., Reinhold, B., and Kaillén, E.: Multiple weather
regimes and baroclinically forced spherical resonance, J.
Atmos. Sci., 54, 1397-1409, https://doi.org/10.1175/1520-
0469(1997)054<1397:MWRABF>2.0.CO;2, 1997.

https://doi.org/10.5194/wcd-3-449-2022

Zheng, C., Kar-Man Chang, E., Kim, H.-M., Zhang, M.,
and Wang, W.: Impacts of the Madden—Julian Oscillation
on storm-track Activity, surface air temperature, and pre-
cipitation over North America, J. Climate, 31, 6113-6134,
https://doi.org/10.1175/JCLI-D-17-0534.1, 2018.

Zimin, A. V., Szunyogh, I., Hunt, B. R., and Ott, E.: Ex-
tracting envelopes of nonzonally propagating Rossby
wave packets, Mon. Weather Rev., 134, 1329-1333,
https://doi.org/10.1175/MWR3122.1, 2006.

Weather Clim. Dynam., 3, 449-469, 2022


https://doi.org/10.1175/MWR-D-16-0483.1
https://doi.org/10.1175/MWR-D-16-0483.1
https://doi.org/10.1002/qj.310
https://doi.org/10.1029/2021GL093735
https://doi.org/10.1175/1520-0469(1997)054<1397:MWRABF>2.0.CO;2
https://doi.org/10.1175/1520-0469(1997)054<1397:MWRABF>2.0.CO;2
https://doi.org/10.1175/JCLI-D-17-0534.1
https://doi.org/10.1175/MWR3122.1

	Abstract
	Introduction
	Data and methods
	Space–time spectral analysis
	Dynamical diagnostics
	Atmospheric blocking
	Rossby wave packet amplitude and propagation
	Baroclinicity and transient meridional heat flux


	Variability in the spectral domain during boreal winter
	EOF patterns
	Circulation anomalies regressed from PCs

	Analysis of CRWP events
	Origin and evolution
	CRWP1
	CRWP2

	Effect on meridional heat flux and baroclinicity
	CRWP1
	CRWP2

	Propagation to the subtropical jet

	Discussion
	Broader implications
	Limitations

	Conclusions and outlook
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

