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1 Spatial filtering in the meridional wind and RWP amplitude fields

In this section, we give further insight into the spatial filtering of the meridional wind (υ′) and RWP
amplitude (E) fields. A zonal filter is first applied to υ′ in order to focus attention in the scales
of interest. Namely, at each latitude we restrict to the corresponding wavenumbers of wavelengths
between 2,000 and 10,000 km (Fig. S1). This is done by weighting the υ′ Fourier spectrum of each
latitude with an adjustable Tukey window and then getting the filtered υ′ with an inverse Fourier
transform. The Tukey window corresponds to a cosine lobe convolved with a rectangular window
(Harris 1978) (Fig. S2a). Decreasing the weight of wavenumbers at the tails of the spectral range
we keep allows a smooth transition between latitudes. This range is chosen here to span from [kmin
- 1.5] to [kmax + 1.5], where kmin and kmax are the wavenumbers that correspond to wavelengths
10,000 and 2,000 km respectively. The Tukey window at 40°N and its filtering effect on an exemplary
υ′ latitude circle is shown in Fig. S2. As desired, one effect is to discard the very high wavenumbers
that account for features in the flow that cannot be attributed to the large-scale Rossby wave motion.
In addition, planetary waves of wavenumber 1 are discarded and the contribution of wavenumbers 2
and 3 is weighted by a factor of ∼0.07 and ∼0.67 respectively. When it comes to the zonal filtering
of the E field, this is done in a similar way but without the upper wavelength limit. The design of
the Tukey window changes such that the weight does not decrease in the low-wavenumber tail of the
spectral range. It is effectively a low-pass filter with wavelengths below 4,000 km smoothly discarded.

Fig. S1: Wavelength limits in the zonal fil-
tering of υ′ and E at 300 hPa. The blue
and red solid lines show for each latitude
the wavenumber limits that correspond to υ′

wavelengths of 2,000 km and 10,000 km re-
spectively. The blue and red dashed lines
show for each latitude the wavenumber lim-
its that correspond to a “low-pass” filter of
4,000 km wavelength in E.

Figure S3 shows the effect of zonal filtering on the full υ′ field of 1200 UTC 23 August 2016.
The yellow contour represents the 15 ms−1 isoline of the corresponding E field, which is computed
as described in section 3 of the paper and then zonally filtered as mentioned above. Panel (c) in
the same figure depicts the effect of an additional step that involves a meridional convolution with a
Hann window of 7° width at half maximum (Harris 1978). This last step acts to minimize possible
discontinuities in the meridional direction, caused by the zonal filtering. The resulting υ′ and E fields
are thus effectively smoothed without obscuring the main characteristics of RWPs.
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Fig. S2: (a) Tukey window of α=0.3 (70% of the window has a weight of 1 and 30% is cosine-tapered) in
the wavenumber domain. At 40°N , the 2,000–10,000 km wavelength range corresponds to wavenumbers of
approximately 3.1–15.3. As per our method, the Tukey window limits are placed at wavenumbers 1.6 and 16.9
and wavenumbers that are close to the window tails will have a lower contribution. (b) Effect of the Tukey
window weighting in the Fourier spectrum of υ′ at 40°N . (c) Original υ′ at 40°N (blue) and its weighted inverse
Fourier transform (red).

Fig. S3: Spatial filtering example on 23/8/2016 – 1200 UTC. a) Original υ′ field. b) Zonally filtered υ′ field
to wavelengths 2,000–10,000 km. c) Zonally filtered υ′ field followed by meridional convolution with a Hann
window of 7° width at half maximum. In all panels the yellow contour corresponds to E = 15ms−1.
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2 Local phase diagnosis

In this section we discuss the diagnosis of local phase (Φ) in υ′ and E as presented in section 3 of the
paper. The notation here follows the one of the paper. Figure S4 illustrates the procedure for the
case of the exemplary function:

υ(x) = e−(x−π/2)
2
cos(12x) + e−(x−3π/2)

