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Abstract. Atmospheric waveguides have been linked to amplified quasi-stationary Rossby waves and thus to extreme weather
events in the mid-latitudes. Here, we compare different methods of calculating time- and spatially-varying waveguides, in-
cluding different ways of separating the waveguides (background flow) from waves. We compare waveguides from potential
vorticity (PV) gradients (‘PV-waveguides’) with barotropic waveguides based on what is known as the stationary wavenumber,
or Ks (‘KS-waveguides’), which is calculated from the zonal wind. The PV-waveguides use a PV-rolling-zonalization method
to calculate the background flow. Conversely, the background flow for the KS-waveguides is calculated using time- and zonal-
filtering. We isolate the impacts of the background flow methodology from the different waveguide definitions by calculating
PV-waveguides using the same background flow calculation method as the KS-waveguides. There are notable differences be-
tween the waveguides identified by the two definitions. KS-waveguides are more frequent in summer than in winter, whilst
PV-waveguides are more frequent in winter, regardless of the method of background flow calculation. Composites of days
with high spatially averaged waveguide strength over particular regions show distinct differences between the two waveguide
definitions. Strong KS-waveguides in some regions are associated with a double jet structure, consistent with previous re-
search; this structure is rarely present for strong PV-waveguides. The presence of high geopotential heights occurs with the
double jet anomaly, consistent with atmospheric blocking creating the KS-waveguide conditions through the influence on local
zonal winds, highlighting that this methodology does not sufficiently separate nonlinear perturbations (i.e. blocking) from the
background flow (i.e. waveguides). Significant positive correlations exist between local waveguide strength and the amplitude
of quasi-stationary waves; these correlations are stronger, and more widespread, for PV-waveguides than for KS-waveguides,
and strongest when the rolling-zonalization background flow method is used. This study adds further caution against using
KS-waveguides on time- and/or zonally- varying scales, and we recommend rolling-zonalized PV-waveguides for the study of

waveguides and their connections to quasi-stationary atmospheric waves.

1 Introduction

The circulation associated with large scale atmospheric Rossby waves (Rossby, 1939) can have a strong influence on the
weather we experience at the Earth’s surface, particularly in the extra-tropics. Indeed, high-amplitude Rossby waves can be as-
sociated with extreme weather (e.g. Bosart et al., 1996; Screen and Simmonds, 2014; Chen et al., 2015; Hoskins and Woollings,

2015; Wirth et al., 2018; White et al., 2022), including temperature extremes (e.g. Marengo et al., 2002; Teng et al., 2013;
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Parker et al., 2014; McKinnon et al., 2016; Petoukhov et al., 2016; Wolf et al., 2018; Rothlisberger et al., 2019; Jiménez-Esteve
et al., 2022), as well as extreme precipitation and related flooding (e.g. Blackburn et al., 2008; Schubert et al., 2011; Hirata
and Grimm, 2016; Petoukhov et al., 2016; Vries and Jan, 2021). The connection to extremes is often particularly strong for
waves that become quasi-stationary, i.e. have near-zero phase speed, and thus exhibit circulation anomalies that persist over
one region for many days (Wolf et al., 2018; Rothlisberger et al., 2019; Ali et al., 2021). The mechanisms underlying this
quasi-stationary and amplifying behaviour are not yet fully understood (e.g. Screen and Simmonds, 2013; White et al., 2022;
Fei and White, 2023), and there is particular uncertainty around how such mechanisms might be impacted by anthropogenic
climate change and related Arctic amplification (Francis and Vavrus, 2012; Coumou et al., 2018; Blackport and Screen, 2020).
It has been suggested that jet configurations that create atmospheric ‘Rossby waveguides’ (e.g. Martius et al., 2010) may
play an important role in the amplification of Rossby waves, and any future changes in such waves (Hoskins and Woollings,
2015; Petoukhov et al., 2016; Mann et al., 2017; Xu et al., 2021; White et al., 2022). Waveguides provide a region where
wave energy is more meridionally confined, and thus wave dissipation may be low; they may therefore provide conditions for
high-amplitude quasi-stationary waves (QSWs) to develop (e.g. Wolf et al., 2022). Nakamura and Huang (2018) suggest that
atmospheric blocking, a non-linear amplification (and/or breaking) of Rossby waves, is related to advection of more upstream
wave energy than the downstream region has the capacity to transport, akin to a traffic jam developing on a highway. Upstream
waveguides could potentially play a role in this mechanism by reducing meridional dispersion of the upstream wave energy,
and thus acting as the ‘highway’ leading to the ‘traffic jam’. Improved understanding of atmospheric waveguides and their role
in the existence and amplification of QSWs is therefore of great interest.

Atmospheric Rossby waveguides ocurr when the background circulation provides a preferred, typically zonally oriented,
pathway for the propagation of Rossby waves. This requires strong meridional gradients in vorticity, and thus waveguides
are typically associated with atmospheric jets (Hoskins and Karoly, 1981; Hoskins and Ambrizzi, 1993; Martius et al., 2010;
Manola et al., 2013; Giannakaki and Martius, 2016; Branstator and Teng, 2017; Wirth et al., 2018). There are two methods
of defining atmospheric waveguides from the background flow (Wirth et al., 2018). One looks for strong horizontal gradi-
ents in (isentropic) potential vorticity (PV) or in In(PV') (e.g. Martius et al., 2010), hereafter referred to as ‘PV-waveguides’.
This method identifies regions where meridional displacements can lead to the strongest perturbations in PV, i.e. the strongest
Rossby waves. The other waveguide definition uses a barotropic ‘stationary wavenumber’ (Kg), or ‘refractive index’ of the
background flow (Hoskins and Karoly, 1981), and the particular spatial distributions of Kg that are theorized to create waveg-
uide conditions (Hoskins and Karoly, 1981; Hoskins and Ambrizzi, 1993; Ambrizzi, 1994), hereafter ‘KS-waveguides’. This
method identifies regions where Rossby wave energy may be more strongly meridionally confined, and therefore may have a
higher probability of high amplitude waves; however, the connection between waveguides and waves is less direct than for PV-
waveguides. Recent studies have suggested that the KS-waveguide definition may provide useful insights into the behaviour
of QSWs (e.g., Petoukhov et al., 2013). The validity of KS-waveguide theory on the timescales relevant for extreme weather
events has recently been brought into question (see, e.g., Wirth, 2020; Wirth and Polster, 2021), including the lack of validity
of the underlying assumptions (limitations articulated clearly in the original papers). The theory has, however, previously pro-

vided qualitatively useful insights into the behaviour of waves in both idealized simulations and with realistic flow conditions
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(Hoskins and Karoly, 1981; Hoskins and Ambrizzi, 1993; Hsu and Lin, 1992; Hoskins and Woollings, 2015; White et al.,
2017).