2
cos(6x) , (1)

where we may assume that: x = acosφ0λ (with λ denoting the longitude). This function is shown in
Fig. S4a as the blue solid line and can be thought of as depicting two idealized RWPs of equal amplitude
along latitude φ0; one of carrier wavenumber 12 centered at 90°E and one of carrier wavenumber 6
centered at 90°W . The blue dotted line in Fig. S4a corresponds to the imaginary part of the analytic
signal Aυ (eq. 2 in the paper), which is equivalent to the Hilbert transform of the original function
(phase-shift of π/2). The thick blue dotted line in Fig. S4b shows the corresponding local phase Φυ
(eq. 6 in the paper). Φυ is zero at the local maxima of υ and “wraps around” at its local minima,
where the phase value approaches π. Furthermore, Φυ is positive (negative) when the imaginary
part of Aυ is positive (negative). The higher slope in Φυ of the RWP to the left reflects its higher
wavenumber compared to the one on the right.

The gray line in Fig. S4a corresponds to the envelope, E, of υ(x). In order to compute the local
phase of E (and eventually the group velocity) we first discard its mean to get the corresponding
“envelope anomaly” function (E′, red solid line). Again based on the analytic signal, the thick red
dotted line in Fig. S4b corresponds to the phase function of the envelope, ΦE′ . Given that the two
RWPs have the same amplitude and length, their ΦE′ function is also equivalent.

Fig. S4: Local phase diagnosis in the case of two RWPs with equal amplitude and length. Panel (a) depicts
the original function (υ(x), blue solid line), the imaginary part of its analytic signal (Im[Aυ], blue dotted line),
the envelope (E, gray line), the envelope deviation from the mean (E′, red solid line) and the imaginary part
of its analytic signal (Im[AE′ ], red dotted line). Panel (b) shows the local phase of υ (Φυ, thick blue dotted
line) and E′ (ΦE′ , thick red dotted line).

We now repeat the calculations on the function:

υ(x) = e−(x−π/2)
2
cos(12x) + 0.4e−(x−3π/2)

2
cos(6x) , (2)

which only differs from (1) in that the RWP on the right has a lower amplitude (Fig. S5). Although,
Φυ remains unaffected as the amplitude changes (as it should), the same is not true for ΦE′ . The
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global zonal mean E is now not representative of the two RWPs and, when discarding it, E′ for the
RWP on the right is brought almost entirely below zero. As a result, in the area of the latter, Im[AE′ ]
and E′ are not consistent and ΦE′ fails. This is a clearly undesirable effect, as situations when two
RWPs of different amplitude and/or length evolve at the same latitude circle are found more often
than not.

Fig. S5: Same as Fig. S4, but for the case of two RWPs with equal length but unequal amplitude.

Figure S6 shows how these issues are overcome by using the object-based envelope phase diagnosis.
The gray line again shows the envelope function in question. Gray shading outlines the segments of
the envelope function that are smaller than 0.15; our object definition threshold for this exemplary
function. The thick red dotted line in panel (a) corresponds to the deviation of E from the object zonal
mean of the respective RWP. Clearly, these two functions now have a zero mean and are consistent
with their respective Im[AE′ ] functions. The phase is now computed separately for the two RWP
objects using eq. 6 of the paper on the longitudinal segments they cover (for the shaded area in
between we will not get any phase information). The thick red dotted line in panel (b) corresponds to
the local phase within the two RWPs, which no longer suffers from the discontinuity shown in Fig. S5.
It should be noted here that in case L (RWP object length) is an odd number, eq. 3 of the paper
becomes:

Ãm =


υ̃′m for m = 0, ,

2υ̃′m for 1 ≤ m ≤ (L− 1)/2 ,

0 for (L− 1)/2 + 1 ≤ m ≤ L− 1 .

(3)
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Fig. S6: Object-based envelope phase diagnosis in the case of the two RWPs in Fig. S5. Panel (a) depicts the
original envelope (E, gray line), the envelope deviation from the object zonal mean (E′, thick red dotted line)
and the imaginary part of the analytic signal of the two RWPs (Im[AE′ ], red dotted line). Panel (b) shows the
local phase of E′ (ΦE′ , thick red dotted line).

The slope of the phase function now depends on the length of each RWP, which in turn depends on
the threshold value. If we, for example, increase the threshold to 0.25, the RWP length decreases and
the slope of its phase function will increase. The local angular wavenumber of the RWP will increase
accordingly, but so will the local angular frequency (if we assume a propagation of this artificial wave).
Therefore, the local group velocity, that we eventually aim to diagnose in the paper, does not depend
on the exact threshold value. The only requirement is that the RWP objects in the three successive
time steps that are involved in the cgx or cgy diagnosis (t = t0 − 6hr, t0, t0 + 6hr) have the same
length (section 3c in the paper).

Figure S7 further illustrates the need for this equal-length requirement. We reproduce Fig. 2 of the
paper, without imposing equal lengths in the En segments of the three involved time steps. Focusing
on 60°E where the trailing edge of the RWP to the right is located, it can be seen that the En function
remains centered at around 44°N but its length decreases with time (Fig. S7a). The corresponding
phase function in all three time steps intersects the zero line at around 44°N but its slope increases
with time (Fig. S7b). As a result, cgy is positive to the south of 44°N and negative to the north of
it (Fig. S7c). The opposite effect occurs at the leading edges of the two RWPs (Fig. S7d). This is
arguably a behavior we do not want when diagnosing the group velocity vector field of RWPs. From
a Lagrangian perspective, the RWP during the course of these 12 hours propagates with a fairly
compact shape (Figs. 1h–j in the paper) and its trailing (leading) edge is not thinning (widening) as
the cgy values in Fig. S7c would suggest. The equivalent effect in the computation of cgx would be,
e.g., an RWP that shortens (spans less longitudes) with time but the centroid of which remains quasi-
stationary. This case could reflect a quasi-stationary decaying RWP, which should not be manifested
as eastward cgx in the trailing edge and westward cgx in the leading edge.
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Fig. S7: Illustration of the cgy diagnosis as in
Fig. 2 of the paper, but without the equal-length
requirement. (a) En (solid lines) and E′n (dotted
lines) at 60°E for the three consecutive 6-hourly
time steps. (b) ΦE′

n
evolution at 60°E . (c) cgy at

60°E . (d) Map of cgy at t0. Orange, green, and
blue colors in (a)–(c) correspond to the t0 − 6hr,
t0, and t0 + 6hr time steps, respectively (as indi-
cated in the legends). Gray shading in (c) indicates
longitudes where cgy is not defined.

3 Derivatives in the “wrapped” phase function

Here we present how we compute the derivatives of the phase function, Φ, in space (latitude or
longitude) and time given that it is constrained to the (−π, π] interval. Simply “unwrapping” the
function by adding 2κπ (κ ∈ N∗) in the κ−th segment of the wrapped Φ would work for the calculation
of the local angular wavenumber (∂Φ/∂x), but not for the local angular frequency (−∂Φ/∂t). A
problematic situation is when e.g. weak meridional wind values (that are susceptible to perturbations)
upstream of an RWP form a wave-like fluctuation around zero at t = t0 − 6hr, but not at t0 + 6hr.
In this situation, 2κπ will only be added in the first case and the two Φ functions involved in the
calculation of ∂Φ/∂t will diverge and result in an incorrect time derivative from that longitude onward.
Therefore, our procedure here for the centered differences in time (t) is the following (δt = 6 hours):

− ∂Φi
∂t

=


Φi(t−δt)+2π−Φi(t+δt)

2δt if Φi(t+ δt)− Φi(t− δt) > π ,
Φi(t−δt)−2π−Φi(t+δt)

2δt if Φi(t+ δt)− Φi(t− δt) < −π ,
Φi(t−δt)−Φi(t+δt)