The theory of atmospheric waveguides has been used to understand the propagation of Rossby waves on a range of timescales,
from climatological or seasonal means (Hoskins and Ambrizzi, 1993; Ding and Wang, 2005; Branstator, 2014) to waves associ-
ated with extreme events with durations between one week to one month (Petoukhov et al., 2013). One of the key requirements
of waveguide theory, regardless of the method of defining waveguides, is that there is a clear separation between ‘waves’ and
the ‘background flow’ on which the waves propagate (i.e., the flow which may or may not create waveguide conditions). With-
out a clear separation, much care must be taken in the interpretation of results (Andrews, 1985; Held et al., 2002), especially
with the non-linear flows often associated with extreme events (White et al., 2022). A relatively common approach for the sep-
aration of waves and background flow is to take the longitudinal (zonal) mean as the background flow, and waves as deviations
from this zonal mean (e.g. Hoskins and Karoly, 1981; Petoukhov et al., 2013, 2016). An alternative approach is to take a time
mean circulation as the background flow, in which climatological or seasonal means are considered as the background flow
(e.g. Hoskins and Ambrizzi, 1993). This works well for understanding climatological pathways of waves; however, when using
waveguides to understand extreme events, which by definition occur for a limited period, or for using waveguides as potential
sources of predictability (e.g. White et al., 2022), it may be helpful to understand how a time-varying background flow af-
fects the probability of high-amplitude QSWs developing. Further complicating this separation of waves and background flow,
waves can themselves feedback onto and impact the ‘background’ zonal wind (Limpasuvan and Hartmann, 2000; Lorenz and
Hartmann, 2003).

In this work, the two waveguides datasets we analyse use different ways of defining the background flow: the KS-waveguides
are calculated using a Butterworth time-filter and a Fourier zonal-filter. KS-waveguides on time-filtered zonal mean data have
been used in several recent papers on extreme events (Petoukhov et al., 2016; Kornhuber et al., 2016; Rousi et al., 2022), and
this work extends this to zonally asymmetric data. Wirth and Polster (2021) have, however, shown that isolated high amplitude
non-linear perturbations can themselves create zonal mean conditions with the appearance of a waveguide. This argument can
also apply to zonally-filtered data. To avoid this issue, Polster and Wirth (2023) develop a method of calculating a ‘locally-
zonalized’ flow for detection of the PV-waveguides on isentropic surfaces, an extension of the zonally symmetric zonalization
method (Nakamura and Zhu, 2010; Nakamura and Solomon, 2011; Methven and Berrisford, 2015). The zonalization method
cannot be applied directly to the zonal wind data required for the KS-waveguides. Calculating KS-waveguides on zonalized
background flow would therefore require inverting zonalized PV to produce zonalized zonal winds; this PV inversion on daily
data would be a complex task. Given that daily zonal wind on upper tropospheric pressure levels are available directly from
many CMIP6 climate model simulations, KS-waveguides on time- and zonally-filtered zonal winds are easier to calculate
for future climates than PV-waveguides, or KS-waveguides on zonalized data. The interpolation of daily pressure level data
onto the isentropic surfaces required for the PV-waveguides could potentially introduce significant numerical noise, adding
further complexity to the PV-waveguide calculation for CMIP data. There are, however, some potentially critical limitations
of the KS-waveguide theory, as discussed by Wirth (2020) and Wirth and Polster (2021), who recommend the PV-waveguide

approach instead. It is therefore important to compare these two waveguide approaches, to determine whether KS-waveguides
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can provide clear information about the true ‘waveguidability’ of the atmosphere. To separate the impacts of the different
waveguide definitions from the impacts of the different background flow definitions, we additionally calculate PV-waveguides
using the same background flow methodology as the KS-waveguides, i.e. a Butterworth time-filter and Fourier zonal-filter.

In this paper we present an algorithm to objectively define KS-waveguides on zonally- and time-varying flow. The waveg-
uide dataset produced by this algorithm is then compared to PV-waveguides calculated following the method of Polster and
Wirth (2023), as well as PV-waveguides calculated using the Polster and Wirth (2023) waveguide definition, but with the back-
ground flow calculated using the same time- and zonal- filters as the KS-waveguides. One limitation of the KS-waveguides,
articulated by Wirth (2020), is when the theory is interpreted in a binary manner: either a waveguide exists and waves are 100%
trapped within the waveguide, or there is no waveguide and thus 0% wave confinement; in reality a range of ‘waveguidability’
exists, depending on the strength of the meridional gradients within the jet. Motivated by this, in this study we extend the
binary approach, using the stationary wavenumber to define a metric of ‘waveguide strength’, allowing a continuous range of
‘waveguidability’ for the KS-waveguides once a waveguide is present. We show maps of climatological waveguide frequency
for all waveguide definitions, the atmospheric circulation conditions typically associated with strong local waveguides, and the
associations between strong waveguides and quasi-stationary atmospheric waves. Our results ultimately strengthen existing
concerns about the use of KS-waveguides, and we conclude with recommending rolling-zonalized PV-waveguides for future

waveguide studies.

2 Data and pre-processing

ERADS re-analysis data (Hersbach et al., 2020) are used in this study as an approximation of the observed state of the atmosphere
for the calculation of waveguides and QSWs. Temperature, and zonal and meridional winds from 1980-2022 are downloaded
at 6-hourly temporal resolution, before being averaged into daily means. The data are regridded to a regular latitude-longitude
grid using the Climate Data Store API (Hersbach et al., 2023). The resolution of these grids are 1x1 ° for KS-waveguides and
1.5x1.5 © for PV-waveguides; in Section 5.1 we show that the correlations between waveguides and QSWs are not sensitive
to the underlying resolution of the data. We use horizontal winds on the 300h Pa pressure level for both the KS-waveguides
and the QSWs, as in previous studies (Hoskins and Karoly, 1981; Hoskins and Ambrizzi, 1993; Petoukhov et al., 2013; Wolf
et al., 2018). This is slightly higher than the equivalent barotropic level of 425k Pa estimated by Held et al. (1985), and so the
KS-waveguides are also calculated at 500h Pa, with the correlation with QSWs shown in Section 5.1. In most of this work,
PV-waveguides are defined on 330K for winter (DJF for the Northern Hemisphere, NH; JJA for the Southern Hemisphere, SH;
following Polster and Wirth, 2023) and on 345K for summer (JJA for NH; DJF for SH); Section 5.1 shows the sensitivity to

this choice for the QSW correlations.
2.1 Background flow

As discussed in the introduction, filtering of the atmospheric circulation fields is required to separate the waves from the

slowly-varying background flow that may act as a waveguide. This problem is non-trivial, and there is no one single definition
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of a slowly-varying background flow. In this work, in addition to the two different waveguide definitions, we also explore the
impact of two different methods of calculating a background flow.

For the PV-waveguides we follow the local zonalization approach of Polster and Wirth (2023). Zonalization is a method
of straightening out the wavy PV contours, essentially zonally smoothing data by conserving PV whilst creating a zonally
symmetric PV profile with values descending monotonically from north to south (Nakamura and Zhu, 2010). Polster and Wirth
(2023) extended this methodology to produce a zonally asymmetric background flow by performing a rolling zonalization on
data from a limited longitude range. In this work we use the code provided by Polster (2023), with a 60° longitude window;
the sensitivity of the QSW correlations to this longitudinal window is shown in Section 5.1. Further details of the zonalization
method can be found in Polster and Wirth (2023).