2δt otherwise ,

(4)

where i denotes υ′, E′` or E′n. This evaluation makes sure that even in a case of westward propagation
the derivative is calculated correctly. For consistency, the centered differences in space are calculated
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as follows (δx = 2 degrees):

∂Φi
∂x

=


Φi(x+δx)+2π−Φi(x−δx)

2δx if Φi(x− δx)− Φi(x+ δx) > π ,
Φi(x+δx)−2π−Φi(x−δx)

2δx if Φi(x− δx)− Φi(x+ δx) < −π ,
Φi(x+δx)−Φi(x−δx)

2δx otherwise ,

(5)

where, depending on the application, x denotes longitude or latitude.

4 Wavelet analysis on meridional wind along a latitude circle

In this section we apply a wavelet transform analysis on an exemplary υ′ latitude circle (Fig. S8a).
We follow the methodology of Ghinassi et al. (2018), where a complex-valued Morlet wavelet is used
as the basis function. The wavelet power spectrum in Fig. S8b depends not only on the analyzed
function, but also on the choice of the wavelet. However, it typically indicates the longitudes of
enhanced wave amplitude and illustrates that at any given longitude, υ′` has a power spectrum that
may span more than one wavenumbers. This demonstrates that, generally, υ′ along a latitude circle
is not a “monocomponent” function (Huang et al. 1998). The black dashed line in Fig. S8 indicates
the maximum in wavelet power at every longitude and denotes the local dominant wavenumber. The
local angular wavenumber, kυ′` , as computed in the paper (here given in cycles per 2π) for the local

cp is shown in the black solid line. At longitudes where E exceeds 15 ms−1, the two vastly different
diagnostics show agreement at ±1 wavenumber. When there are three or more local extrema between
two zero-crossings of the function, as is the case in the 80°W –130°W and 50°E –110°E longitudinal
ranges, kυ′` decreases and can even get negative. Although the notion of local angular wavenumber
would not be physically meaningful in such situations (Huang et al. 2009), they mostly occur outside
the well-defined RWPs of E ≥ 15ms−1 that we consider in this study.

Fig. S8: Wavelet analysis on meridional wind along a latitude circle on 23/8/2016 – 1200 UTC (Fig. 3 in
the paper). (a) Meridional wind anomaly, υ′`, and its envelope, E`, at 60°N . (b) Wavelet power spectrum
(color shading) and its maximum at every longitude (black dashed line) which corresponds to the dominant
wavenumber. The black solid line corresponds to the local wavenumber as computed by the analytic signal
method (eq. 10 in the paper).

8



5 Additional climatologies and comparison between different iso-
baric levels

Additional climatologies of wind speed, RWP frequency, downstream development, and zonal wavenum-
ber are presented here for reference, to complement the seasonal variability investigation of section 4
in the paper. In addition, we compare climatologies of key RWP properties between the 200 hPa
and 300 hPa isobaric levels. All climatologies refer to the 1979–2018 period in ERA5 reanalysis data
(section 2 in the paper).

Figures S9 and S10 correspond to the median zonal and meridional wind at 300 hPa respectively.
Fig. S11 depicts the percentage of time steps in the 1979–2018 period for which E exceeds the 15 ms−1

threshold. Therefore it corresponds to a climatology of RWP frequency. It also gives an idea of how
often cp and cg are computed at each grid point; hence aiding the interpretation of the respective
climatologies.

The fields in Fig. S12 correspond to the difference: c̄gx − c̄p, where c̄gx and c̄p denote the median
zonal group velocity and phase speed, respectively (Figs. 4 and 5 in the paper). They indicate the
areas where downstream development of RWPs is climatologically more pronounced (e.g. Orlanski
and Chang 1993). Although a detailed investigation is not intended here, two noteworthy aspects are
that downstream development is more pronounced in the Southern than the Northern Hemisphere
jets and it exhibits seasonal variability in both its spatial distribution and magnitude.

The Northern and Southern Hemisphere climatologies of E, cp, cgx, and cgy at 200 hPa are
presented in Figs. S13 and S14 respectively. In qualitative terms, there is close agreement with
the respective climatologies at 300 hPa shown in Figs. 4 and 5 of the paper. Notable distinctions
between the two levels, however, exist when it comes to the magnitudes of these fields. Compared to
300 hPa, E at 200 hPa is decreased in most areas and most prominently in the Southern Hemisphere.
In the Northern Hemisphere, this decrease is more pronounced during the DJF and MAM seasons.
The magnitudes of cp and cgy are slightly decreased at 200 hPa as well. In contrast, cgx is slightly
increased, especially in the areas of the subtropical jets that are noticeably stronger at 200 hPa
relative to 300 hPa. The above can also be reflected in the fact that downstream development is more
pronounced at 200 hPa than at 300 hPa (not shown here).

Related to the aforementioned differences between the two isobaric levels, Figs. S15 and S16 show
that the typical RWP wavenumber, k, computed from eq. 10 in the paper is lower at 200 hPa compared
to 300 hPa. The decrease in cp and k and the increase in cgx from 300 hPa to 200 hPa indicates some
qualitative agreement with the theory of free Rossby waves in an inviscid barotropic fluid (e.g., Vallis
2017). Namely, for waves of wavenumbers k and l in the x and y directions, respectively, and angular
frequency, ω, at a constant zonal flow, ū, on a Cartesian “β-plane” (the Coriolis parameter varies in
the y-direction and is given by: f = f0 + βy), the dispersion relation reads:

ω = ūk − βk

k2 + l2
(6)

Given (6), one can obtain the zonal phase speed and group velocity, cp and cgx respectively, of this
wave motion:

cp ≡
ω

k
= ū− β

k2 + l2
, cgx ≡

∂ω

∂k
= ū+

β(k2 − l2)
(k2 + l2)2

(7)

Assuming that changes in the meridional wavenumber here are negligible, the lower k of RWPs at
200 hPa seems to outweigh the increase in u and leads to lower cp values compared to 300 hPa. In
contrast, cgx values increase since there is both a decrease in k and an increase in u compared to
300 hPa.
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Fig. S9: Median zonal wind speed at 300 hPa in the Northern (a)–(d) and Southern (e)–(h) Hemispheres.
Each column of panels corresponds to the season indicated at the yellow label atop.

Fig. S10: Median meridional wind speed at 300 hPa in the Northern (a)–(d) and Southern (e)–(h) Hemispheres.
Each column of panels corresponds to the season indicated at the yellow label atop.
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Fig. S11: RWP frequency (%) at 300 hPa in the Northern (a)–(d) and Southern (e)–(h) Hemispheres. Each
column of panels corresponds to the season indicated at the yellow label atop.

Fig. S12: Climatological intensity of downstream development (cgx − cp) at 300 hPa in the Northern (a)–(d)
and Southern (e)–(h) Hemispheres. Each column of panels corresponds to the season indicated at the yellow
label atop.
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Fig. S13: Northern Hemisphere climatology of RWP properties at 200 hPa. Seasonal median of: (a)–(d) E,
(e)–(h) cp, (i)–(l) cgx and (m)–(p) cgy at 200 hPa in the 1979–2018 period. Each column of panels corresponds
to the season indicated at the yellow label atop.
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Fig. S14: Same as Fig. S13, but for the Southern Hemisphere.
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Fig. S15: Zonal wavenumber (k) at 300 hPa in the Northern (a)–(d) and Southern (e)–(h) Hemispheres. Each
column of panels corresponds to the season indicated at the yellow label atop.