For the KS-waveguides we follow Branstator (1983), and calculate background flow conditions by filtering the zonal wind
using a fast Fourier Transform, and retaining only zonal wavenumbers k& = 0, 1 and 2. Using these wavenumbers provides
some spatial scale separation from the QSWs, discussed in the following section, which retain only zonal wavenumbers 4-15.
Sensitivity tests in which zonal wavenumber 3 is also retained when calculating the waveguides shows no sensitivity of the
main conclusions to this choice (results are shown in Section 5.1). As noted by Wirth and Polster (2021), calculation of the
zonal mean does not remove all the effects of non-linear perturbations such as blocking events, and similar arguments can be
made for the Fourier filtering applied here. For the KS-waveguides a time filter is also applied to further remove the effects of
transient waves from the background flow. A 15-day low-pass Butterworth filter is used, with 15 days chosen to be compatible
with the time filtering commonly used for QSWs (e.g. Wolf et al., 2018; Rothlisberger et al., 2019). As with the zonal filtering,
this does not necessarily remove all traces of non-linear perturbations such as blocking, even if they do occur on timescales
shorter than that of the filter.

To allow a separation of the impacts of the different background flow separation methods from the different waveguide
definitions, we also calculate PV-waveguides from PV that, instead of being smoothed with the rolling zonalization method,
has been smoothed using the same zonal Fourier filter and Butterworth time filter as the KS-waveguides. For simplicity, we

refer to this method as the ‘Fourier filter’, in contrast to the ‘rolling zonalization’ method.
2.2 Quasi-stationary waves

Quasi-stationary waves can lead to extreme weather, and thus the potential connections to atmospheric waveguides are worth
exploring. Here, a method to extract the envelope amplitude of QSWs is used, following Wolf et al. (2018). This method
uses a temporal filter on meridional wind data to isolate quasi-stationary anomalies, applies a fast Fourier transform in the
zonal direction to select wavenumbers of synoptic-scales, and then uses a Hilbert transform to calculate the amplitude of the
wave envelope of these quasi-stationary synoptic-scale waves, following Zimin et al. (2003). Specifically, we use a 15-day
low-pass Butterworth filter on daily mean 300h Pa meridional wind data, v. A smoothed daily climatology is then calculated
using a Savitzky-Golay filter of order 1, with a 51-day window, and anomalies from this climatology, v’, are calculated. Whilst
previous studies have used a latitude-dependent wavelength filter (e.g. Wolf et al., 2018), here a fixed wavenumber range of

wavenumbers 4-15 is used at all latitudes to maintain a similar separation from the background flow at each latitude. Wolf and
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Wirth (2015) note that the semi-geostrophic nature of Rossby waves often results in the Hilbert transform separating a single
Rossby wavepacket into fragments; for simplicity, a semi-geostrophic transformation is not applied here — when looking at
QSWs, either composites are calculated, or the envelope field is averaged over 20° longitude, reducing the impacts of the
fragmentation.

In this work, both the KS-waveguides and the QSWs employ the same 15-day low-pass filter; the KS-waveguides and waves
are therefore separated only by their spatial scale, with waveguides using k£ < 2, and the QSWs 4 < k < 15. Key results are
repeated with the QSWs defined as 6 < k < 15 to increase the degree of separation (see Section 5.1).

3 Waveguide identification

To identify PV-waveguides, we analyse isentropic horizontal gradients of the natural logarithm of the smoothed (either rolling
zonalization or Fourier filtered) Ertel PV (|| VIn(PV)])). The zonalization and PV gradients are all calculated using the code
of Polster (2023). To study the frequency of PV-waveguides we use threshold values of ||Vin(PV)||, including the threshold
of 1.2x10~%m ! introduced by Polster and Wirth (2023).

To identify KS-waveguides, we follow the definition of Hoskins and Karoly (1981) and Hoskins and Ambrizzi (1993),
which is based on the linearized barotropic PV equation, with the assumption that meridional gradients in PV will dominate
in the background flow. This approach first calculates a diagnostic called the stationary wavenumber, K g and then defines a
waveguide for wavenumber k as a region of finite K g > k bounded to both the north and south by ‘turning points’ (TPs) or

‘turning latitudes” where K¢ = k. The stationary wavenumber is calculated as:
Ks = a(Bu/Un)"? (1)

where « is the radius of the Earth, 3, is the meridional gradient of absolute vorticity, transformed onto a Mercator projec-

U

tion, and U, is the Mercator zonal wind, defined as U,; = 053

where ¢ is latitude. Here, U is the temporally and zonally
filtered zonal wind, as described in Section 2.1. Following Hoskins and Karoly (1981), and making use of the identities for
differentiation on the Mercator projection given in Appendix A, 5j; can be calculated as:
2Qcos? cosp 0 1 0

o _c05¢ 0 ——(Uprcos®¢) 2)

P = a a? 9 cosp Do

where () is the rotation rate of Earth. Once Kg has been calculated on the temporally and zonally filtered U, an algorithm
identifies waveguides for waves of integer wavenumber k& from 4 to 9. At each longitude and time, the algorithm looks for
regions where two TPs exist, such that £ < Kg < oo between the TPs and K¢ < k immediately outside of the TPs. This is
illustrated in Fig. 1, in which K'g for a particular day and longitude is shown, with TPs identified for wavenumbers k£ = 4,5, 6,
and the hatching illustrating the waveguides for these different k. For each k in 4 < k <9, if a waveguide is detected based
on Kg, a minimum threshold is applied to the following: the zonal wind U within the waveguide; the maximum waveguide
strength, max(wg) = max(Kg — k) across all latitudes within the waveguide; and the waveguide width, w,, (i.e. the merid-

ional distance between the TPs). These criteria limit detection to substantial waveguides within westerly flow. The following
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thresholds are used, with waveguides removed from the dataset if they do not meet all criteria: U > 0.5m/s throughout the
waveguide; ws > 1; w,, > 5° latitude; results are found to be insensitive to changes in these thresholds of up to 50%. The two
hemispheres are treated separately, and the algorithm only looks for TPs between 20-85° N/S. This therefore includes much of
the sub-tropical jets, but reduces the influence of the subjective choice of the latitude at which to start identifying waveguides

on waveguide frequency and strength in the extra-tropics.

Figure 1. [llustration of the KS-waveguide detection algorithm for an example day and longitude. The black thick line denotes the stationary
wavenumber K s as a function of latitude. The ‘turning points’ are marked as ‘TP’ for wavenumbers k =4, 5 and 6. Shading illustrates where

KS-waveguides exist for these different wavenumbers.

4 Climatological waveguide statistics

To get a broad understanding of where we expect to see waveguides, Fig. 2 shows the climatological median value of Kg (left
side), the climatological mean of ||Vin(PV)|| in the time- and Fourier-filtered PV data (centre), and the climatological mean
of ||Vin(PV)|| in the rolling-zonalization PV data (right side). For K g the median is used instead of the mean to avoid noise
from near-infinite values; nan values are set to 0 before the median is taken. Despite the non-linearities in Kg, the amplitude
and spatial distribution seen in Fig. 2 are consistent with K g calculated on climatological mean U presented in Hoskins and
Ambrizzi (1993) and Ambrizzi et al. (1995).

Figure 2 shows that Kg is typically higher in summer than in winter. Conversely, the climatological values of ||Vin(PV)||
(Fig. 2 b, c, e and f) follow the strength of the jet more closely (regardless of the method of calculating the background flow),
with typically stronger values in winter than in summer. As waveguides are associated with jets, there is a general expectation
that stronger jets, which typically occur in winter (see black contours in Fig. 2), should lead to stronger waveguides. As
highlighted by Manola et al. (2013), in addition to jet strength, the jet width, or rather ‘narrowness’ of the jet is also key for
high values of Kg. Indeed, returning to Eq. 1, note that the magnitude of U appears in the denominator of the equation for
K, whilst only the second meridional gradient of U, i.e. 9*U/d¢?, appears in the numerator, within the 3 term (see Eq. 2).