Fig. S16: Zonal wavenumber (k) at 200 hPa in the Northern (a)–(d) and Southern (e)–(h) Hemispheres. Each
column of panels corresponds to the season indicated at the yellow label atop.
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6 Comparison to the lag-correlation method

As mentioned in section 4c of the paper, the climatological cp and cgx values of our method are lower
than the ones of the lag-correlation method. In Fig. S17, we compare the DJF climatology of cp based
on our method (panels on the left) to the analysis in section 3 of Chang and Yu (1999) (hereafter
CY99), that is based on lag-correlation statistics (panels on the right). More specifically, Fig. S17a
shows the DJF median cp over the period 1979–2018, as in Fig. 4e of the paper. In addition, based on
the associated zonal angular frequency ω and zonal angular wavenumber k climatologies, we compute
the wave period, T (Fig. S17b), and wavenumber, m (Fig. S17c), as:

T =
2π

ω
and m = kacosφ , (8)

where a denotes the Earth radius and φ the latitude. Figures S17d–f show the respective fields when
employing the lag-correlation analysis on the unfiltered1 υ′, as in CY99. To this end, the maximum
positive values at -1 and +1 day one-point lag-correlation maps are located for the υ′ timeseries of a
given base grid point. The characteristic zonal phase speed, c̃p, in this grid point is then computed
as the ratio of the distance between the two correlation maxima to 2 days, projected to the zonal
direction (Fig. S17d). The characteristic wavelength can be computed based on zero-lag correlation
maps at each base grid point. Two times the distance between the given base grid point (maximum
positive correlation) and the point of maximum negative correlation in these maps, projected onto
the zonal direction, corresponds to the zonal wavelength, λ̃ (see Fig. 2c in CY99 for an illustration).
Based on c̃p and λ̃, the wavenumber, m̃ (Fig. S17f) and period, T̃ (Fig. S17e), in the zonal direction
are then given by:

m̃ =
2π

λ̃
acosφ and T̃ =

λ̃

c̃p
. (9)

The results shown in Figs. S17d–f agree well with the corresponding analyses in CY99, which
indicates that this 10% discrepancy with the cp field of our method is not caused by the different
datasets. Focusing on the storm track regions, it is evident that the lag-correlation analysis gives
somewhat lower wave periods (higher angular frequencies) and — at some locations — slightly higher
wavenumbers (m̃) than our method. Phase speed is inversely proportional to both the wavenumber
and the period. Therefore, it is suggested that the higher phase speed values in the lag-correlation
analysis are due to a higher angular frequency, rather than a lower wavenumber. We hypothesize
that this difference in angular frequency is caused by the different samples that produce the two
climatologies. Our cp climatological distribution at a given grid point only contains cases when E
exceeds 15 ms−1 as indicated in section 3b of the paper. According to Fig. S11a, in the area of the
storm tracks this selection excludes 20–30% of the points in time where the wave amplitude is not
high enough to satisfy the criterion. In the case of the lag-correlation method, all time steps are taken
into account, even when there are low-amplitude waves or a near-zonal flow. In these cases, features
in the υ′ field propagate downstream at a higher rate.

Similar arguments have to be taken into account, in order to explain the aforementioned differences
in the cgx climatology. In fact, we have repeated the climatological analysis shown in Figs. 4 and 5 of
the paper for E0 =10 ms−1 and 20 ms−1. This analysis showed that for the sample containing RWPs
of lower on average amplitude (E0 =10 ms−1), cp and cgx values in the storm track regions were
higher by about 0.25 ms−1 and 1 ms−1 respectively (not shown). Similar changes in the opposite
direction were observed when E0 = 20ms−1.

1No substantial changes arise when using the filtered υ′ field (as is done in our method).
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Fig. S17: Northern Hemisphere DJF climatology of (a) cp, (b) T , and (c) m based on our method to (d) c̃p,

(e) T̃ , and (f) m̃ based on the lag-correlation method of CY99.