Idealised tests of calculating K s on linear multiples of different realistic U profiles confirms that, unless the planetary vorticity
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(first term on the right hand side of Eq. 2) is negligible, then if U increases in strength but the latitudinal shape of the U profile
(i.e. the jet half-width) remains constant, g decreases in magnitude. This result, of stronger Kg in summer than winter, is
also seen in previous literature of K g calculated on climatological U (Hoskins and Ambrizzi, 1993; Ambrizzi et al., 1995;
Hoskins and Woollings, 2015), but is in contrast to the results from the PV-waveguides.

The impact of the choice of background flow calculation method can be seen by comparing the centre and right-hand
columns. There are some differences in the zonal asymmetry, but overall, the centre panel is more similar to the right-hand
column than the left-hand column, indicating that differences in waveguide definition (KS vs PV gradient) dominate over
differences in the background flow methodology for these climatological values. Note that seasonal shifts in latitude for the
PV-waveguides occur not only because of seasonal latitudinal shifts in the jets, but also because we are evaluating the PV

gradient on different isentropes in summer vs winter.

Figure 2. Seasonal climatologies of waveguide fields. Left: median Kg (colours) and mean U (black contours) at 300 hPa for temporally
and zonally filtered data for a. summer (JJA for NH and DJF for SH) and d. winter (DJF for NH; JJA for SH). Centre: mean isentropic
|Vin(PV)|| (m™*) on Fourier-filtered PV (colours) and climatological unfiltered 300 hPa U (black contours) for b. summer (345K
isentrope) and e. winter (330K isentrope). Right: mean isentropic ||Vin(PV)|| (m ') with rolling zonalization (colours) and climatological
unfiltered 300 hPa U (black contours) for c. summer (345K isentrope), and f. winter (330K isentrope). Values between 10S to 10N are

masked out to highlight the discontinuity in months between summer/winter in each hemisphere.

4.1 Waveguide frequency

The definition of KS-waveguides provides a specific binary definition of whether a waveguide exists for a given zonal wavenum-
ber k: either two turning latitudes exist for a given k, or they do not. Conversely, for PV-waveguides, there is a continuity of

gradients, with increasing waveguidability for increasing gradient strength (Wirth, 2020), and no dependence on wavenumber.
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A ‘frequency’ of PV-waveguides can be calculated by setting a threshold value of | Vin(PV)||, above which a waveguide is
said to exist (e.g. Polster and Wirth, 2023), but the subsequent waveguide frequency will be highly dependent on the threshold
chosen. No direct quantitative comparison of waveguide frequency between the two waveguide metrics is therefore possible.
We can, however, compare the zonal distribution, and seasonal and hemispheric variability in waveguide frequency across the
different waveguide definitions. Fig. 3 shows the climatological waveguide frequency (fraction of days that each gridpoint lies
within a waveguide) of KS-waveguides for values of £k =5 and 7 (left column), and the frequency of PV-waveguides for two
thresholds of ||Vin(PV)|| for Fourier-filtered PV-waveguides (centre column) and rolling-zonalization PV-waveguides (right
column). The first threshold, 1.2 x10~%m =1, follows Polster and Wirth (2023), and the second, 1.5 x10~%m~1, provides a
stricter definition.

There are some broad similarities in waveguide frequency distribution between the two waveguide definitions. For both KS-
and PV-waveguides, high frequencies are largely constrained to the sub-tropics and mid-latitudes, as expected based on the lo-
cation of the climatological jets (although the latitude of PV-waveguides is very sensitive to the isentrope selected). Waveguides
tend to be more frequent over the Pacific and over Asia (NH) and the Indian Ocean (SH), consistent with the location of the
strongest/narrowest jets (see black contours). There are also, however, noticeable differences between KS- and PV-waveguides,
and between the PV-waveguides with different background flow methodologies. Consistent with the values of Kg shown in
Fig. 2, the frequency of KS-waveguides is, in many regions, higher in summer than in winter. In contrast, PV waveguides
are, in almost all regions, more frequent in winter, regardless of the method of background flow calculation. The frequency
of KS-waveguides is typically lower in the SH than in the NH, particularly in summer, consistent with a slightly lower Kg in
the SH relative to the NH (see Fig. 2). In contrast, the frequency of the rolling-zonalization PV-waveguides is more symmetric
between the hemispheres. Again, this emphasises that, for the KS-waveguides, the magnitude of U in the denominator of the
equation for Kg plays an important role, whilst for the PV-waveguides, the horizontal gradients are the only important factor.
The frequency of the Fourier-filtered PV-waveguides is broadly similar to the rolling-zonalization PV waveguides, but there
is more hemispheric asymmetry, particularly in summer, suggesting that the method of calculating the background flow plays
some role in the enhanced waveguide frequency in the NH relative to the SH. In winter, the Fourier-filtered PV-waveguides are
concentrated in the sub-tropics, and do not reach as far poleward as the Fourier-filtered PV-waveguides over the Pacific, North
America and into the Atlantic. The method of calculating the background flow therefore has some influence on waveguide
frequency.

Given the two waveguide definitions have large differences in the relative climatological waveguide frequency between dif-
ferent hemispheres and seasons, it is clear that the two waveguide methods cannot both be accurately quantifying the waveguid-
ability of the atmosphere. Existing concerns over the KS-waveguide methodology suggest that the PV-waveguide climatology
is likely a more accurate description of the atmosphere’s waveguidability; in the following sub-sections we further explore the

differences in the waveguide definitions.
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Figure 3. Seasonal waveguide frequency for summer (a-f) and winter (g-1), for KS-waveguides (left) at 300 hPa, and Fourier-filter PV-
waveguides (centre) and rolling-zonalization PV-waveguides (right), on the 345K isentrope for summer and the 330K isentrope for winter.
KS-waveguides are shown for zonal wavenumbers k = 5 (a, g) and k = 7 (d, j); PV-waveguides are shown for thresholds 1.2x107° (b, c, h,
i) and 1.5x107° (e, f, k, I). Because of the dependence of the KS-waveguides on k and the PV-waveguides on threshold, these frequencies
cannot be directly compared between the methods. Note the non-linear progression of the color bar at the smallest frequencies. The seasonal
mean zonally filtered U at 300 hPa is shown in black contours in the left column, with the centre and right columns showing the same

seasonal climatological U at 300 h Pa, but without the zonal filter.

4.2 Waveguide composites

To study the conditions associated with strong waveguides, a single ‘total waveguide strength’, Wg, is defined for each day and
each gridpoint. For KS-waveguides this is the sum of the individual waveguide strengths across all wavenumbers 4 < k <9
for which a waveguide exists, i.e. Wg = 22: L Ws = 22: 1+(Ks — k). We use the sum of waveguide strengths for all values
of k as the waves may be a mix of different zonal wavenumbers; however, results are insensitive to using the maximum

wg over 4 < k <9 instead. For PV-waveguides the total waveguide strength is simply the magnitude of the PV gradient, i.e.
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Ws = ||Vin(PV)]|. To avoid selecting too many days from one event, the waveguides are sub-sampled to every 5th day. Area-
weighted regional averages of the sub-sampled total waveguide strengths are made over different regions, and composites are
created for days for which the regionally averaged total waveguide strength exceeds the 90th percentile for that region and
season. We refer to these as ‘strong waveguide days’. This is approximately 70 days for each composite, all separated by at
least 5 days. All anomaly fields are relative to a smoothed seasonal cycle, calculated by applying an order-1 Savitzky-Golay
filter to a daily climatology. Values are masked to p < 0.05 using bootstrap resampling of random days with 500 resamples. We
show plots for NH summer, as this has been the focus of several previous papers studying waveguides and extreme weather,

with SH summer for a hemispheric comparison. Plots for winter are provided in Appendix B.
4.2.1 Zonal winds

Figures 4 (NH) and 5 (SH) show the composite anomalous unfiltered zonal wind for strong waveguide days for four distinct
localized regions (panels a-1) plus a region extending around all longitudes (panels m, n and o). These composites demonstrate
the anomalous background wind conditions associated with particularly strong waveguides in each region. The boxes for the
regional waveguide averages are shown in dashed black lines, and two contours of the anomalous total waveguide strength are
shown in magenta. The anomalous waveguide field is masked to 0 equatorward of 35° N/S to reduce noise in the contoured
fields. As the contours chosen for the KS-waveguides and PV-waveguides have different units, no direct comparison can
be made between the magenta contours across the different waveguide definitions; however, PV-waveguides on the rolling-
zonalization background flow are typically more zonally extensive than those on the Fourier-filter background flow, particularly
in the NH.

Both KS-waveguides and PV-waveguides typically have some increase of zonal wind speed within the waveguide region,
although this is much more distinct for the PV-waveguides (regardless of the method of background flow calculation), and
it is almost completely absent for KS-waveguides in some regions (e.g. Fig. 4d and j). This is consistent with the results of
Section 4.1, where we showed that KS-waveguides are not necessarily related to the strongest jets. Days of strong localized
KS-waveguides also have anomalously weak zonal winds immediately poleward of the region of strong waveguides. Such
anomalies act to enhance the second derivative of zonal wind in the meridional direction (92U /9
phi?), consistent with the theory of what causes KS-waveguide conditions. This pattern of zonal wind anomalies associated
with high waveguide days shifts in latitude with the waveguide region selected (not shown). The anomalies associated with
strong PV-waveguides (for both background flow methodologies) are typically a region of enhanced U within the waveguide
region, and reduced U equatorward of this region in the NH (Fig. 4), and both equatorward and poleward in the SH (Fig. 5).
The differences between the KS- and PV-waveguide composites illustrate that the days with strongest KS-waveguides in a
particular region are not the same as the days with strongest PV-waveguides, and thus these two waveguide definitions are not
identifying the same waveguide conditions. The similarity between the Fourier-filtered and rolling-zonalization PV-waveguides
suggests that similar, although not completely identical, days are identified by the PV-waveguide methodology, regardless of
the method of calculating the background flow.
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Figure 4. NH JJA 300hPa zonal wind (U300) composites anomalies for the 10% of days with highest total waveguide strength in JJA
averaged over the black boxed region, for different regions (rows) and for KS-waveguides (left), Fourier-filtered PV-waveguides (centre) and
rolling-zonalized PV-waveguides (right). Values are masked to p< 0.05 based on bootstrap resampled composites of random days. Magenta

contours show composite waveguide anomalous strength, masked to zero equatorward of 35° N/S to focus on extratropical waveguides.

In some regions, particularly over North America (Fig. 4a), Asia (Fig. 4g, the south-east Pacific (Fig. 5a) and the south At-
lantic (Fig. 5d) something of a ‘double jet structure’ can be seen in the KS-waveguide anomalies, with two regions of enhanced
zonal winds, separated meridionally by a region of weakened zonal winds. Plots of the full zonal wind field composites for the
strong waveguide days confirm that these anomalies are associated with double jets during the strong waveguide days (i.e. it
is not just a feature of anomalies), with a southerly shifted mid-latitude jet and a strengthened jet at high latitudes. This result
is consistent with the ‘double jet’ structure previously identified as associated with KS-waveguides (Petoukhov et al., 2013;
Kornhuber et al., 2016; Rousi et al., 2022). This structure has been described as a strong high-latitude Arctic front jet combined
with a strong and narrow subtropical jet (Mann et al., 2018). Notably, for these regionalized KS-waveguides, the double jet
structure seems to be strongly localized in longitude, and there is no clear zonally symmetric double jet structure even when
selecting for the zonal waveguide (Fig. 4m and Fig. 5m). Such double jet anomalies do not appear in most regions for strong
PV-waveguide days, regardless of the background flow methodology; the exception is for waveguides over NH Asia (Fig. 4h
and i), and upstream of the Fourier-filtered PV-waveguides over the South Atlantic (Fig. Se. The high latitude localized U
anomalies on strong KS-waveguides days seen most clearly in, for example, panels 4a, d and j, are consistent with the zonal
wind anomalies associated with high latitude atmospheric blocking, in which a region of high pressure leads to an acceleration

of westerly winds poleward, and a deceleration equatorward. Wirth and Polster (2021) showed that anomalies associated with

12



315

320

325

Figure 5. As for Fig. 4, but for SH summer (DJF). 300k Pa zonal wind (U300) composites anomalies for the 10% of days with strongest
DJF waveguide presence in the black boxed region, for different regions (rows) and for KS-waveguides (left), Fourier-filtered PV-waveguides

(centre) and rolling-zonalized PV-waveguides (right).

idealized strong atmospheric blocking can create the spurious appearance of waveguides in the zonal mean; it is possible that
a similar mechanism also occurs on more local scales, leading to the localized double jet anomalies in the KS-waveguide

composites. To further explore this, we next plot composites of geopotential height.
4.2.2 Geopotential heights

Figs. 6 and 7 show composites of anomalous geopotential height at 500hPa (Z500) for strong KS-waveguide days (left
column), strong Fourier-filtered PV-waveguides (centre) and strong rolling-zonalization PV-waveguides (right column). For
KS-waveguides, in all regions except the zonally symmetric band, a region of anomalously high geopotential height can be
seen poleward of the waveguide location. Such anomalies are consistent with the hypothesis that high latitude blocking creates
the zonal wind anomalies seen in Figs. 4 and 5, leading to KS-waveguide conditions equatorward of the block. It is possible
that the higher latitude blocking is creating local KS-waveguide conditions - blocks are known to impact the jet, and thus
the subsequent movement of smaller, more transient eddies (e.g. Shutts, 1983). These results highlight that the KS-waveguide
methodology is unable to effectively separate the blocking perturbation from the background flow, despite the blocks typically
occurring on length scales smaller than k£ = 2, the upper bound of the spatial Fourier filter. Notably, strong PV-waveguide days
(right columns of Figs. 6 and 7) do not generally show such anomalies, except for a region of high geopotential poleward

and at the western edge of the waveguide region for waveguides over Asia (Fig. 61). This indicates the improved separation
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between waves and background flow for the PV-waveguides. In the PV-waveguide composites there is a broad (albeit weak)
pattern of decreased geopotential height poleward of the waveguide, consistent with geostrophic balance and the enhanced
zonal winds in the waveguide region. Hemispheric wave-like patterns can be seen in some of the waveguide composites (e.g.
Fig. 6b, c), suggestive of circumglobal teleconnections. The PV-waveguides calculated on time- and Fourier-filtered data (Fig.
6 and 7 centre columns) are, for most regions, very similar to those using the rolling-zonalized background data, highlighting
that it is the waveguide definition itself, and not the method of separating the waves from the background flow, that is primarily
responsible for the differences between the composites for the KS-waveguides and rolling-zonalization PV-waveguides. There
are, however, some regions where the background flow methodology does play more of a role, such as the South Atlantic (Fig.
7e), where a high geopotential height anomaly very similar to that seen for the KS-waveguides is found upstream and poleward

of the waveguide region for Fourier-filtered PV-waveguides, but not for rolling-zonalization PV-waveguides.