When it comes to individual time instances, a comparison between the two methods is hardly
possible. The methodology in CY99 involved a multi-year timeseries of υ′, so it is only applicable to
a climatological analysis. Takaya and Nakamura (2001) computed the phase speed locally in space
by employing the lag-correlation method on a 21-day period centered on the day of interest with
±12-hour lags. We apply this method for the computation of cp and cgx in the case of 23 August
2016 – 1200 UTC (Fig. 3 in the paper) based on the filtered υ′ and E fields respectively. Figure S18
presents the results next to the ones of our method. Although there is agreement in some grid points,
there are apparent differences as expected. Our method gives a smoother cp field, but a slightly noisier
cg field to the lag-correlation one. Even though a true locality in time cannot be achieved with the
lag-correlation method, it has been proven useful when waves on a slowly-varying background flow are
considered for the computation of wave activity flux (Takaya and Nakamura 2001; Wolf and Wirth
2017).

Fig. S18: Diagnosis of cp and cg on 23 August 2016 – 1200 UTC based on (a,b) our method and (c,d) the
lag-correlation method of Takaya and Nakamura (2001).
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7 Activity flux and group velocity of small-amplitude quasi-geostrophic
eddies

In this section a DJF climatology of group velocity at 300 hPa is computed based on the activity flux
of quasi-geostrophic eddies. Following the methodology of Plumb (1986) (hereafter P86), the two-
dimensional climatological wave activity flux, MT , of transient eddies on a slowly-varying background
flow is given by the sum of a radiative term, MR, and the advection of the wave activity density, M :

MT = MR + ūM =
p cosφ

|ū|

[
ū(υ′2 − ε)− ῡu′υ′
ῡ(u′2 − ε)− ūu′υ′

]
+

[
ū
ῡ

]
pe cosφ

|∇q̄|
(10)

where:

ε =
1

2

(
u′2 + υ′2 +

Rpκ

H

θ′2

dθ̄/dz

)
(11)

is the wave energy density and:

e =
1

2
q′2 (12)

is the eddy potential enstrophy. In addition, q denotes the quasi-geostrophic potential vorticity (eq. 2.1
in P86), u = (u, υ) denotes the geostrophic wind, θ denotes the potential temperature, p denotes the
pressure (300 hPa) divided by 100,000, z = −Hlnp, H=7 km, and κ is the gas constant R divided by
the specific heat. The overbars denote the 1979–2018 DJF mean and primes denote deviations from
it, which are assumed here to be small.

Assuming almost plane waves, MT is parallel to the local group velocity:

MT = cgM (13)

Based on this assumption, one can compute the characteristic group velocity for small-amplitude
transient eddies on the climatological background flow as the ratio MT /M . Fig. S19 shows the
resulting Northern Hemisphere DJF mean fields of q′2, M , MRx, MRy, MTx, MTy, cgx, and cgy for the
8-day high-pass filtered q′, θ′, u′, and υ′ fields. Small variations in the cutoff frequency of the q′, θ′, u′,
and υ′ fields do not lead to substantial changes in this result. Discarding the very high frequencies and
repeating the analysis for band-pass filtered eddies (e.g. 2 to 8 days) leads to a substantial decrease
of both M and |MT | and a small decrease in cgx (1–2 ms−1 at the jet cores). Finally, in the case of
8-day low-pass filtered eddies a uniform decrease of 5–10 ms−1 in cgx is evident (not shown).
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Fig. S19: Northern Hemisphere DJF climatology of (a) q′2, (b) M , (c) MRx, (d) MRy, (e) MTx, (f) MTy, (g)
cgx, and (h) cgy.

8 RWP phase speed – amplitude distribution

In this section we investigate the triangular shape of the normalized cp-E climatological distribution
over Europe (Fig. 8 in the paper). The area averaging for both cp and E corresponds to the average
over the grid points within the 38°N –62°N , 2°W –22°E area, at grid points where cp is defined. In
particular, we plot composites of the days that occupy the three vertices of this triangle (Figs. S20 and
S21). Regime (a) corresponds to very high E and average cp over Europe. Regime (b) corresponds
to very low cp and E over Europe, but enhanced E to the north and upstream. Finally, regime
(c) corresponds to very high cp and very low E over Europe, but enhanced E upstream. Essentially,
regimes (a) and (c) reflect the fact that an RWP of higher amplitude is generally associated with lower
phase speed and vice versa (within weakly nonlinear limits, Esler 2004). Regime (b) deviates from
this idealized behaviour. It apparently accounts for cases when only a low-amplitude quasi-stationary
edge of the RWP falls within the area of interest (Fig. S21b).