Figure 6. As for Fig. 4, but with geopotential height at 500k Pa (Z500). NH JJA Z500 composites anomalies for the 10% of days with
strongest JJA regionally averaged total waveguide strength in the black boxed region, for different regions (rows) and for KS-waveguides

(left), Fourier-filtered PV-waveguides (centre), and rolling-zonalized PV-waveguides (right).

5 Waveguides and atmospheric waves

In this section we explore the relationship between waveguides and QSWs. Figures 8 and 9 show composite differences of the
QSW strength between strong waveguide days (top 10% of regional averaged total waveguide strength) and weak waveguide
days (lowest 10% regional averaged total waveguide strength) for summer for the NH and SH respectively, for the same

regions as in the previous figures. Here we show differences between strong and weak waveguide days to amplify the signal-
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Figure 7. As for Fig. 6, but for SH summer (DJF). Z500 composites anomalies for the 10% of days with strongest DJF regionally averaged
total waveguide strength in the black boxed region, for different regions (rows) and for KS-waveguides (left), Fourier-filtered PV-waveguides

(centre), and rolling-zonalized PV-waveguides (right).

to-noise ratio. Increases in QSW strength are sometimes, but not always, seen within the region of strong waveguides for both
KS-waveguides and PV-waveguides. For the KS-waveguides, however, many regions also show an increase in QSW strength
outside of, and predominantly poleward of, the strengthened waveguide region, sometimes stronger than the signal within
the waveguide itself (e.g. Fig. 8a). This is consistent with the findings in the previous section, that high pressure anomalies
consistent with atmospheric blocking are often found poleward of the enhanced waveguide, with the associated zonal wind
anomalies likely helping to create waveguide conditions equatorward of the block — such atmospheric blocks would show
up as positive anomalies in QSW strength. Conversely, the PV-waveguides typically show reduced QSW activity outside of
the waveguide region, for both the Fourier-filtered and rolling-zonalization PV-waveguides. For the rolling-zonalization PV-
waveguides, many, but not all, regions show enhanced QSW strength co-located with the strong waveguide.

To further investigate the connection between QSWs and waveguides, Pearson correlations are calculated between total
waveguide strength and co-located QSWs. Anomalies from smoothed daily climatologies were calculated to remove the im-
pacts of any seasonal cycles on observed correlations. As a consequence of the time-filtering of the input data for the calculation
of both the waveguides and QSW envelopes, as well as intrinsic atmospheric memory, both fields exhibit auto-correlation. To re-
duce the impacts of this on the degrees of freedom for calculating the significance of the correlations, all fields are sub-sampled

with one sample every 10 days; auto-correlation of the sub-sampled KS-waveguide dataset is under 0.1 almost everywhere.
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Figure 8. NH QSW differences between composites of the 10% of JJA days with strongest regionally averaged total waveguide strength in the
black boxed region relative to composites of the 10% of JJA days with the weakest regionally averaged total waveguide strength, for different
regions (rows). KS-waveguides shown on the left, Fourier-filtered PV-waveguides in the centre, and rolling-zonalized PV-waveguides on
the right. Magenta contours show composite total waveguide strength differences, masked to zero equatorward of 35° N/S to focus on

extratropical waveguides.

Pearson correlation coefficients are calculated over time for data in JJA and DJF separately, for QSW envelope values and
total waveguide strength values, both averaged over 20° longitude by 5° latitude boxes. Correlation coefficients are shown in
Fig. 10, with hatching indicating statistical significance, where p-values have been adjusted to account for the false discovery
rate of repeating multiple significance tests over space. The adjustment was performed using scipy.stats.false_discovery_control
with the Benjamini-Yekutieli procedure (Benjamini and Yekutieli, 2001), as the values are not from independent tests due to
spatial correlation; this is a more conservative test, and thus significance is shown for both p < 0.1 (diagonal hatching) and
p < 0.05 (cross-hatching).

For both waveguide metrics, and both background flow methodologies, positive correlations are found between total waveg-
uide strength and QSWs over much of the mid-latitudes in both hemispheres, consistent with the hypothesis that waveguides
can lead to enhanced QSWs. These correlations are stronger (and more statistically significant) over much broader regions for
the rolling-zonalization PV-waveguides than the KS-waveguides. The correlation strengths are more comparable between the
KS-waveguides and the Fourier-filtered PV-waveguides, although the Fourier-filtered PV waveguides typically have stronger
correlations, except for NH summer (panels 10a and b). The correlations, even where statistically significant, are relatively

weak, with typical correlation coefficients of r < 0.25; this is not unexpected - even if waveguides are indeed helping create
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Figure 9. As for Fig. 8 but for SH summer (DJF). QSW differences between composites of the 10% of DJF days with strongest regionally
averaged total waveguide strength in the black boxed region relative to composites of the 10% of JJA days with the weakest regionally
averaged total waveguide strength, for different regions (rows). KS-waveguides shown on the left, Fourier-filtered PV-waveguides in the

centre, and rolling-zonalized PV-waveguides on the right.

Figure 10. Pearson correlation coefficient between total waveguide strength and QSW strength, each averaged over 20° longitude x 5°
latitude boxes for KS-waveguides (left column), Fourier-filtered PV-waveguides (centre) and rolling zonalization PV-waveguides (right

column). Diagonal hatching indicates regions where the correlation is statistically significant at p < 0.1, and cross-hatching at p < 0.05.
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the conditions for high amplitude QSWs, there still needs to be a source of wave energy or growth in a suitable location for the
waves to become trapped within the waveguide.

The Fourier-filtered PV-waveguide correlations (centre column of Fig. 10) have a spatial pattern that more closely resem-
bles that of the rolling-zonalization PV-waveguides (right column), than the Fourier-filtered KS-waveguides (left column),
suggesting that the difference in waveguide definition, and not background flow methodology, is the dominant driver of the
spatial differences between the KS- and PV-waveguides. Figure 10 does, however, illustrate differences between the two PV-
waveguide datasets, with substantially weaker correlations for the Fourier-filtered PV-waveguides. This shows that the method
of calculating the background flow also plays an important role in the relationship between waveguides and QSWs. Fig. 10
clearly illustrates the benefits of the rolling-zonalization PV-waveguide methodology for detecting waveguides associated with
QSWs, with stronger and more widespread positive correlations than the other waveguide methods. The latitude at which the
strongest correlations are found between PV-waveguides and QSWs is very sensitive to the isentrope selected, as shown in the
following section, and so the spatial distribution of the positive correlations here should not be taken as indicative of which re-
gions have strong relationships between QSWs and PV-waveguides generally, only for PV-waveguides on the 345K (summer)
and 330K (winter) isentropes.