Fig. S20: Two-dimensional kernel density estimation of the nor-
malized (area-averaged) daily mean E against cp at 300 hPa. Black
contours correspond to the climatology (1979–2018). The 3 rectan-
gles indicate the regimes at the 3 vertices of the distribution. Their
specific range in percentiles of E and cp is: a) E ∈ (85th ,98th ) and
cp ∈ (30th ,70th ), b) E ∈ (5th ,50th ) and cp ∈ (2th ,15th ), c) E ∈
(5th ,50th ) and cp ∈ (85th ,98th ).
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Fig. S21: (a) Composites of cp (color
shading) and E (black contours) over
the (a) 784 days that occupy the regime
of high E values (orange rectangle in
Fig. S20), (b) 767 days that occupy
the regime of low E and low cp val-
ues (red rectangle in Fig. S20) and (c)
878 days that occupy the regime of low
E and high cp values (blue rectangle in
Fig. S20).

9 Central European temperature extreme statistics

Table S1 shows the number of Central European hot and cold extremes at 850 hPa per season,
providing a reference for section 5 of the paper. As described in the paper, a day is regarded as a hot
(cold) extreme if the area-averaged T ′ ranks in the highest (lowest) 10% of the respective season and
cp is defined. Days that constitute 3-day extremes have been discarded in order to achieve a clear
separation between persistent and short-lived extremes. Extremes that started toward the end of a
season and continued to the next (e.g. 29 August – 2 September) are regarded as extremes of the first
season.

DJF MAM JJA SON Total

Days with cp defined 3570 3593 3346 3545 14054

Short-lived hot extremes 131 (177) 94 (133) 108 (150) 111 (147) 444 (607)
Persistent hot extremes 26 (130) 35 (184) 22 (119) 32 (174) 115 (607)
Short-lived cold extremes 71 (101) 92 (139) 92 (139) 85 (122) 340 (501)
Persistent cold extremes 31 (175) 31 (164) 28 (131) 30 (175) 120 (645)

Table S1: Number of Central European temperature extremes for each type and season. The values correspond
to the number of extremes and the parentheses show the total number of extreme days.
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10 Computation methods

The computations in this study were conducted in Python 3.6.5. The Climate Data Operators (CDO)
1.7.2 (Schulzweida 2019) was used for some basic handling of the reanalysis data files. The netCDF4
1.4.0 library (Unidata 2018) was used for reading the data, while NumPy 1.14.3 (van der Walt et al.
2011) was used for routine array operations and data analysis. Matplotlib 2.2.2 (Hunter 2007) was
used for plotting. Finally, Table S2 highlights some more specific Python modules/functions that
were used in this study.

Module (version) Notes More info

1 scipy.fftpack

(1.1.0)
Fast Fourier transform (eq. 2 and 4) https://docs.scipy.org/

2 scipy.stats.

ttest_ind (1.1.0)
Welch’s t-test for the means of two
independent samples (Fig. 7)

https://docs.scipy.org/

3 sklearn.model_

selection.

GridSearchCV

(0.19.1)

Exhaustive search over specified pa-
rameter values for an estimator using
a k-fold cross-validation (section 5,
Figs. 7 and 8)

https://scikit-learn.org

4 sklearn.

neighbors.

KernelDensity

(0.19.1)

Kernel Density Estimation with
Gaussian kernels of cross-validated
bandwidth (section 5, Figs. 7 and 8)

https://scikit-learn.org

Table S2: List of Python modules used in this study. In the Notes column we indicate their specific application
in the paper.
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