For the KS-waveguides, winter has weaker correlations between waveguides and QSWs than summer, particularly in the NH,
where there is limited statistical significance in winter; conversely, the PV-waveguides, particularly with the rolling zonalization

background flow, shows relatively strong correlations with QSWs in both seasons.
5.1 Sensitivity tests

Here we briefly explore the sensitivity of the QSW-waveguide correlations shown in Fig. 10 to some of the subjective choices
made in this study, including the spatial resolution of the input data for the waveguide calculations, the surface (pressure level
or isentrope) the waveguides are calculated on, the wavenumbers included in the QSW definition, and the spatial scale of the
zonal filtering for the background flow. To test the impact of resolution on the detection of waveguides, the 1x1° ERAS data
are bilinearly regridded to a 2.5x2.5° grid using the Climate Data Operators (CDO) and the waveguide detection procedures
are repeated on these data.

Fig. 11 shows the co-located QSW-waveguide correlations for various sensitivity tests for both KS- and rolling-zonalization
PV-waveguides, focusing on NH summer. For both waveguide definitions, changing the resolution of the waveguide input
data from 1° x 1° (Figs. 11a and b) to 2.5° x 2.5° (Figs. 11c and d) has little impact, suggesting that high resolution data
is not required for waveguides. For KS-waveguides, the largest difference across the sensitivity tests conducted is in using
500~ Pa data for the waveguides instead of 300hPa (compare Fig. 11e to Fig. 11a). Using 500hPa data provides more
positive correlations with QSWs across much of the NH. Similarly, for the PV-waveguides, there is a strong sensitivity to the
isentrope on which the waveguides are calculated, from 345K (Fig. 11b) to 330K (Fig. 11f). As would be expected from
consideration of the latitude at which each isentrope intersects the 2PVU contour, colder surfaces find stronger correlations
further poleward. When QSWs are defined as only wavenumbers 6-15, there is little difference at low and mid- latitudes

(equatorward of around 50°N), but, for the PV-waveguides, a strong reduction in the correlation poleward of 50°N; this may

18



410

be related to the smaller fraction of QSW power in wavenumbers k£ > 6 at higher latitudes (Wolf et al., 2018). Panels i. and j.
illustrate the sensitivity to zonal filtering. For the KS-waveguides, we increase the wavenumber (i.e. decrease the wavelength)
of the zonal filtering, allowing more spatial variation in the background flow - this leads to a very small increase in the positive
correlations (compare Figs. 11a and i). For PV-waveguides we reduce the spatial variation in the background flow by conducting
the rolling-zonalization procedure over 120° longitude regions instead of 60°. We see a slight decrease in the strength of the

spatial correlations (compare Figs. 11b and j), but the spatial pattern remains similar.

Figure 11. Pearson correlation coefficient between total waveguide strength and QSW strength, as in Fig. 10, but for sensitivity tests and
only for NH summer. KS-waveguides (left column) and rolling-zonalization PV-waveguides (right column). Panels a. and b. are repeated
from Fig. 10 panels a. and c. The second row (c. and d.) shows the sensitivity to waveguide input resolution with KS- and PV-waveguides
calculated on 2.5° x 2.5° data. The third row (e. and f.) shows the sensitivity to the surface on which waveguides are calculated, with
KS-waveguides on 500h Pa and PV-waveguides on 330K . The fourth row (g. and h.) shows the sensitivity to QSW definition, with QSWs
defined as wavenumber 6 < k < 15. The fifth row (i. and j.) shows the sensitivity to the lengthscale of the zonal filtering, with KS-waveguides
calculated using a background flow that also retains & = 3, and the PV-waveguides calculated on a rolling-zonalization of 120° longitude
instead of 60°. As in Fig. 10, diagonal hatching indicates regions where the correlation is statistically significant at p < 0.1, and cross-

hatching at p < 0.05.
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6 Discussion

In this study we compare temporally- and zonally-varying atmospheric waveguides using two definitions, KS-waveguides
and PV-waveguides. We analyse climatological statistics as well as the connections between waveguides and quasi-stationary
waves. The PV-waveguides are calculated using a rolling-zonalization to create the background flow conditions, as described
by Polster and Wirth (2023), with waveguides then detected as the strength of the horizontal gradient of in(PV'). The KS-
waveguides are detected from the presence of two turning latitudes in the stationary wavenumber, Kg, using a detection
algorithm similar to that described by Kornhuber et al. (2016), but extended to zonally varying flow. For the KS-waveguides
we use a time- and wavenumber separation between the background flow and waves through a zonal Fourier transform and
Butterworth time filter. To separate the impacts of the different waveguide definitions from the different background flow
methodologies, we also calculate PV-waveguides using the same background flow methodology as the KS-waveguides (time-
and Fourier zonal-filter). We find large differences between the two waveguide methodologies, including in composites of
strong waveguide days, implying substantial differences between the two waveguide definitions on individual days. This high-
lights that caution is needed when detecting atmospheric waveguides, as results are likely to be sensitive to the waveguide
definition. Overall, waveguide definition seems to be more important than the method of defining the background flow, but the
background flow methodology also plays an important role, particularly in the connection between waveguides and QSWs.

There are substantial differences in the seasonal and hemispheric variations of the KS- and PV-waveguides, with PV-
waveguides typically more frequent (for the same threshold) during winter, when jets tend to be stronger, relative to summer.
Conversely, KS-waveguides are typically more frequent in summer than in winter. This can be understood by the different
underlying equations of the two waveguide definitions. The strong differences we find between the two waveguide methods,
combined with prior concerns over the validity of the KS-waveguides (e.g. Wirth and Polster, 2021) and the results in this study
that QSWs are more strongly correlated with PV-waveguides than KS-waveguides, all suggest that the rolling-zonalization PV-
waveguide definition provides a more accurate description of waveguide climatology, and the seasonal cycle of atmospheric
waveguideability, and that KS-waveguides should not be used.

Through composites of ‘strong waveguide days’ for particular regions, the average background flow conditions associated
with strong KS- and PV-waveguides are illuminated. Similar to results found in previous work on zonal mean flow (e.g. Korn-
huber et al., 2016; Rousi et al., 2022), for KS-waveguides a double jet structure in the zonal wind anomalies can be seen over
a number of regions, localized to the longitude region of the strong waveguide. In contrast, days with strong PV-waveguides
typically do not show this double jet anomaly, instead showing a strengthened zonal wind within the waveguide region, and
weaker zonal winds outside of this region. Wirth and Polster (2021) have previously cautioned that double jet anomalies in the
zonal mean can be caused by non-linear high amplitude perturbations, such as those associated with atmospheric blocks, and
this can lead to spurious apparent waveguide conditions. We find that, for many regions, positive Z500 and QSW anomalies
are present poleward of strong KS-waveguides (see Figs. 6, 7, 8, and 9), consistent with this idea that high latitude blocks
may be leading to localized waveguide conditions equatorward of the block (high latitude blocking would likely show up as

enhanced QSWs in our metric). These enhanced Z500 and QSW anomalies poleward of the waveguide are not typically present
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for strong PV-waveguides, even with the same background flow methodology as the KS-waveguides, further highlighting the
differences between these methods of detecting atmospheric waveguides. Kornhuber et al. (2016) have shown, however, that
double jets in the zonal mean can appear prior to amplified waves, suggesting there may still be some causality from double
jets to waves; further investigation is required to fully understand this.

Both KS- and PV-waveguide strengths are positively correlated with the presence of amplified QSWs, but the strength of this
connection varies with waveguide definition, and also with region, season, hemisphere, and background flow methodology (see
Figs. 8, 9 and 10). PV-waveguides show generally stronger positive correlations with QSWs than KS-waveguides, particularly
in the higher latitudes, consistent with recent work showing strong teleconnections along high latitude PV-waveguides (Xu
et al., 2019, 2020). Note that, at high latitudes, correlations between PV-waveguides and QSWs in summer are much stronger
when using the 330K isentrope (Fig. 11). The spatial and seasonal variations in these correlations may also be impacted by
variations in QSW strength (Wolf et al., 2018). The PV-waveguides tend to have stronger correlations with QSWs than the
KS-waveguides regardless of the method of calculating the background flow, but using a rolling-zonalization for background
flow substantially increases the strength of the correlations. Strong PV-waveguides are typically associated with enhanced
QSWs in the vicinity of the waveguide, and reduced QSW amplitude outside of this region, consistent with the hypothesis that
the PV-waveguide locally enhances the probability of QSWs, leading to greater QSWs in the waveguide region, and weaker
QSWs at other latitudes. KS-waveguides are also often associated with enhanced QSWs in the region of the waveguide, but
also, for waveguides in many regions, with enhanced QSW activity poleward of the strong waveguide region, indicating that
the KS-waveguides may not be sufficiently separated from the waves.

Correlations between co-located QSWs and total waveguide strength are substantially higher over many regions for PV-
waveguides than for KS-waveguides (Fig. 10), particularly during winter and at higher latitudes. Given the result that atmo-
spheric blocking may be creating KS-waveguide conditions, any correlations between KS-waveguides and QSWs must be
interpreted cautiously. Even the co-located enhanced QSW activity for KS-waveguides, seen in Figs. 8, 9 and 10, may, in some
cases, be caused by the lower-latitude cyclonic anomalies associated with higher latitude blocking of Omega, Rex or Rossby
wave-breaking types (see, e.g., Woollings et al., 2018). Indeed, in the Z500 anomaly composites of strong KS-waveguide
days, weak negative anomalies can be seen within the waveguide region in several regions (Figs. 6 and 7). Alternatively, the
co-located positive correlations between KS-waveguides and QSWs could be indicative of a highly complex and interactive
relationship between QSWs and waveguides, in which a high latitude atmospheric block leads to waveguide conditions equa-
torwards of the block, resulting in an increased probability of QSWs in the waveguide region. This could be consistent with the
results of Ali et al. (2022), who suggest that blocks could play a role in initiating the Rossby wave packets and/or in modulating
their phase to create quasi-stationary anomalies. Notably, however, the strong association with blocks mostly does not occur
for PV-waveguides, particularly when the rolling-zonalization method is used to calculate the background flow.

Interestingly, the PV-waveguides from time- and Fourier-filtered background flow tend to have weaker correlations with
QSWs relative to the rolling-zonalization PV-waveguides, even when a rolling-zonalization window of similar spatial scale
to the zonal Fourier filter is used (compare Figs. 10b and 11j). Since the rolling-zonalization method should be able to better

separate the waves from the background flow (Polster and Wirth, 2023), this enhanced correlation with better separation is
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indicative that the rolling-zonalization PV-waveguides are indeed identifying background flow conditions where amplified
QSWs are more likely to occur. Lag-lead studies of the co-occurrence of PV-waveguides with co-located QSWS, or using
causal inference (see, e.g. Kretschmer et al., 2021) to understand causality, would be illuminating. Idealized simulations such
as those performed by Segalini et al. (2024) to study the ‘waveguidability’ of the background flow conditions associated with
strong waveguides may also help confirm the causal relationship between rolling-zonalization PV-waveguides and amplified

QSWs implied by this current study.

7 Conclusions

Zonally-and temporally-varying KS-waveguides and PV-waveguides are identified from daily ERAS data from 1980-2022 us-
ing two methods of calculating the background flow. The two waveguide definitions produce some broad similarities in the
waveguide climatologies, but a number of notable differences, with substantial differences in hemispheric and seasonal varia-
tions in waveguide frequency. For KS-waveguides only, a double jet structure is found to be associated with strong waveguide
days, particularly over the North Atlantic and European regions. Further analysis suggests this is likely at least partially re-
lated to atmospheric blocking, with blocking conditions leading to the jet anomalies that create the KS-waveguide conditions.
Such an association does not occur for PV-waveguides, particularly when using the rolling-zonalization method of calculating
the background flow. Positive correlations between total waveguide strength and quasi-stationary wave amplitude are found
across much of the mid-latitudes; these correlations are strongest for the PV-waveguides calculated from a rolling-zonalization
background flow. These correlations suggest that strong PV-waveguide conditions make amplified QSWs more likely, although
causality has not been established here. Given the large differences between the two waveguide datasets, previous concerns re-
garding the poor separation of waves from the waveguides for the KS-waveguides (and the evidence of this presented here), and
the stronger positive correlations between QSWs and PV-waveguides, we recommend that PV-waveguides on rolling-zonalized
flow (Polster and Wirth, 2023) are used for detecting time-varying zonally asymmetric waveguides, particularly for studying

the conditions conducive for quasi-stationary waves and related extreme weather events.

Code and data availability. ERAS data were downloaded from the Copernicus Data Store (CDS):
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-pressure-levels
Waveguide and QSW datasets are available for download from borealisdata.ca.
Code to reproduce the main Figures in this manuscript is available on GitHub:

https://github.com/rhwhite/SupportingInformation/blob/main/WaveguidesQSWs.ipynb

Appendix A: Mercator Projection
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Appendix B: Winter composites

Figure B1. As for Fig. 4, but for NH winter (DJF). U300 composites anomalies for the 10% of days with highest total waveguide strength
in DJF averaged over the black boxed region, for different regions (rows) and for KS-waveguides (left), Fourier-filtered PV-waveguides
(centre) and rolling-zonalized PV-waveguides (right). Values are masked to p< 0.05 based on bootstrap resampled composites of random
days. Magenta contours show composite waveguide anomalous strength, masked to zero equatorward of 35° N/S to focus on extratropical

waveguides.
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Figure B2. As for Fig. 5, but for SH winter (JJA). U300 composites anomalies for the 10% of days with strongest regionally averaged JJA

total waveguide strength in the black boxed region, for different regions (rows) and for KS-waveguides (left) and PV-waveguides (right).

Figure B3. As for Fig. 6, but for NH winter (DJF). Z500 composites anomalies for the 10% of days with strongest regionally averaged DJF

total waveguide strength in the black boxed region, for different regions (rows) and for KS-waveguides (left) and PV-waveguides (right).

24



520

Figure B4. As for Fig. 7, but for SH winter (JJA). Z500 composites anomalies for the 10% of days with strongest regionally averaged JJA

total waveguide strength in the black boxed region, for different regions (rows) and for KS-waveguides (left) and PV-waveguides (right).
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Figure BS. As for Fig. 8, but for NH winter (DJF). QSW composite differences between the 10% of days with strongest regionally averaged
DIJF total waveguide strength in the black boxed region relative to the 10% of days with weakest regional average DJF waveguides, for
different regions (rows) and for KS-waveguides (left) and PV-waveguides (right). Magenta contours show composite total waveguide strength

differences, masked to zero equatorward of 35° N/S to focus on extratropical waveguides.
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